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Analytical models and amplification effects of seismic wave propagation
in canyon sites

GAO Yu-feng
(Geotechnical Research Institute, Hohai University, Nanjing 210024, China)

Abstract: Morphologically, there are three types of topographic and site conditions in nature: flat, convex and concave sites.
The canyon (or valley) is a common concave site, and a large number of structures such as earth-rock dams and bridges have
been built in such a site. Investigation of actual earthquake damage shows that the topographic and site conditions have great
influences on earthquake disasters. Aiming at the analytical models and amplification effects of seismic wave propagation in
canyon sites, the long-term research achievements of the author and his research group are summarized comprehensively. They
include four aspects: (1) The concept of near-source topographic and site effects is proposed by simulating the incident seismic

waves with a line source of cylindrical SH waves. The plane

wave is a special case of its far field incidence. The free EeWH: EXERBEEETESTH (41630638); [E 5K E HIERERT
wave field under the line source of cylindrical SH waves is BRI (“9737 H%1D HHE (2015CB057901)

constructed to realize the curvature of the incident wave Wi EHHEA: 2018 -12-06
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front. The amplification factor is defined to describe the topographic effects under near-source excitation, which opens new
possibilities for studying the near-source amplification effects of other topographies and sites. (2) An analytical model for
seismic wave propagation in non-symmetrical V-shaped canyon is constructed, including the Helmholtz equation, traction-free
boundary conditions on canyon surface, and continuity conditions of traction and displacement on the auxiliary boundary. A
two-step strategy for region decomposition and region matching is proposed. Firstly, the whole region is decomposed into three
sub-regions in accordance with the corresponding polar coordinate systems. The corresponding wave fields (including unknown
coefficients) are obtained by solving the equation of motion in the sub-regions. Then, the wave fields of each sub-region are
matched at the boundary, and the unknown coefficients are solved by using the boundary conditions. The wave-field solutions
of the whole region and the two-dimensional scattering patterns of cylindrical SH waves are obtained. The differential
amplification effects of the non-symmetrical V-shaped canyon are revealed, which will have an unignorable influence on the
large-span projects built in it. (3) U-shaped canyons are ubiquitous on the earth's surface. Due to the lack of actual seismic
records and theoretical researches, the topographic amplification effects of the U-shaped canyons are still unknown. The
analytical model for a U-shaped canyon is constructed, which is essentially the boundary value problem of Helmholtz equation.
The wave function series solution to the problem is obtained. The anomalous amplification of seismic waves at the bottom of
U-shaped canyon has been found. It has changed the incomplete understanding that the ground motion at the bottom of a
concave topography is bound to attenuate, and has been used to explain the large number of rockfalls and landslides in Arizona
during the warm period of the Middle Ages. (4) Sediments (overburden layers) often occur in canyons, which may further
aggravate the amplification effects of earthquakes. An analytical model for a partially filled semi-circular alluvial valley under a
line source of cylindrical SH waves is constructed, and its analytical series solution is given. It is found that the overburden
layers have obvious amplification effects on the seismic waves, especially for those with a small damping ratio, which will
aggravate the damage of engineering structures. Finally, the seismic stability analysis of the canyon or valley slopes, the seismic
response analysis of earth and rockfill dams as well as the seismic stability analysis of the dam slopes are carried out
considering the seismic amplification effects of the canyon or valley sites. It is believed that the seismic amplification effects of
canyons or valleys have important influences on the seismic analysis of slope and dam engineering.

Key words: canyon site; seismic wave; wavefunction series solution; amplification effect; seismic stability of slope; seismic
response of earth and rockfill dam; seismic stability of dam slope
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Fig. 3 Comparison of amplification factors of surface displacement

amplitudes between plane and cylindrical wave incidences
at # = 1 for a symmetrical V-shaped canyon with d/b = 1
(after Gao et al. %)
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Fig. 4 Simulated ground motion accelerations at two stations SC1 and SC4 in Feitsui canyon (Taiwan, China) subjected to Chi-Chi

Earthquake
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Fig. 5 Variation of topographic amplification factors as a function
of frequency at two stations SC1 and SC4 in Feitsui canyon

(Taiwan, China)
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Fig. 6 Snapshots for a symmetrical V-shaped canyon with » = 1.0 km and d = 0.5 km subjected to cylindrical waves emitted by a source

located at (xg, o) = (0 km, 10 km) (after Gao et al.l*
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Fig. 7 2D model for a non-symmetrical V-shaped canyon (after
Zhang et al.®")
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Fig. 8 Amplification factors for surface displacement amplitudes
as a function of x/d and 7 for a non-symmetrical V-shaped
canyon with b,/d=1/2, b,/d=1/4 under vertically incident SH

waves at a=0° (after Zhang et al.%)
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Fig. 9 Amplification factors of surface displacement amplitudes as
a function of x/d and # for a non-symmetrical V-shaped
canyon with b,/d=1/2, b,/d=1/4 under obliquely incident SH

waves at a =20° (after Zhang et al.%)

3 U Fuaisthith =Rk iR Ea 5
CipINES
3.1 U A&7 SH K £ IBEE
SR FH (0 DX IR A SRS BT T U TR AR,
B 10 Fow, IREEN d, 25828 by (LML by CHMD .
BRI A AR B e . S E . S5, AT
UItie G MIBTUIBE Vo w3 U BRI S2AE 1 SH
WAEH, SAERHR V RS %4 —F.

