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IN'1'1OXICTION

'!'his nport conUiu a .~ of the re.earch effort conducted

under a grant CEE-8119696 frc. the llatianal Science roun4ation. '!'he

report eorwisb of six chapten: the fiat three ad4rHs the prablea

of strong CJrOUD4 .c»tian dUll to the tipping layea and the xe.ain1n9

three deal with the topiea indinet:ly nlatee! to ~ -ua the. of the

CJrant which wen ca-p1eted, in part: or entinly, due to support frca tiM

CJrant.

Each chapter of the report is s .elf cont:a1De4 paper. PnsentaUCill

style varie. frca ctu&pur to chapter aecord1nq to the requi~ts of the

journals when the paper. have been .ubmitted for publicatien. ..... of

the journals where the paper. were published are indicated at the fint

page of ~ach of the chapten.

Part of the research r ••u1ts in thi. paper wen pre.entad at two

conference. : 19th Annual Meeting of the Society of BnCJinear1ng Science

(OCtober, 1982 at university of Mi••ouri - Rolla) and Annual ....ting of

the sei.-olOCJical SOciety of America (May, 1983 in sal Lab City).

'"-----.,-



SCA'l'TERING OF PLANE IIARMORIC Sa-WAVE
BY DIPPING lAYERS OF ARBITRARr SHAPE·

By M. Drav1nak1

Abstract

'!'be anuplan. s<;.rain mdel for scatterinq of p1&De SH v&".s by

clipping layers of arbitrary shape is in".stigated by ..-ing the indirect

boundary integral ..thad. The dipping layers are of finite length

perfectly bonded together. '!'he ..tuial of the la,.rs is ..sllNd to be

hollQCJeneou51, linearly elastic, and isotropic.

presented numuical results incorporate variation in the nUlllber of

layers, the angle of incidence, the frequency of the incident va"., the

..teriL 1 properties, aD4 the shape of the layers•

•To appear in the Bulletin of SeislllOlogical Society of ~rica,Clc:t:ober,1c}R3
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IntE'Oduction

SoU uplification pxobl_ an usually solved by two _thods&

1. nu.er1cal Mth04s. and 2. analytical MthoQs. Each or these

has lhlitations. The analytical _thods an applieel -.iDly to l1Mar.

isotropic and ha-D9eneous _terials aneS simple g trie.. 'l'he n...n.cal

_thods. 011 the other baneS. are often inapplicable to probl_ of intezest

in geophysics and earthquake engineering.....ly. the ..st ~nly aae4

n~rical _thods. finite diffennee. aneS finite el-.ats require a

colllputational grid which fill. the solution daalain of the pxob1.. under

consideration. Thi. reeSace. ttw effectivene•• of the....thods for

CJ80technical proble_ which involve laqe elimansions.

For aany pxobleu it is possible to construct a surface intevral

representation of the solution. Cornsponelinv inteqral equations invol".

o~y the boundary and initial val... (and pos.ibly the interior so~.). 'l'he

boundary value probl_ is thus foraulated in tems of boundary va1uu and

the solution at interior points neeeS not be cons1dencS.1n oxder to so1".

the inteCJral equations (Cob et al., 1978). Once the integral equatiou

an solved, the .solution at any interior poi~t can be deteraine4 t:hro\I9h the

orivinal integral rep&eSentation. 'l'herefore. t:he -.in advantage of the

boundary integral ..thoda (BIll's) 11e in the fact that only the boun4ary of

the body is being eli.cnti.eeI thua re4ucing the nUlllJer of unknown'van.ble.

significantly in COIIIPU'ison to the finite el_nt an4 finite 41ffe:nace

procedures. In addition. the problaa of filling the apace with a t:hz.e

eli_nsional grieS is elill1Dated.

InClirect BIM used in this paper to stuCly steady_tate wave .ation in

dipping layers.origiDatea in the works of ltupra4ze (1963), Copley (1967) and

OShalti (1973). Application of the method to ,...ve propagation probleas



in geophisics and earthquake engineering is due to sanchez-ses. an4

Rosenblueth (1979), Sanchez-5eslllA and Esquivel (1979), Apsel (1979),

Dravinski (1982) and WOng (1982).

