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Interfacial wavelet algorithm for dynamic response of horizontal layered
site due to inclined seismic waves
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Abstract: Some properties of SH waves in layered media are analyzed such as propagating path, reflecting cofficent and
travelling time in order to improve the accuracy and efficiency of 1-D finite element method dealing with seismic response
problem of horizontal layered site for inclined SH waves in time domain. Based on the Huygens wave principle, impedance
interfaces are regarded as the secondary sources or wavelet sources, which are called interfacial wavelets. The relation between
interfacial wavelets can be expressed as a group of time delay equations, and the motion of interfaces can be obtained by solving
the time delay equations. The earthquake motion can be ascertained from surface wavelets. The new method is called an interfacial
wavelet algorithm and demonstrated by two corresponding numerical models. When using this method, mesh divisions and
artificial boundary conditions need no treatment so that computing amount and transmission errors between nodes are reduced
greatly. It is very fit to solve seismic response in layered media.
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A5

incidence
FEMRE AT, R BRI S NS 2 e
SO S BB I AR -5 N SR e -2 L e 3C
NIEGFRE IR 2 P, WA SH NG 2 2
JRRENE 1R, AERHIT I H AL (AL B R AU
Ry, For, B RYUN T, #o5, WIAT 4 M 2 o A
It R i B 8 5

R P2V cosf, — p,v, cosb,
2,1

p,v,c086, + p,v,cosd

’ 2)
o 2p,v,cosb,
2 pLv,cos6, + p,v, cosb,
E%’ RQ,I —‘]:j 712’| Zl‘ﬂﬁ?’fﬁn?;%%:
1+ Rz,l = Tz,l ° (3)

X (2) IR, 4 SH WM 2 ENA TR 3T
FHHBENES 1 )23, SO SE T N R,
B RE W NSRBI T, A%

BB
JZ | o
(el y
P M2
Gy Gy
G ST

2 SH MRS TBS

Fig. 2 Reflection and refraction of SH waves at an interface



54 3

TR W], SE TR S HRE AR )2 A ) g SN R S i 603

M) "2, AR BN i+1 RN |2
(1) B3t R ERUE S R E M Ry F T 2871, W
(2D IR BUTAT R BHPT A Ab SH % 1) R S R ER
N

R, = P iV cos6,, —p,v,cosb,
T PV, c080,, + p.v cosO, —_—
T - 20,4V, €080,
T PV, 080, + p v, cos,
FFE, R, 5T, ZEAFEQNT K AR:
1+ R., =T, 5)
AT IHERIE KL B HMRR, £
R* =R, (6)
IIEEeEY
R,,=R’
oy =R ™
T, =1+R’
T,,=1-R’

1.3 ERTFEEAHRITEE

TR SR 5N (P TR AT I 1) 5 3 LN SR 1
DA AETEFAS AT, f Ty A S
AT TR [ I ik [ — S, R T IN A] 58
AYOGE T TR KA, T A HET AL B .
(EE, FEMURINS A4, Wi 5 i St i 2 [ 47
FE— A, TR R IE ) — S AN [ A7 B R I 1)
AR B, (EBRAS ST, P e &
AR N RITRATIN ) 73 AN 2y, 2 i TR 5
JEGGRMEREINZE ¢, Rl T AT BURE 5 1 A2 1)
AL 22 60

kel 3 pror, APH SH NS4 S FS,,
NI S AR IR 12 A1B\AaByy NS Sy ik A%
N AxByy WFH WA ERARIL R Byo WAR, FEALARHAR
A\Bi~ BiAy M AyBy AFIYEBON A2 55 RS- 1T 1
TRATIS 1] A £y JEAHAER), T RIE Ay

hl
v, cos 6, ’ ®
Horf, by v B0y 23 TH SR R RE L BOHR NG
o

Sy T3, E T S A TR AN AT
ANTFE B NI AR S I AN . A28 3, A
S S EE S S RTHRIA FHIIAL , FUNZE A fp I THERLRIE
B

At =

_ A A,sin0,

Vs

At

)

X9 H, vy AANREPGE, 6, AN, B
ST L IR R A

131

AGHE S,

NG S,

3 BT AR (8]
Fig. 3 Travelling time in a layer for plane waves

HARPERT N /R (Snell) JRFE, &

sing, sind, sin@,

) (10)
Y V) n

Arh p ASESE. Pl (9) ARl kTt
HIRSHINRIE X

At

_ A A,sin6,

Y

(11)

