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815, Shinozuka % BT JFRITE IR 328 = A SOHOR REBLIL 2 [ AH 56 1Y) 22 A b 7R 21,
Hao 251> SR FHIHIE TS b b 7% 10 S AT 45 21 (04 26 PR B3 T IR 33 /R TR DL 5 S B
RO TEAH— B 2 S RE B0 Li Al Kareem 4 BEHL A i 5 5 P Fourier 284 (FFT) HIZ5 4,
BRAUL5 45 7 BT RE PR — B 25 [A) 22 s e 3, O3 2o 23 i 4 5 1 H At 52 3 i R PR s
P A FE T U1 A, S BB P 72 Bl A Al AR AL, Zerva't FE TP Fourier 284 ( FFT) £ R
T b5 3 B AR T R A RO 2 (R4 T A9 22 15 A2 7% ). Ramadan FIT Novak ™' 36 F 4y 5%
BRIRSCR AN 8 A X AH T R T Fourier 73-fff SR A5 1 22 80, R ARADL 5 45 7E 1Y F D33 KAl
T RBUH— B0 25 A1 7% 318, Deodatis'” 36 F UL Fe 78 1 4090 LA I 38338 06 I 5 2 3%
b , i 5 21 ) SR RABE 0L 2 T 56 (1 3 P b 5% 2. Shrikhande 55 [RJFE LT JR AL 3%
AN TSI T SR R SR AR i R T ok S S R Bl Y AR T AR Ak, Paola 1 LT
TR X D) SR A PR A TR 1F A8 A3 AR 0L 45 TR HH G 1 22 A b A 3. Jankowski %1
SEFHA T SRBOR R 5 b 7= 201 AL 1) 57 4k 5 8 R AL 400 45 1] A G 1 1l 72 3. Shama ' 3 F 55
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AL R 5, 0 T BR AR & O AT TR, il I E BEALAR AL A, (A i 22 M RE Sh 7R
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sl 2 AR A3 JF e — 20 BRI BT T kot 5 2 S 25 25 1 ek, 75 br TR
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WO 25 1T 2 MR S A0, A S5 R A AR T e B Cholesky 70 # 5 = MR 445
JUER AT, T — 2B i 1 s s R R RCR , TRiE T RRDR L,

ISR 2 PR S A

TERLADL 2 A1 FH O 22 i MR Bl I, — e mT LA 2 [ i 752 80 7 ) b O — A~ B4 2272 P AR Y
REALE R, BEHOA X (o), HOUE N 2,(0) (G = 1,2,3, -+ ,n) JJUHASAICR — BN 0 BI(E A BEHL
AL E[x,(0)] =05 j=1,2,3, 0" . £ S S AT HIE 1 AR LARI 3R,

_/vvvv_> wave propagation
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Fig. 1 Simplified model of spatially correlated earthquake ground motions
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R, (7) Ry(r) - R, (7)
R(7) = RleT) R22$7') RanT) ’ (1)
R,(t) R,(r) -+ R, (7)] .

Fob, 7 R R, (7) (= 1,2, ) FBEHLE R x, (1) 19 EACEREC R, (1) (b =1.2, -,
nyj # k) BN x (1) 5 x, (1) 22 B G B HE AT

R(7m)=R;(-7), j=1,2,-n, (2a)
Rjk(T):Rkj(_T)a j:152"“,n;k:1a25“'9n;j;ék' (Zb)
T35 3 A ] AR R Ry
Sn(‘”) 812(‘”) Sh,(‘”)
S(w) = Sz](f”) Szz(fl)) Szn(.w) ’ (3)

Si(w) Sy(w) - S, (o))
IR ZAICR S)(w) (= 1,2,--,n) K HIAIE R R R, KON R THUR o k575
B S(0) =S,( - w) s HATEE Sy (w) (j,k = 1,2, ,n; j # k) WY R, H
HRTINR o WZH X TAE A PR R (1) 5 x, () MED)A05% B2 o 40T LR
AT P AR DG PR R

Sjk(“’):'}’jk(w> ’\/Sjj(w>slsk(w) , (4)
Hirf oy () AU P 77 1 T 5 1A A 56 R R, e — IR mT A7
yu(@) =p,(@)e 5", (5)

Horbpy (@) AT eRER, ARBES S A 2800, , He— B 5% T3 AR 8 ) b 305 2
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pil@) = [y, (@), (6a)

pilw)=p(0)=p,(-0)=p(-w). (6b)
T BRI G O TR I TV 2 A T R BB A, e i (R AT BN v, L%
B d), FR st R kR B S AR R AL R Oy ] DG, FLARIE B W R

d, =—d;, (7a)

d; -d;, =d. (7b)
AR A AT Ty 06 R A — B

Si(w) =5, (-w) =S (0) =S,(-w), Vo, (8)

bR s " FRoRBEIYEE L, TR

AT RIS RS S (w) A Hermit %5 [ | H H— B AR 07U 56 14,

A HRYE Wiener-Khintchine ¥, B Wy 22506 145 5 B YRS % A TR0 2 LT
KA.