Observation fr<lla~ recent earthquakes (SOun et al., 1968,

Jennings, 1971) indicated that the area of intense c1aIM.ge can be hil)hly

loc~.lized. Esteva (1977) established that the int.D8ity of stxong

gJ:OW¥l Imtion may change greatly vithin a short. distance. Subs~t.

investigations (e.g•• Boore. 1973) reinforced a baUef that the i~

geniety of the soil and surface (subsurface) irreqularit.ies are pMlMbly

the III&ln cause of lcx:alize4 amplification effects. Recent invastigatlona

by the author (1982) dermnsb::atecl the possibilit.y of very 1Uge Ullpllflcat10n

effects due to single dipping layer (valley) in a half-space~ subjected

to different incident vaves. Variation of the surface ~tion pJ:0va4 to be

very sensitive upon a number of par...ters, such as, frequency and &IIlJ1e

of incidence of the incoming vave, material propertie~ of the bAlf-space

and inclusion, geometry of the inclusion. location of the observation

station at the surface of the half-space. etc. IbWevar, the role of

additional layers upon the surface a;)tion nt_ined open. By inclwti.D9

several layers into considerat.ion it. 1. possible to axaaina bow they

influence the resulting surface IIIOtion and thus cJete~ne if it is

necessary to incorporate the presence of additional dipping layers 1D

.ore realistic .odels.
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State..nt of Prable.

~try of the :lrobl_ 18 depicted by Fig. 1. The finite nu.ber of

•dippiP9 lay.n of arbitrary shape are bonded together to foxa a Iayend

balf-space. ~noting the spatial do_in for the layers by D
j

• j - O.

1. 2•••• , R, it follows then that: the half-space is 9iven as the union of

all~, i •••• Do. Dl , ••• , DR are refernd to as the half-apace layer,

the first lay.r••••• and the R-th layer, respectively. :Interfaces

between the layen an deno~ by C
i

, i-I, 2, ••• , R. Perfect bonding

along the interfaces is undarstood. ''l'he IUlterial of the layer. is a.su.ec! to

be linearly elutic, ~eneoua and isotropic.

'l'he pEOble. 1IIOde1 is of the antiplane-strain type. 1.e•• the layered

half-space extends to infinity perpendicularly to the plane of the draving and

the aotion of the ela.tic mediulD takes place along the a-axis only. In the

absence of boc!y forces, the steady-state va". IIlOtlon i. governed by

(1.)

where k denotes the wave nUlllber, iii represents the circular f~cy, and

v is the only nonzero c01llpOnent of displacement vector acting along the

z-axis. Subsc::ript j in (1) refen to layer D
j

, j-o, 1" 2, ••• " R.

'l'he boundary condition along the surface of the balf-space 1s specified

by

For the

3v
~ - 0 , at y-O , j-O,1.2" •••"R.

aake of subnquent simplification an antip1.ane-straln

(2)

elsto4ynaaic

or
state vector !j (~) is introduced (Wheeler and Sternberg. 1968)

*Interfaces between the layers are assumed to be SUfficiently .-oath
with no sbazp corners being present.
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8~j{r) :: [vCr), 0 (r»)j' r £ C £ Dj , j-O,l, ••• ,R (3)
.## nz--.

where one say. t:hat ~j is an elastoc!YJ\UIic .tate vector Lor doIMin D
j

vith

the displaee-nt field v, and the .tr••• field 0 , assoeiatecl vith the
DZ

ahMr m4ulua )lj' the shur vaw .Peed B
i
, alonq SOlMI surfac. C 'with

unit nonwal vector D. 'l'he superscript ~ in equation (l) denote. the

transpos••

Perfect bond1DcJ be~n the layen zequires C'!)II,tinuity of diaplac T -t:

and stre•• field alon9 the interfac•• C
j

• j=1.2••••• it vb&t in tex.s of

elastoe!yMaic .tate V*:tor ! can be written as

~;i-l(£) • 'Jed OJ r C Cj • j-l,2•••• ,R.

zncident plan. SH-vave 1. assu..d of the lom

vinc _ exp(-ik (x .in e - y cos e ) + iwth i :: t=r
o 0 0

(4)

(S)

t ~ ..
where the angle of incidenc::t.. 90 has been defilled by Fig. 1. For briefnes••

the factor exp{wt) is om.tted throughout the analysis_

SOlution of Pxobl_
;. .