W= LR, H
E:ﬂq tan6, . (12)

K (a2) AR (D, 4

2h tan 6, sin 6

Y

(13)

A3 B T NI BAREF R, fEF— =N
FERRURERRAT RS 220 P IRIEAL R AR — IR
LA, AN SR BIRIA SR N 22 A 6 A TR R R
HELLRNGHAAT G, T S ARSR R R TR

X RRERRATIS O, NI 22 10— L,
FEMUR NS AR T, P IR 2 I R R A T A2
(I 4, 5 By) SRR 2"

t) =At, —%zﬁcosé’1 o (14)

Y

P8 (100, HIFELSHERRAERZI,
(14) 5 AW R IEa:

tfzﬁwh—p%f , (15)
vl
B bl 15 #E)R=E ZME, W

h,
t! == \1-pv} (16)

Vi

A (16) 2V SH BAEBURI AN EILT, HiFEpfE
)z N R IRAT IR TR T 3

Aty =

2 FHEFiK
2.1 FWEFKBIEEE



604 a5 oE L OB ¥

2015 4F

2 HEUEE T A i B YR BT (R T
DR R AT CBRR N IRED BN, 25 R I ER
78, X FIAE S R — I 2R I B 48 T2
I VBT IR o 24V T B 2P BT I, 7™
PERINEIEN IS, TR IS, Al
PUF IR A BT )5~ BRI, AN SCRR 2 9 F 1
TP TR TR, AT LS B R A ]
EREENiYi 7R
2.2 BRERFETROFRIERNK

W1 PRe WiRw,” FoR TR i AR T x
Bl LE 7 T AR AR IR IEAT 10 Wa,” AOfEL PR S 10T 1w,
FEFHIT @ ARTE R S 35 F 1w, (ST 7 4
TSI SR PR o AL BT

u' =(1+R"wu, " -Ru, - (17)

[RIBE, IR ¢ A (R o il 5007 18 A 46 11 6
177w, > WIS P u, " AEFT § AT ) S
PG FT 7B w,, AT i ARTE B S B AL R, B

u” =Ru " +(0-R ), (18)
X A7, (18 KW, HJR 158 4 thAHAR
AT EE, S AT

3 FEFERImEX
3.1 nF4E

5 R w8 = R TR B R v | A Eh: LY ar v N
] b JG PR S PR T 4 N AT RN, PR RL A Y
M2 5 B AR 2 SRR

FEnd, B H R R AR ) SRR AT 1
u," s HAEKANGEA AR JZ I AT u,” YE

u () =-u-(t-t") (19)
AR, WA R AR R, R B RPN
uy(6)=2u,"(t) - (20)

[FEE, 0T RO A KIS n 2560, HAELE
) EARRR AT 0w, HAE RN 54 AR AR 21
EAT B u, | POE:

u ()=R"u, *t-t") , (21
e, R Hin 2 S O R E
3.2 RiRALEE

BOE WAL T n N7 nt1 2 CInEl 1 Frs),
FEURIE BT n IFRAT IR R ¢, 5 WIS 7w, (0)
L RBAF AR R KR

u ()=1A-R)f.t—-1t) (22)
X, £ IR R
F 2D, (22D, MBS M, WA
u, ()=R"u, "(t—t")+(A-R)f.(t—1) - (23)

3.3 MiRFA#EL
WA (17). (18>0 (200 (23), WA/ #it4
2n AN FHHF R T IR B
uy" (1) =—u (1 =1")
u () =0+Ru, t-1t")-Ru, (t-1")
w (=R uy =)+ (1= Ry (¢ =1,")
w," () =0+ R (t-t,") - R u, (t—1t")

u, ()=Ru (t-t,")+(1-R ), (t-t°) (24)

u,.+ (t) = (1 + Rig )ui—l+ (t - tig) - Rigum_ (l - li+le)

u ()=Ru, *t-t)+A-R"u,, (t-t.,")

u, (=R u, " (t=1,")+A-R)f,(t-1)

X (24) w50, Prfy S5 AE ) B AT i

IS ZN T RAS B, AN BN TR 4 ) 62Uy

Fedl. HTAFAERR LAEIR, SRR IER T RE4 . 4F

A, X =11 B HE, L Q4D wEA
u,"()=—R"u," (t-2t") (25)

(25 DRI HHIEIET T, B L.