(r0» 6o)

10 U FA A ZHRRIE (1824 8 Gao F™)
Fig. 10 2D model for a U-shaped canyon (after Gao et al.[*?)

L2 AR IR E ], SR TR TERATT &
FR—AARR R MERR, PTG X 8 0 AR SR 1 70 2 AR
BVEE L ARAREIY 53 TR, K T ARSI R
HRTTE, K15 T UIR IR 45 3 b 72 0 A% 4 A ) 3
WE™. BARERERINT: H AR AR N
il Byid ST A X 3 A T X, 1 IX IO
WA, T XIEOH SAMR. 7 XKIRO. @R
BRI SN RVIBR B T2 8, S W7
(64)+ (65). RUUTARXIRVIEI A, & X157



51 e TS U R 7t M R A R A T R RTS8 13

o SR IR S eIV N S N= B UR S 0 (m+nv, =24 =0)
14: A% PR 7/ 2 5 57 3 A O 7 3 5 2 ISM (m+nv, =29 #0)
ESAERUR AT OB RS HLEE R | contdafi)
BARLTE AR = ‘TO (m +nv, =24 #0)
H T UM SN TSR VIEM A2 T IR l{cos[(m + nv, —2q)n/ 2] —cos[(m + nv, —2q) 5,1 N
AT, AT RRE S I AR A T TR R 3 7R 2 m+nv, -2q
BN TR IR 1 4t o A, BEOFIEO | cosln-+nv, +2g)m/2)—cosl(m+ o +2q)ﬂo]}(m+m) 20
TE[~Bo» ol IX [ FAITRT 25 JEE F 182 7 1 Eh % AR AN [-m/2, m+n, +2q
~Bol&lfo 21K NIRRT R S, R (90)
FARSZANIESZ R B IEAS HE, X HAEE FH X H][-n/2,
P s o 22 = j sin[(m + nv, )0]cos(2¢6)do
2185, AT LASRAS G P AN R EOR i 77 78
0 (m+nv, =2g=0)
N N % oy el 1-cos(4qB,)
Aq ; Cn = T[Hg;' (kd) [(]anmqu1 (kd)ﬂ,m n q _ C ” q (m + no, = 2 #0)
= M (m+nv, =-2q #0) ,
Vrr(rlz)J:anu (kd)ﬂ’riln q] + ZD z 8q
n=0  m=—oo H“)'(kd) _l{cos[(m +nv, —2q)n/ 2] - cos[(m + nv, —2q)B,] .
(2) 2 (2) 2 2 m+nv, —2q
(U Voo, k) A + Vo i, (R)AL, 15 (86) cos[(m + nv, +2¢)m/ 2] - cos[(m + nv, + 2q)ﬁ0]}(m 4, % 429)
m+nv, +2q

B C —[Ur(nlz :n+nu (k )llen
,,z;‘ mzw T/ (kd) ‘ K ©h

) T I;ﬂo cos[(m + nv, )0]sin[(2¢ +1)01d6
rr(rlz)J:anu (kd)‘um n ]+ ZD z - E
e P € (4] '(kd) 1+ cos[2(2¢ +1) ;]
2g+1 —W (m+nv, =+(2g +1))
[Ur(nQn)Jmez (kd),umnq V”(,i)JmMU (kd)/,lmnq] ’ (87) _ l{—cos[(m+nu] —2q—1)7r/2]+cos[(m+nul—2q—1)ﬁ0]+
[:Ij A,CI lsl ACQ 2452 ¢ 2 m+ ny, —2q—1
monyg ” Tmong ? mong ? Mmongg lum,n,q ’ lum,n,q v Hyng? cos[(m+nv, +2q + 1)/ 2] —cos[(m+ nv, +2q +1)5,] (m+ o, £ £(2q +1))
tir o, BIZIEANF P - m+no, +2q +1 1