As the incident ,.,ave, ar!.iving from the depth of the half-.~ce la~r DO'

.trikes interface C
l

, it is partially reflected '"back- into the balf...pace

layer and Partially tranaaitted -forward- into the layer D
l

(a_ F.i9_ 1).

'l'be wave field inside the first layer partially reflects -back- .into D
1

and it is p4rt.ialJ.y transmitted into doIIIaina DO and D2 along 1n~fac..

C
l

and C
2

• 'l'his proce•• continues as the vave field propaqatea tbraagbout
.-I

the layered Mdiua. '1'herefore, the total wave tiele! in the hAlf-apACe t.

SPeCified by

ff •
v -v +V I (CO"o 0 v

(6)

j-I,2, ••• ,R, (7)
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whern the aupersc:r!pts s and ff denote the scattered and free-wave-fleld,

respectively. If the scattered wave field is expressed in terms of sing1.e

layer potentials (Ursell, lS73) it follows then

w~ (!). J qo(~o) Go(~'{o)d[o
C1

[ C 0o
(IA)

s
(~) • J Pj(~o) Gj(r,r ) dr + f qj(!o) Gj(r,r ) dr , r £ Dj 'wj ... -D -0 - -0 -0'"

C+ Cj +lj
j·l.2, ••• ,a-1 (ab)

a
(E) • / PR(Eo) Ga(E,{o) dr °a' (Sc)W

R J E £

c+
·0

R

where qj and Pj • j-O.I,2•••••R are the unknown density functions. '!'he

functions G
j

• j.O.l.2•••••R are the Green'. function for ~ lin. load in

the half-sPaCe. and they satisfy the following equations

(V2 + k2
j ) Gj(r.r ) • -4(lr - r I) , j-O,I.2•••••R

--0 -"'0

~l3y • 0 •

y-O

where 4(.) represents the Dirac delta-function. '!be Green' s fun~ions

19a)

(9b)

are then given explicitly by (Miklowitz. 1978)

i (2) (2)}
Gj(~'~o) • i {Ho (kjGl ) + Ho (kj G2) • j.O,I,2, ••• ,a (lea)

2 2 Is
Gl • (x - x) + (y - Y ) } (1.Ob)o 0

2 2 ~
G2 - (x - xo) + (y + Yo) } • (lOc)

with H~2).(.) being the Hankel function of the second kind and of order

zero.
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1

+ -SurfAces C
j

ADd C
j

' j-l,2, ••• ,a Are defined inside and outside of u.e

conesponding interface C
j

(Kupradze, 1963). N_ly, each interface C
j

,

j-l,2, ••• ,R can be viewed as the locAtion of source. vhich -fona-

reflected and tranaitted wave fi.lds as the iDea-ing va". strike. the

interfAce. For the uk. of silllplification, it i. proposed to plac. tho_

.ourc•• slightly inside (outside) of th. inte"rfac:e. 'l'bus, for any interface

C
j

, j-I,2, ••• ,R, cj and '-; denote the -inner- and ·outer- .o~~e .urface,

respectively. '!'he principal Advantage of this procedure is the el1Jl1DAtion of

sin9\1larities in the kernels of int4t9rals in equation. 8a-ec as r approaches
-0

J;. Thus a need. to analytically handle integrable singulariti•• of' the

Green' s functions present in the single layer potentials is avoide4. '1'bis

method is frequently referred to AS KuprAdze's _thod (Christiansen, 1976,

FAixweather and Johnston, 1982). since it bas been originally pxoposed by

KuprAdze (1963). It has been successfully applieel to problea of geophysics

by a number of researchers (e.q., Sanchez-S..... and Rosenblueth, 1979,

Sanchez-Ses_ and Esquivel, 1979, Apsel, 1919, WOng, 1982, and Dra"i:laJd,

1982). '!'his appxoach appears very attr.ctive but it 1s not without

difficulties of its own. Na.mely, the location of the 80urce .urface. _t

be chos.n carefully to obtain accurate results. For this reasoR, an

extensive testinq of Kupradze' s _thad has beeR cSofte for the type of

probleJIUI investigAted in this paper (Wonq, 1982, Drarinski, 1982).