T R REAERE AN T 15w, BEE I A B8,

ST B BT R 22 IR SR MR 5 B T DR AR

R R

4 1REVEH
4.1 ZEiER

N T BAIE IR BRI IR A, SR SCER[3] AR
HBIHEATIRUE . B 4 ok SH I MEE AR S 21 B4
AKAPZE o 7 g R R R PR AR . o, 7 5 )2 R
2710 m, ZFFEA 1500 kg/m®, BUYIREGE 500 m/s; T
RIZ AT, HB 2 2000 kg/m®,  BYH)9
1000 m/s. FEYEAT THIR N 20 m &b, DL SH BfL ik
F S APIRZ] COLE 4D Il s TRl REIER
BB, NS B R 5 iR, iR 0.1
So

Bl 6 24 SH % LAASIR] A JE NS I 24800 [ ph 3R
WM O, O)IM L. HIE 6 AT L, HiFELT
FE BN S 1 88 Tk, AR 60° IS (R KA B
{8 LE A E NS N 20%. 5 SCRR[31IIE 7 (a) ~
(DI RALREAEAH L, AR 2554 0.35%, 0.72%,
0.38%, 0.84%, SVARZEANL 1%.
4.2 ZEiER

TR B R SRR S A B g5 A R AR R
B, B KB R WP TR AE R BT A IR A8 3%, ANRe
RWLZES B2 A A R A L . Ry T Y- T



54 3

BAEIRAE S B AL R — MCRE R, RIS T
fEFX b, £ LR EREANESES TREZ
G — 2B E R 4.2 mAKH =, MR T =245
2 CILE 7.

y
g
=) 1500 kg/m? 500 m/s b
E 2000 kg/m3 1000m/s TFRE
] R
0
SH
X
4 ZENRIER
Fig. 4 Model of dual-layer media
10-
g
R05
E
0 0.1 02 03
A/
B 5 NGTiRESTE
Fig. 5 Time history of incident waves
3
2+
1+
g
1k
—2 1 1 1 ]
0 0.1 02 03 04
A/
(a) 6=0°
3~
2 -
1k
—2 1 1 1 1
0 0.1 02 03 04
At /s

(b) =30°

JEEHNE, AE. MURINGT MR B R R B E S sl o S B ) ST T 605
3 —
2 -
g 1r
!
E=}
1k
—2 1 1 1 1
0 0.1 0.2 03 0.4
i} El/s
(c) 9=45°
3 —
2 -
1+
g
§§ 0
1+
—2 1 1 1 1
0 0.1 0.2 0.3 04
B} [a)/s
(d) 6=60°

6 TRIASAER T ZERE BHRE O RGBT
Fig. 6 Time history of displacement at point O excited by SH

waves with different angles for model of dual-layer media

0

¥
E
=) 1500 kg/m3 500 m/s BEE
& 1450 kgm? 300mis KR
<
g
=) 2000 kg/m? 1000m/s TFHRE
[N R
0
SH{E

1 ZRN RS
Fig. 7 Model of triple-layer media

K 8 2 SH P LAANIR S RE S I = 20 B i1 3%
W T 00, 0) MM FEINFE. I 8 W, HIR=
JERERY RS IR LU XUZ AT AT 2% — 28, {ELE P& Bl
NI AR — 508, BIIR A AR 1) 42
IS T) TG S 255 5, (B AS KN RTINSO . B
KALH RLHIAE 0.09 s &b, HAS AR 60° I
RELFEAE L 07 NI/ 11%. B 8 (d) 1, £50.36
s ZJa RIRILG AW .