1 e —iwT
Su@) =5 [ Ry(r)ear, (92)

Ri(7)= [ S(0)e™ do. (9b)

2 ZS[AAHOCZ R R S B 50

2.1 *%E%Tlﬁ
MR IS X (1) 10 1 DS BE BREON S () (T SCRDL R FH 2.3 ) 3 3 2
) R AT TSP AAE SN x (1) 5 x,(¢) 10O STER N B9 By, (o) BT, BDEL 1)
z SR (P 22 ) 0 AL M 0 25 113 P A B — 1 MR BN T (o) T 205
jg[Z]
x,(1) = 2 2 V280 |H, (0,) |cos[ot - 0,(o,) +¢,]. (10a)

mn=1 =1

E%T%ﬁﬁ
%, (1) = Z V200 |H, (w,) |coslwit -0, (w,) +¢,],

2 N
x,(1) = 2 2 JZAT\HZM(%) ‘cos[a),t -0, (w,) + QDmJ s (10b)
m= =1

x,(t) = 2 2 V200 |H, (w,) lcos[w;t -0, (0,) +¢,],

X, Aw jﬂ’fﬁjfziui,w, =lAw,H Aw =w,/N,N IR EBSE, o, MEIERTE, ¢, &
FE(0,2m) IXJA]_EX) 5 A AR TR SE BEN ARG 5 | H (w,) [F160,(0)) 2B %,(1) 5 x,(1)
FHICHERYSE [ AR BB (S ARALA BB 2 «, (1) 5 v, () R CHERIAR GBI
EATTAY A R DL 3E i 0 B ZEE A A T Cholesky 43 B .

X B )RR AT LA i) Cholesky 15X AT /0t K6 H o0 o — A4~ = AARFEAT
BV Elaipit
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S(w)=H(w)[H (0)]", (11a)
H ()

H(w) = HZI(.w> sz(.a)) . 0 (11b)
H,(0) H(0) - H,(0)]

TSR H(w) PXAZOCENAR RIS H, (G > k) IERC R EICR AR 0. X T
2 (10) FIHICE H,(j = k) @BH TR T

Hy(@) = [Hy(w) ", (12a)
Hr

Im[ij(w) ]
Re[Hjm)J}' (12h)

BOREHS H, (0,) F1 6, (0,) [EABERISE(10) i1, IFS A A (0, 20) BT 1= 5951516 BB
BLfa @, , AT LABEALL H 25 TR AH DG ) P AR BED L 2 X () «

WA LG/ N, IR 20 (10) K BEAR i s (EAE SE PR N T, O T4 R
B I [RI A RS B SR, H AT A3 BR Shinozuka F1 Deodatis' 2 £ H4 14 25 U SR 3 72

jw"S(mdw = (1 _g)fS(w)dw (<1, Bl &=001,0001). (13b)

BEA TSP AL e o — e B B AR BEN L e, D 1 bk SR (5 5 O L, UL FL g (] 4
o Ar ZORE R

Ar < 2T (14)
2w,

2.2 BUHRREERTE

WIS R A IR R TR A BE LIS R X () HE A B2 B HArl
FH—20, 0 0B AR 2 0 B AR B AR & D & iRtk HLAR SR I HoAk (R i
H Dk 5 5 Rk 2 5 B AR A — B0, A D BEA LI AR 1 D280 (A G pRAR) B
A BEALE R ) B D 28335 ( BAH DG pRER ) A2 P A B BEMLAE 57 # Y eR 2, LR 5 B AR
(B HFRAOC pR %) A —2L

Deodatis"** 7£ X BB H 5 1A TR S IR | [ 0L BEHLIX LA 45 S DT 2k, %/
TR IARURG IR RIS 2 AR sh 25 [0 3, W25 TR S [P A () 5
x, (1) TEHR 0 FACLZIBIARSEHER) 0, (w) FFRIKE, 25T H BT 00 4 B2 S0, AT 0 52
Ly 135 %88 P8 R O 1) 3 e 2t A DA X SEE S0 P %) SR T R SO I 1) e i e T BRI BB A,
AT IR 20 NI U TR IS G R R TR Y R AL AR 1 £ S T 22 .