SUJII1lAry of theae inve.tiqations is preseRted in the part: of the paper d••liDq

with nu.ericAl accurACY of results.

If one a.su.s the scattered WAWI field in te~ of discrete line

source., i.e., the density functions of t.be following form

~-l (!') • .~;l a(I! - !a
j

I> , j-1,2, ••• ,R , -1-1 ,2, ••• ,Mj , !_/. Cj (l1a)

Pj(l) - b: &(IE - [1 I) , l j -l,2, ••• ,Lj , 'I E c;,
j j j
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then the scattered wave field becomes

vS(r) 0
G (r,r ) , ID

l
=1,2, ••••M1 J('~ £ Cl- ao - ·1 0 - -1D1.

s i
(E,!.. )

i hvi (!') • bl. Gi
+ .. G (r,r

i i .i+l i - -lIi +l

i-1,2, ••• ,R-1

"i-l,2, ... ~Li

·i·1 ,2, ••••Mi
+

! .. £ Ci
i

r £ c.
-lD

i
1

s R
(~,£.. ) +

vR(E) - t:... GR J £ .. £ C
R

,
R R R

(12&)

(1.2b)

(1.2c)

where sWIIIIiltion over repeated subscripts is invoked. ~ sUlllMtion con'Wmtion is

suppressed for repeated indices if one index is a IlUp8rscript· and I the other is

a subscript. Subscript indexes, such as Ii and lIl
i

• sbou1d be viewed ••

simple indexes 1 and lD,respectively.

SR.
For example, equation (12c) implies va • b l Ga (£'{1) + b 2 Ga (£'£2) +

R
•••t b~ GR (:':~), etc.

. j-l j
Source intensities .lIl

j
and b

1j
, j-l.2••••,., _j-l,2, ••• r~j'

. '.
l

j
-1,2, ••• ,L

j
in equations (lla,b) are evaluated t:hxough the .. of· continuity

conditions specified by equation· (4). . OIoosing 8
j

-observation- Po.~ts

(along each interface Cj , j·1,2, ••• ,R) to evaluate equation (4), the

source intensities in least-sqUAre-sense are detend.ned to be

o 0 1 1 I I 2 2 R a or • -1 *(a •••• b ···b a ···a b ···b ···b ···b ] • (G G) G f, (13)
1 Mll Lil M2 1 L2 1 La ----

where matrices ~ and t are given in Appendix A. Superscripts or and * denote

transpose and transpose complex conjugate, respectively. Physically, ~

contains the Green's functions evaluated at different source and observation

points while! incorporates information about the incident (free) - field
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along the interface C
l

• Substitution of the lIOurce intensities deteEll1ned

by equation (13) into equations (12a,b,c) and then into equations (6) and

(7) illlPlies the total displacement field throughout the elastic _diu..

Evaluation of the response in time dc_in can be &CCDIIlPllshed then by -.na

of the Fourier synthesis.
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Evaluation of Results

Throughout the numerical evaluation of the results all variables are

presented in dimensionless form. For that purpose the wave velocity IS
o

and shear lIIOdulus 11 are chosen to be unity; distances are nonllllized with
o .

respect to the half-width of the first layer; and surface displacement amplitude

is presented normalized with respect to the amplitude of the surface

free-field motion. Dimensionless frequency n is introduced as the ratio of

the total width of the first dipping layer and the wavelength of the inci-

dent wave field. Numerical results are presented for single, tlolO, and

three layer models.

Since interfaces C
j

, j=1,2,3 are of arbitrary shape, they are ...UD&d

to be specified in terms of the discrete set of points through which a normalized

B-spline approximation is determined. This procedure permits the construction

of efficient algorit.·1JIl applicable to a wide range of interface shapes. For

more information on this topic the reader is referred to the report by

the author (Dravinski, l~83) in which a complete computer code is presented

and explained in detail.