(92)
A, = [ coslm + nv)@]cos(2g0)de
2

w2, = Lf cos[(m + nv,)0]sin[(2g +1)01d0

n/2-f, (m+nv, =2¢=0)
. 1+cos[22¢+1)f3,] (m+ v, = (2 +1))
n—-2p, sin(4qf,) (m + v, =+2¢ #0) 42g+1) , =129
4 8q
=<1 [sin[(m + nv, —2¢q)n/ 2] —sin[(m + nv, — 2q) ;] . , = l{COS[(m + v, =2 = )n /2] —cos[(m + v, =2g ~1B,1
2 m+nv, —2q 2 m+nv, —2q -1
. . —cos[(m + nv, +2q + 1)/ 2]+ cos[(m + nv, + 2q +1) 5,1
sin[(m +nv, +2¢)7 /2] - Sl;[(”" +ho, + Z‘I)ﬁo]} (m+nv, #224) v, 1 2g +1 }(m +nv, #+(2q +1))
m+nv, +2q

(93)
(88)
w, = j’f *sin[(m + nv,)0]sin[(2q +1)01d6O

= j cos[(m + nv,)0]cos(240)do =

Aing
n—2B, sin[22q+1)B,] B
n/2-p, (m+nv, =2q=0) T T a2t (m+nv, =2g+1)
K] ‘42ﬁ° - S‘“(gqﬁf’) (m+ v, =%2¢ #0) = —42/30 . Sin[42((22;]:11))ﬁ0] (m+ o, ==(2g +1)
q -
= 1{sin[(m+m)2 —2q)r /2] —sin[(m + nv, —2q) ;] N , %{sin[(m+nu, —2q—1)n/2]—szin[(r;1+m)] ~2q-Df]
2 m+nv, —2q A -
. . sin[(m + nv, +2q + 1)n /2] +sin[(m + nv, + 2q + 1) ;]
sin[(m + nv, +2q)r /2] - sin[(m + nv, +2q) B, ] (m-+ 0, % 42g) P 0 }(m+nu, #+(2q +1))
m+nv, +2q (94)
(89)

A= jf " sin[(m + nv,)0]cos(2¢0)d O oy = Lf sin[(m + nv,)0]sin[(2¢ +1)01d0

m,n,q
2



14 a

# £ T B % ik

2019 4F

n—-2p, N sin[2(2g +1) 5]
4 42 +1)

(m+nv, =2¢g+1)

n—-24, _sin[2(2q+1)ﬂo] _
2 22g 1D (m+nv, =—(2q +1))
1t sinf(m + nv, ~2g ~1)w/2] sinf(m + no, ~2g =Dp,] _
2 m+nv, —2q -1

sin[(m + nv, + 2q + 1)/ 2] +sin[(m + nv, +2q +1) 5, ]
m+nv, +2qg+1

}(m+m)2 #1(2q +1))

(95)

RIG, WAL FATE[12, ~Bol&lBor T2]
X, FIREI RN TR, kX 44l 7 Rk
SEAT LR A B R 8 A, By Cor Dy UL, TEHE
T U4 SHIE AL TR AR5 o
3.2 ETEMEEAT UKASAKIBAIN

K11 A T B NS SH AR T IRSECN
bi/d, byd, dyd=0.5, 0.5, 0.9 ] U LSRN
WE AL 2 TG B AR B x/d FITCEAITR 5 (AR50
TP )2 LFRAEXSRR V B, Rlp=d/2, =
kd/(2m). X TIXFPEEIT S B U TEMA (Bi=pa=
94° ), n=1XFTAFPKEGFBWEE (bi+by)
L. VR R T RR A T UART TSR A NS )
SH ¥, RIALAIRAE M ZXIFR . TEREB 0 HITHE
W b KA R MR R AR AR A G . X 5 2 BT AT
WA IRAE B8 BN b R AR I T o e 2 G50 7 A2 B
IR AR N BOR AR TS B, X AN 55 AN S T T
NN HBTE BSOS AT, $ s AT S35 10 e b 72 e 5 )
Hh TS BN B HOR - 25 JRFR TBOR 808, 43 A 01
JN 7 K%~ Ronald Dorn ##5% FH T~ i e Hh 20 1 3 0 )
S E KB AT G S s 55

" ZEANFHFUTIARESE A b1/d=0.5, by/d=0.5, dy/d =0.9
# U RSt RO BIREBAE F(E KA Gao F™)

Fig. 11 Amplification factors of surface displacement amplitudes

for a U-shaped canyon with b,/d = 0.5, by/d= 0.5, dy/d= 0.9

under vertically incident SH waves (o =0° ) (after Gao et

al.[™)
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Fig. 12 2D model for a partially filled visco-elastic semi-circular
alluvial valley (after Zhang et al.®)
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Fig. 13 3D plots of amplification factors as a function of dimensionless distance x/a and dimensionless frequency # for a partially filled

alluvial valley with #/a = 0.5 and £=0.01, 0.05, 0.10, 0.20 subjected to vertically incident waves
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