PRI 3l Bl AL 37 ), 5 R B LI 25 R AL 1 B T Rk % R ok BOR [RD 1 LR
Sp(@)  WEETER IR UGG 1 1D-nV H15E 525 6] BEHLS AT — S MR S I 72 x (1) 7T LU
eS|

0, (w)= arctan{

i
x](t) = 2 2 V 2AwSO(wml) ij(wml)cos[wmlt + wmldjl;n/va + qul:I ’ (153>
m=11[l=1
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N

x, () = z 200S,(w,,) L, (@) cos[w,t + ¢, ],

2 N
6, (1) = 2 Z J2A0S(w,,) L, (®,)cos[w,t + wmld;m/va + o], (15b)
m= =1

n N
xn(t) = 2 Z V ZAwSO(me) Lmn(a)ml)cosl:wmlt + wlnldll;m/ya + gpml} ’

R R @, BRI R AT L A
w,=(-1)Aw +%Aw, m=172,,n;1=1,2,- ,N. (16)
AT 2P AR x (1) 5 x, (1) FEWR ,, FIRMHEHER L (@,,) (j > m) WIAT
D ST BRI p (@) HE7F Cholesky MR 7.
B T BN p () , TR N

1 pu(w) pln(w)
w 1 w
p(w) = p21(: ) . . pzn(. ) . (17)
pu(@) po(w) - 1

FRHEM p (o) TRE—Tp, () (j,k=1,2,-,n) BESCANE(S) BRI, T E R T e
BUHERE p (0) NEEXTFRARE , [RFER] X 4T Cholesky 43 , /it —A~ b = MR —Ff
RN, R A

p(w)=L(w)[L(w)]", (18a)
L(w)

Liw)= L2|<.w> Lzz(.w) ' 0 . (18b)
Lnl<-w) an(‘w) L (o)

BORER AL R i il AR BRI (13) 1 Ly (o) BIME. BEhh, 20 (15) e 40 5 0(5)
L3 (10) TR AR,
A b AR RO A8 B R R TR IR R BE L R sh 25 18] 3 X (1) RO JEINI A

2
TO_nA—Tr#O (19)

T ERIE U R G Y A (E S T A 2 B R A (A DG R A BRI A S
izt , H¥5 HPMER Y& IPELLT 4 J7TE I uEHA.
A1 E[x(t) ] =E[2(¢)] =0, j=1,2,,n (Hrh FAr<0" Fm HFRHA).
E[x;(1) ] —E[Z Z JAwS)(w,,) L, (®,,)cos(w,,t +o, dL/v +@,,)

=11l=1

f 2 z,/zm,)s (@) Ly (@) cos(@,t + @,d" /v, + @) de =

=11=1

J 2w
ﬁz Z ZAwSO(wml) ij<wml)fo COS(wmlt + wmldﬁn/va + go)dgp = 0’ (20)

m=11l=1

DUIAT A5 3
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Elx ()] =E[2)(1)] =0,  j=1,2,,n. (21)
ERA2 Sy(0)=S(0)(R(r)=R)(7)), jk=12n,
Rjk(tl7t2):E[xj(tl)xk(tZ)J =

n N
E{ [ 2 Z /\/2AwSO(wm|l| ) ij](wm]z] )Cos(wmllltl + wm]z]d;;n,/”a + ¢m|l|> ] X

my=1 1 =1

n N
[ 2 2 A 2Awso(‘”mz[2> Lkm2<wmzlz ) Cos(wmzlzt2 + wnzzlzdl(:mz/va + Qszzz) ] } =

my=1l=1
n n N N
Z Z Z Z ZAU) SO( wmlll )SO< wmzlz ) ij] (wm][] )L/fﬂl2< wm212 ) X
my=1my=11=1 lh=1
E[ cos(wm],]

T @, BAELO, 27 [ JE I NAH LA 7 B2 o0 A5 O BEALAR O A, A T 2 AR R &R X

L+, d /v, e, Yeos(w,, Lo, d /v,o+e, )] (22)

myly = jmy

E[ Cos(wmllltl + wmlzld;m,/”a T @y, )Cos(wmzzztz + wmzlzdtnlz/va + ¢m2l2> ] =0,
m, # m,8 [, #1,, (23a)
E[ C()S(wmlll’fl + wmllld/{;nl//ua + GDmlll)COS(a’mzzztz + a)mzlzd:mz/ya + ¢’m212) ] =
1
?Cos[wmlz,(tz -t) _a)m]lldﬁc/va}7 m, =m, Al L =1, (23b)