Single-Layer-Model

Displacement fields throuqhout the elastic ..dium for a dipping layer

in a half-space follows from equations (l2a,b,c), (6) and (7) to be

w (r) - wff(r.) +.0 G (r,r ) ,r C 1 2 MLa • ~ 0 - -Ill ·Il
l

£ l' ~= , , ••• , 1. (14&)

(Ub)wl (~) - b~l Gl(~'~11) , r
11

E C~ , 11-1,2, ••• ,L,

where the coefficients a
O

and b~ are formally given by equation (13).
~ 1

Numerical results pertinent to the single clipping layer are used for testing

purposes since the exact solutions for certain shapes of dipping layers are



available in the literature.

Figure 2 depicts th~ normalized surface displacement amplitude atop a

half-space with the semi_lliptical dipping layer subjected to a plane harmonic

SH-wave. The results are in complete agreement with the exact Bolution-

results given by Wong and Trifunac (1914).

It i. evident from Fig. 2 that the presence of a dipping layer

(inclusion) lIIlly caus', very large strong ground lDOtion Allplificatlon effects.

Two-wyer-Model
..

For this model the surface displacement field is given explicitly by

w (r) • Wff(~) 0 , c~ , D}g l,2, ••• ,M
l

+ a G (r,r ) , r (15a)
o - ~ 0 - -Illl

-m
l

wl (£) - b
l

G(!'£l ) + a
1

Gl(!'!m) c+
I: C2 ', £1. I:

, r1.
1 I

1112 2 1 I -1D
2

with coefficients a's and b's specified by equation (13).

(lSc)

Surface motion for the two-layer-model is shown by Fig. 3. '!'he frequency

of incident field and geo_try of the first layer are the ..... as in the
o i

case of ~he single-layer-model discussed initially. Still, the overall surface .at1(

IlIIlPlification effect shown by Fig. 3 is smaller than that shown by Pig_ 2.

This difference arises due to different contrast in material properties

between the half-space layer and the first dipping layer in the two IIIOdels

considered. bduction of _xi1llUlll elllbedment depth further reduced the

surface amplification effects r.s shown by Fig. 4. If the frequency of the

incoming wave is doubled the surface response atop two dipping layen 18

shown by Pig. 5. Comparison of Figs. 4 and S indicates an increase of

ground motion a1llplification effect with the increase of frequency. However,
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similar effects aay be achieved by introducing IIOre contrasting materials

for layers, as shown by Fig. 6. Combination of higher frequency of incident

vaves and high contrast in material properties may lead locally to a

drastic increase in surface stronq ground IIIOtion amplification eftecta as

illustrated by Fig. 7. It is interesting to observe froa the results of

Figs. 2-7 that as the seneitivity of surface motion to the presence of

subsurface inhomogeniety increa••• , the dependence of surface ~tion upon

the Angle of incidence beco•• more pronounced. overall maxilllUlll of surface

motion is ob.erved for horizontally incident waves.

Three-LAyer-Hodel

The surface displacement field for three dipping layers follow. froa

equations (l2a,b,r.), (6) and (7) to be

ft 0 -v (r) - v (r.) + a G (r,r ) , DL-l,2, ••• ,M
l

, r E C
lo • 11I

1
o"·~ 1 -11I

1

wl(r) - b
1

Gl(r,rt ) + a
1

G1 (r,r ) , 11-1,2, ••• ,L111 1 1D2 a 2

12-1,2, ••• ,L
2

+
1'1 E C2

2

!1Il E C3
3

3 +
v 3(r) - b1 G3(!'~I) , 13-l,2, ••• ,Ll , ~1 E Cl ,

- 3 3 3

where coefficients a's and b's are defined by equation (13).

(l6a)

(l6b)

(16c)

(l6d)
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For frequency Q - 0.75 and higher contra.st in material properti.. of

the dipping layers and the half-space layer, the surface displacement pattern

is presented by Fig. 8. A very large local amplitude can be observed. "1'bere

is a substantial difference in the peak amplitude of the surface .otion for

various angles of incidence with the largest (the small.st) being observ.cs
.

for horizontal (vertical) incic1ence. Reduction in the contrast of _t.erial

properties for half-space layer and dipping layers resulted in a surface

.otion of considerably lower amplitUde, less sensitive upon the allCJle of

incidence, as shown by Fig. 9. An increase in the frequency of the iDcident wave

produced opposite effectal maximum amplitude of surface motion incre&S....

in value and sensitivity of stronq ground motion upon the An91e of incidence

ap~ars JllC)re pronounced (see Fig. 10).
#\

From the presented results it follows that amplification of surface IIIOtion

due to subsurface inh0lllOCJeneities depends upon the number of physical

parameters of the problem model under consideration. This is to be expected

if one views the mot.ion of elastic IIledium as a rr...ult of interference of

incident and scattered waves. This interference may be constructive or

destructive, thus implying locally amplification or reduction of surface

motion. Parameters which affect this interference will affect the resultln9

motion as well.