2015 4F

606 ER SO D B 4
3 —
2 -
1 L
£
L2
R
& 0
1k
2 L ! L . )
0 0.1 0.2 03 0.4 0.5
s} [E)/s
(a) 0=0°
3 —
2 -
1L
£
L2
R
& 0
1L
—2 1 1 1 1 1
0 0.1 0.2 03 04 0.5
i [aj/s
(b) 9=30°
3 —
s
1 L
g
L
®
X 0
1L
-2 ! ! L L |
0 0.1 0.2 0.3 0.4 0.5
i) /s
(c) 0=45°
3

Pif/em
=) —_ )

—2 1 1 1 1
0 0.1 0.2 0.3 04 0.5

i iE)/s
(d) 0=60°

8 FRIAG AERTZERE BHRE O mRYGIHETE
Fig. 8 Time history of displacement at point O excited by SH

waves with different angles for model of triple-layer media

5 & i&

ASCLL SH RS A BUZ A izt i, HR
P R P AL RN AL SRR R T IS 3l 22 B g2
s He Tt U AR A s R P A AR
R TP, Rt T —Fhvh a2 It 2 S W)
P, ZERAEEE R RS R RUETELF
SEUE AL, ARG G AR B A 5T A 7 P 1 W ]
e BeAh, IETTRLREX — 7 VEHE) T B BB e 1 R

it SO 5, Bg B ETHES 2 Pk SV R
R/ ZeURE VA T B S B N B VY~ g o

SE K-

[1] JIN Xing, LIAO Zhen-peng. Statistical research on S-wave
incident angle[J]. Annuals of Disas Prev Res Inst, 1997, 40:
91 -97.

[2] TAKAHIRO S, KAZUHIKO K. Estimation of earthquake
motion incident angle at rock site[C]// Proceedings of 12th
World Conference Earthquake Engineering. New Zealand,
2000: 956.

(31 Mwhdk, £ . A A R Y
BETVET]. 125441, 2006, 38(2): 219 - 225. (LIU Jing-bo,
WANG Yan. A 1-D time-domain method for 2-D wave
motion in elastic layered half-space by antiplane wave
oblique incidence[J]. Chinese Journal of Theoretical and
Applied Mechanics, 2006, 38(2): 219 - 225. (in Chinese))

[4] &, AET, XEE, 5. P-SV BRI SRR 2
(8] B 3 ALV []. MR T FE2A4, 2013, 35(1): 84 -
90. (ZHAO Mi, DU XIU-li, LIU Jing-bo, et al. Time-domain
method for free field in layered half space under P-SV waves
of oblique incidence[J]. China Earthquake Engineering
Journal , 2013, 35(1): 84 - 90. (in Chinese))

[5] i, E%R, MIEME. MR AWIE L N KT RZE
P2 ) A I IS T]. EMOR AR R ),
2003, 33(3): 72 - 76. (LI Shan-you, WANG Xue-liang,
ZHOU Zheng-hua. The time-step numerical simulation of
free field motion of layered half-space for inclined seismic
wave[J]. Journal of Jilin University (Earth Science), 2003,
33(3): 72 - 76. (in Chinese))

[6] Jugrte, BARGHT, ZRHK. HuRZl RIS AP 2R
AR MR S [T). & £ TRE2E3R, 2009, 31(2): 234 -
240. (YOU Hong-bing, ZHAO Feng-xin, RONG Mian-shui.
Nonlinear seismic response of horizontal layered site due to
inclined wave[J]. Chinese Journal of Geotechnical
Engineering, 2009, 31(2): 234 - 240. (in Chinese))

(71 3% 1, REE, T W, S HURERI G R A Ak
R BN ) AR SR BRI, TR, 2013,
35(2): 276 - 283. (HUANG Bo, LING Dao-sheng, Ding Hao,
et al. Seismic stress path induced by obliquely incident waves
and its simulation[J]. Chinese Journal of Geotechnical
Engineering, 2013, 35(2): 276 - 283. (in Chinese))

[8] B[, BRIEZ, 4RAE. SH SRS I 1 2 1k gtk
W 3 3BT D], RG24 24 4], 1994, 22(4): 517 - 522. (LIAO
He-shan, CHEN Qing-jun, XU Zhi-xin. Nonlinear responses



i 4

TR W], SE TR S HRE AR )2 A ) g SN R S i 607

of layered soils to obliquely incident SH waves[J]. Journal of
Tongji University, 1994, 22(4): 517 - 522. (in Chinese))