Z e (7) M (23) , 20 (22) AT A — R N

R,(t,,,) = Y, D AwSy(w,) L, (0,) L, (0,)cos[ @, (t, 1) -, di/v,].(24)

m=11l=1
2B LI h
n N

Rjk(T) = 2 1 AwSO(wml>ij<wml)Lkm(a)ml>COS(wmlT - wmldij/”a) . (25)

W Aw 0 BN 4 oo I, 28(25) AT FIR

w N

Re(m) = [ ¥ 8,(@) L, (0) L (0) cos(@r - 0di/v,)dw =

u
0 m=1

j%So(w)p;cos(wT - wdfk/va)dw . (26)

1M H =X (9b) AT

R =] Bol) ()4 b (27)
iz FH R Ak, =X (27) AT Ak far ok

R;)A(T) = fmSO(a))p;(w)cos(wT - od;/v,)dw . (28)
A (26) 50(28) WA

Rjk(T)zR;_(T), J,k=1,2,-,n. (29a)
hF R, (7) 5 Si(w) J& 1 /£ Wiener-Khintchine 3¢ & 1Y) Fourier 84k, 7] 15

Si(w)=S(w), jk=12,-,n. (29h)

RIS 4T =T, B, (x(0) = E[+)(1)] =0, j = 1,2,,n( (x(0) ) BRI HGT ).
(x.(t)), = LTf:f_;(t)dt =
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s ZﬂAwswm, ) L, cosl 0,1 + @b /v, + gL, ]dr, (30)

Om=11=

£ﬁ$%$ﬁ@ﬁE*A%Tﬁﬂmﬁé&ﬂbmm”%ﬁﬂhﬁ A SRBTEREA A N Y
Bk 0, ur AT LIS 5]
(x,(t) ), =E[+)(t)] =0,  j=1,2,-,n. (31)
EBR4 M T=T 0,5 (0)=S(0)(R(T)=R(7)), j,k=1,2,,n(S,(w) BN
W H / BYPREER R, (1) BN A/ BAHSCRED) .

Ry(7t)={x(t)x,(t +7)), = Lflxj(t)xk(t +7)dt =

IJZA(I)Z Z Z Z S <wm]1])S (wmzlz)L/rnl(wmlll)Lklrlz(w/r1212> X

my=1my=11Il1=1 I=

Cos(wmlllt + wm]l]djml/v + (Pmlll )COS[Q)Wle(l + T) + wrnzlzd/cmz/y + gomz/z } dt =

7A(1) 2 2 Z 2 S <wmlll )S (wmzlz) L/ml(wm]ll )Lkmz(wmzlz) X

my=1my=111=1 =1

T
{JOOOS[ (wm]ll + wmzlz)t + a)mzlzT + wmllldjm]/v + a)mzlzdkmz/y +
§ , T
gomlll + gszlszt + JOCOS[ (wmzlz - "'lll )l + wmzlzT +
/rzzkzdklvzz/y - mlkld/m]/va + goflnzlz - ¢;rllll ]dt} © (32)
1T = s A A R AR D 0, AT LA 3]
(1) X‘—J-:J:{EET%:\‘H/‘J ll ,l2 ,my,m, éﬂ = ,‘Fitjgﬁki!
T
jocos[ (0,, +o,,)t+0,, T+ “’mllldzml/” +
wmzlzdl’;mz/va + qD;nlll + go;n2l2:|dt = 0' (333)
(i) 241, # 1, K m, # m, i
T
f()COS[ (a)mzlz - ’"111 )t + wmzlzT + wmzkzdl.mz/v -
m]/{]d]ml/va + gpmzlz - mlll:ldt (33b>
%ﬁé?ﬁﬁﬁ)%ﬁ(%) fmﬁﬂ%m%f
Ry(7)= Y ZAws (0 L (@) L (0,0) [ cosl 7 = i/, 11 =
m=1 [l=
z::] 1; AwSy(w,) L, (0,) L, (o,)cos[w,7 -, d./v,]. (34)

HAw =0 BN >+ o B, ERAFRRN

Rjik(r) = fou Z}SO(w)Lﬂ”(w)Lm(w)cos[ T - wdﬁ/va]dw =

J'%S()(w)p?k(a))cos[wT —wdﬁ/va]da). (35)
HeA(28) 52 (35) 1
R(7)=Ry(7)  jk=12,n. (36a)