Results of surface .otion for a more generAl type of layers is depicted

L:' Fig. 11 and Fig. 12 for positive and ne<jative An91es of incidence,

respectively. Evidently, surface mtion is siqnificantly affected by the

presence of clipping layers. Surface motion amplification depends stronqly

upon the location of the observation point on the surface of the half-space and the
! '

angle of incidence of the .incominq wave. A hi9!'ler value for the ratio of the width
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versus the depth of the first dipping layer i. chosen aillply to illustrate

appreciable surface ground IIIOtion at a rather low frequency and thu. reduce

the amount of required computatiolUl.

Actual alluvial basins for which the pmposc _thod of solution is

formally applicable still contain lII&ny particular details to be aCeDUftbe!

for, therefore corre.pondinq re.ults will be reported Mparately.
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On HUIa_rical Evaluation of Results

Extensive testinq of the indirect boundary inteqral aethod used in this

work has been done using the known exact solutions available in literatw:e

(oravinsJd, 1982). These results can be s~riz;ed as follcnnu a) '!'he

method provides very good results for a wide _range of frequencies. An

increas. in the frequency of the. incident va". required an increase ill the

number of sources (which represent the scattered va". fields) in order to

maintain the ..... acCuracy, b) It. was determined t:hat source surfaces

+ - . \
eCj and C

j
) should not. be placed in the i.-ediate vicinity of the cou.spondinq

int.erface Cr A good choice of source surfaces appears to be the one 1n

which they -follow" in shape interface C.•
)

+Thus, ·inner· and ·outer" source surfaces eCj and C
j

' j-l,2, ••• ,.) are

obtained through the sealing of interface C
j

by nUlllbers smaller and larger

than 1, respectively. In this paper, the scaling factors are chosen to

be 0.8 and 1.2. ThlFoughout the numerical evaluation of results, the number

of ~observation· points along each interface Cj is chosen to be N
j
-20,

j ..l.2 ••••• P.. '!'he nWllber of source points along correslOndinq surface.

- +C
j

and C
j

is chosen to be M
j

.. L
j

- 10, j-l,2, ••• ,R. "J.'he choice of theae

parameters is IMde based upon the analysis of the single layer IlOdel for

which the exact solution is available (Wong and Trifwaac, 1974). 'l'herefore,

calculations correspo~inq to multiple dipping layers are checked in the

following manner: '!'bed_t.erial properties of all clipping layers &Ee

assumed to be the same and the shape of the first dipping layer 1s chosen
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to be a seai-elliptical one. In all cases the exact results of Wong and

Trifunac (1974), shown by Fig. 2, are recovered.

For the ca.e when no exac~ solution is available, one may check the

numerical con"'rgenc:e of the re.ul~. by increa.ing the nu.ber of

RobservationR point. (Hj , j-l,2, ••• ,R in equatioM Al-M) along the

interfaces C j and the nUlllber of sources (M
j

and L
j

in equatioNi 12a-12c)

un~il the resulting dbplace...n~ field do•• not change with their iDC~"

(I.ong, 1982).

Although the proposed techniq,-- is applicable to a very general cla..

of probl.... involving dippinq layers, models with lIl&ny irregular layen will

require a substantial melDOry size of the digiul computer. Since the 4iscre

tization procedure tak.s place along the in~erfac::es only, this restriction

is far less .ever. than in the solution procedure. which involve finite

.lement or finite difference approach.
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S~ry and Conclusions

scattering of plane harmonic SH-wave by dippinq layers of erbitrary

shape is studied by using the indirect boundary integral method. 'l'he

displaceMnt field is evaluated th%oughout the elastic MdiWll 80 that 1:ba

continuity conditions along the interface. between the layers are

sati.fied in ..an-square-.ens.. It is shown that the presence of 41ppiDg

layers may cause very larqe amplification of surface qroWld motion.