(91 TRARZE, HRALM, 5Kk W, 55 HURB I A R S
N RIEUE T[], A0 e 5 TR AR, 2014, 33(44
T 1): 2720 - 2727. (ZHANG Jian-jing, ZHU Chuan-bin,
ZHANG Ming, et al. Numerical analysis for effect incident
angle of seismic wave on seismic wave on seismic response
of Dbasin[J].
Engineering, 2014, 33(S1): 2720 - 2727. (in Chinese))

[10] iy, BHRMS. MR R ASEIE T G e s hiEm
PREET]. HhRE TR S TRERS), 2002, 22(4): 9 - 10. (LI

Chinese Journal of Rock Mechanics and

Shan-you, LIAO Zhen-peng. Wave-type conversion caused
by a step topography subjected to inclined seismic body
wave[J]. Earthquake Engineering and Engineering Vibration,
2002, 22(4): 9 - 10. (in Chinese))

(1] 4RI, BT, B 8, 55 HURBEORI G i
S NS, /K ) R AR, 2011, 30(6): 159 - 165.
(XU Hai-bin, DU Xiu-li, ZHAO Mi, et al. Effect of oblique
incidence of seismic waves on seismic responses of high arch
dam[J]. Journal of Hydroelectric Engineering, 2011, 30(6):
159 - 165. (in Chinese))

[12] A% T, FEEO, X, HURE BRI 5 4F T E 30
TR N A HT[0). FBhH v, 2011, 30(7): 120 - 126.
(YUAN Wei-ju, DU Chen-bin, LIU Zhi-ming. Time- domain
response for gravity dam to obliquely incident and seismic
waves[J]. Journal of Vibration and Shock, 2011, 30(7): 120 -
126. (in Chinese))

[13] £BLL, £ B USRI g e 5. (1) 5%
W[T]. ANES3E, 2012, 34(8): 144 - 146. (JTAO Hong-bo,
WANG Hui. Influence of seismic wave incident angle to the
seismic response of water diversion tunnel[J]. Yellow River,
2012, 34(8): 144 - 146. (in Chinese))

[14] H84E, BRI, X Z8. HUREWR G N 2% 8 R g
SEWA AN - 2528 )M AE I 2 B s ) RN Hr 0], DR

Ji2#, 2011, 28(11): 237 - 243. (GAO Xin-jun, ZHAO
Cheng-gang, LIU Qin. Seismic response analysis of
multi-span  viaduct considering topographic effect and
soil-structure dynamic interaction based inclined wave[J].
Engineering Mechanics, 2011, 28(11): 237 - 243. (in
Chinese))

(151 4% &, LA, w05, 55 B EBHEER AN T
TV 1R K5 M 420 ) S MR SE )] A K27 24 (F AR
2217), 2013, 41(4): 517 - 522. (GU Yin, JIANG Meng-xia,
ZHUO Wei-dong, et al. Seismic response analysis of
long-span bridges subjected to spatially non-uniform seismic
ground motions[J]. Journal of Fuzhou University (Natural
Science Edition), 2013, 41(4): 517 - 522. (in Chinese))

[16] A B, HEOIME, 1R B, A% HURER A BN R AL
Tt B G544 3 0 R 1K) ST IE (0] AE BB 2 22 4,
2010, 32(12): 1648 - 1654. (SONG Bo, SHENG Zhao-hui,
XU Ming, et al. Experimental study on the dynamic effect of
a desulfurization tower under different seismic wave input
angles[J]. Journal of University of Science and Technology
Beijing, 2010, 32(12): 1648 - 1654. (in Chinese))

[17] W3, FBR M. THAELRG R I SORSS . i35 R4
FEBERIE B HOTE (2D — XA FRE s EE D).
HUERPFL AR, 1984, 27(4): 338 - 348. (YAO Zhen-xing,
ZHENG Tian-yu. A generalized reflection-transmission
coefficient matrix and discrete wavenumber method for
synthetic seismograms( Il ) —for multiple sources at different
depths[J]. Acta Geophsics of Sinca, 1984, 27(4): 338 - 348.
(in Chinese))

(18] & Ju, BRisZe. & BBl SR 5T R BT
YET]. MR b ST, 1996, 17(3): 1-20. (LI Xu,
CHEN Yun-tai. The generalized reflection-transmission
coefficient matrix method for synthetic seismograms[J].
Seismological and Geomagnetic Observation and Research,

1996, 17(3): 1 - 20. (in Chinese))