FIRHRAER(9) h R, (7) 1 8,(w) HIXIBIRR T2
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Si(w)=S(w), jk=1,2,n. (36b)

s (21) HN(31) Al A, 24 U B B Dy — A Jal 30 ¢ ek 8] e 5 64T 20 A I St I A
J R 1% 7R vk R R R X B 5 I N O S (AR — B, BB 25 8 T et , B 5 HFRE AR TR ; ]
AR R (29) 1550 (36) R, 213U S84 B2 D — A Jel 40 I 8] P 91 R AT 20 ek, i I 4 D 28
TN T R R (A AF G R B (DI 380 ) 5 I sl P A AR OC R (P 38385 ) A — 2, IR A & B T &
P, HY 5 HAREAAH.
2.3 HEFEREIERE Cholesky 7 fRBI BRI R

AT b AR SO AT RN 1 AT R Bl A A R ATA I, RS L 2 ) A O P 1 T R R
W 680 93 A S A R R SR AR T eR O R B8 23 A, i v 1 BB, SR, AT o XA 1 e
WOE R RS MAEASIR T HEAT Cholesky 70 , T AR LIRS AT it 25 51 24 188 I il 72 sl
EL S A BN R IIE . SR T AE S PR ] b A 2 Sl Ul & s mT AT A6 ok 45 (1)
R4 A X T RORE A RE IR L , Yang 450 AE KU R ol Hetb AT T RIFSE, R 44 T B4R
SFIRIRE A3 A B, D)3 R P Cholesky 43 T = A1 J M rh 25 T R (AR HT . Cao 55 NG fAT
it T4 B2 XN I12 F T FFT J5 k. Li %5 R B b7 i 7 4 T K 5 AT AR B
PLXIZ AU,

VR BT I2BR 0 3 BEIC SR HORZ 337 RO AH - pR BORERLJEA T T WF5E, JF R T A AY
AHT PREE Y 5140 Loh A1 Lin A% Harichandran F1 Vanmarcke #5589) Hao 285 #1120
Feng AR Toh F1 Yeh fEHI7 45 Ap | IR rh ,Loh #1 Lin #54Y Loh Fl Yeh #5841 &
Feng I Hu F5EHY 1 J2 W2 15 200K B8, % T3 FhRe R 19 ek 88, HOAR O AR T RS Cholesky
SIRJE B R AR A T R A T D a7 B AT SOk 0k |l i i R A AU T LA B K
5 Cholesky RGN =AM R E’J{E,ﬁﬁ?ﬁgﬁg%% Cholesky i ,Mﬁﬁi&%%}
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M) J1 -pi(w), 2<k<j<n,
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Table 1 ~ Parameters of auto-spectral density function for different soil types

soil type &, w, /(rad/s) & w;/(rad/s)
firm 0.6 15.0 0.6 1.5
Medium 0.4 10.0 0.6 1.0
soft 0.2 5.0 0.6 0.5
0.04 1.0
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Fig.3 Target auto-spectral density function( SDF) Fig.4 Target incoherence function of
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Simplified Method for the Simulation of Ergodic
Spatially Correlated Seismic Ground Motions

GAO Yu-feng'?, WU Yong-xin'*, LI Bing’
(1. Key Laboratory of Ministry for Geomechanics and Embankment Engineering,
Hohai University, Nanging 210098, P. R. China;
2. Geotechnical Research Institute, Hohai University, Nanjing 210098, P. R. China;
3. College of Civil Engineering, Southeast University, Nanjing 210096, P. R. China)

Abstract: A simplified method for the simulation of ergodic spatially correlated seismic ground
motions was proposed, based on the commonly used original spectral representation method.
Firstly, the phase angles, to represent the correlation among ground motions, were given by
explicit items with a clear physical. By using these explicit items, computational efficiency can
be increased by changing the decomposition of complex cross-spectral matrix into the decom-
position of real incoherence coefficient matrix. Double-indexing frequencies were introduced to
simulate ergodic seismic ground motions, and the ergodic feature of the improved method was
demonstrated theoretically. Subsequently, an explicit solution of the elements of the lower tri-
angular matrix under Cholesky decomposition was given. By using this explicit solution, the
improved method had been simplified, and the computational efficiency can be increased great-
ly, by avoiding repetitive Cholesky decomposition of cross-spectral matrix in every frequency
step. At last, a numerical example was employed to illustrate the good character of the im-

proved method.

Key words: seismic ground motions; original spectral representation; ergodic; double-inde-

xing frequency; incoherency coefficient matrix; analytical solution