The presented results indicate that surface displacement amplification depends

upon the nUlllber of parameters. .uch as: the location of the observation

point at the surface of the half-space. the geometry and material properties of.
the layer•• angle of incidence. the frequency of the incoming wave. Oulnqe in any

of these parameters may change significantly the .urface respon.e pattern.

Although approximate in nature, the proposed method allows study of

the class of probl811111 for which no analytical or numerical solution. are

available in literature at present time.
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Appendix A

By choosing N
j

observation points along interface C
j

• j-l,2, •••a.

- +-H
j

sources along C
j

and L
j

sources along C
j
• 1IlAtrix ~ in equation (13) i.

of the order 2 (N} + H
2

+ ••• + H
a

, x (HI + L
1

+ ••• "'R + La) and it is

specified by

0 _ 51 _ ~1 0 0 0 0 0 0
~Nll\ -N1Ll

H
1

M
2 - - - . - -

0 51 §1 _ S2 _ §2
0 0 0 0- -N

2
L

1
N

2
M2 -N2L2

H
2

H
3 - - - -

G-
O 0 s2 52 _ 53 3- 0

i H " 0 0-H
3
L

2 "N3"3 -M3L3 3 4•••

•

o-o-o

where matrices s1 of order 2N). )( H are defined by
.Nj"j j

[si(r ,r )] J r n E C
j

, n
j
.l.2, ••••N

j.. "n
j

-Dl
j

10 j
(A2)

Ie L~ are specified t:hEough
J

5
i

- [!i(£n , lil ») J '"n E C
j I nj .l,2, •••••j

-HjLj j j j

+
J l j .l.2, ••••L

j
•£" E C

jj

(1&3)

'l'he elastodynamic Green's state I. (1',( ) is defined as an elastod~c
1. 0

state vector at .r due to line source at r •
·0

Vector ! in equation (13) is nf the ordl.!r 2 (HI + ••• + HR) Ie 1 aa4 it

is defined by
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f •
ff

(!l) Cl •• ,
!l'···'!N

,., (A4)... -0
1

.ft (!2)-0
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure S

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Proh1em geometry

Surface displacement amplitude for slnqle dipping layer.
(0 • 0.5, ~l • 0.167, ~l • 0.5).

Surface displacement amplitude for two dipping layers.
(0 • 0.5, ~1 • 0.6, ~l • 0.8, ~2 • 0.3, a2 - 0.6).

Surface displacement amplitude for two dipping layers.
(0 - 0.5, ~l • 0.6, ~1 - 0.8, P2 • 0.3, -2 - 0.6).

Surfaee displacement amplitude for two dipping layers.
(0 • I, Pl • 0.6, al • 0.8, P2 • 0.3, 82 • 0.6).

Surfaee displacement amplitude for two dipping layers.
(0 • 0.5, PI - 0.3, 81 • 0.6, P2 - 0.1, 82 - 0.4)

Surfaee displacement amplitude for two dipping layers.
(0 - I, PI • 0.1, al • 0.4, P2 • 0.02, 82 • 0.2).

Surface displacement amplitude for three dipping layers.
(0 • 0.75, P1 - 0.3, 81 - 0.6, P2 • 0.1, 82 • 0.4, P3 - 0.02
83 - 0.2)

Surface displacement amplitude for three dippin9 layers.
(0 • 0.75, PI • 0.6, 81 - 0.8, P2 • 0.3, 82 - 0.6, P3 • 0.1,
8

3
• 0.4)

Surfaee displacement amplitude for three dipping layers.
(0 • 1.5, PI - 0.6, 81 • 0.8, P2 • 0.3, 82 - 0.6, P3 - 0.1,
83 • 0.4)

Surface displ~cement amplitude for three dipping layers of
arbitrary shape. (0 - 0.75, PI • 0.6, 81 • 0.8, P2 • 0.3,
82 • 0.6, PJ • 0.1, 83 • 0.4)

Surface displacement p1Plitude for three clipping layers of
arbitrary shape. (0· 0.75, P1 • 0.6, 8} - 0.8, P2 - 0.3,
82 - 0.6, PJ • 0.1, 83 • 0.4).
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Strong Ground Motion Amplification by Dipping Lavers:
Plane Strain Model *

M. Dravlnslel

Abstract

Steady state wave motion for diffraction of plane p. SV. and Rayleigh waves by

dipping layers of arbitrary shape Is Investigated by employing an indirect boundary

Integral equation method. The layers are of finite length perfectly bonded together. The

material of the layers Is assumed to be homogeneous. linearly elastic. and Isotropic.

Presented numerical results demonstrate that the surface strong ground motion

amplification effects depend upon a number of parameters: (i) frequency of the Indicent

wave. (i1) contrast in material properties between the layers. (iii) Ingle of Incidence (for P

Ind SV wives). and (iv) location of observation point. It is shown that the presence of

dipping layers may cause locally large amplification or reduction of the .urfece ground

motion when compared with corresponding fr.e-fleld motion.

*
Subm!t:te4 for publicat:ion.
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Introduction

In a recent paper (Dravlnskl, 1983) the antlpllne strain model for scauerlng of plane

harmonic SH waves by dipping layers of arbitrary shIpe was Investigated by using an

Indirect boundary Integral equation method (BIEM). In the present paper. the method has

been extended to the plane strain model.

Strong ground motion amplification or elastic wIve. by dipping layers appears to be

or consld.rable Importance since I number of alluvial basins Involve this type of

subsurface Irregularities. For example. Verke. et al. (1965) showed that the geological

structure of the Los Angeles basin Incorporates several subsurface dipping lay~rl of flnlte

length. Complex geometry of the layers precludes construction of closed form. analytical

solutions and one has to rely upon the convenient numerical approach for evaluation of

the results. The most commonly used numerical methods. finite elements and finite

differences. require a computational grid to fill the solution domain of the problem under

consideration. Consequently, these procedures do not appear to be very effective for

geotechnical problems which Involve large dimensions.

For many problems of Interest It Is possible to construct a surface Integral

representation of the solution. Corresponding Integral equations Involve only the

boundary and Initial values (and posslblV Interior sources). Once the Integral equations

are solvad. the solution at any Interior point can be determined through the original

Integral representation (Cruse and Rizzo, 1988; Col. et al... 1978). Since only the boundary

of the model Is being dlscretlzad. the number of unknown variables Is greatly reduced In

comparison to the finite element or finite difference procedures. A detailed review of the

literature pertinent to the BIEM's Is given by Brebbla (1981) and It will not be repeated

here.

Basic Id4;a. of the Indirect BIEM used In the present paper originates In the worts of

...
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Kupradze (1963). Copley (1967) and Oshaki (1973). Extension of the method to wave

propagation problems In geophysics and eanhquake .ngin....ing is due to Sanchez

Sesma and Rosenblueth (1979), Sanchez-Se5ma and Esquivel (1979), Aps.1 (1979).

Dravlnsld (1982a.b,c) and Wong (1982).
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Stat.m.nt of Probl,m

Geom,try of the probl.m Is depicted bV Fig. 1. Th. finlt. numb.r (R) of dipping

layers of arbitrary shape are p.rfectly bond.d togethM to fomi a lay.red half-spac•.

Int.rfaces b.tween the lay.rs are assum,d to be sufficiently smooth with no sharp

comers being pr.s,nt. Spatia' domain of the half-spac. is d.noted by Do and that of the

lay.rs by Dj.J·,.2.....R. Int.rfac.s b.tw.en the laVMs an. denoted by Cj'I·,.2.....R. Th.lay.rs

are assum,d to b. IIn.arly .Iastlc. homog.neous and Isotropic.

Th. problem mod.1 Is assum.d to b. of the plan. strain typ•• I.... the lay.red half-

space ext.nds to Infinity p.rpendlcularly to the plan. of the drawing and the motion of
I

the medium tak.s plac. In the x,v-plln. only. Th. plan. motion of the elastic media Is

T .
described by a displacement vector ~t(uj'Vj)' J·O.1.2•...•R. wh.r. u and v repres.nt

dlsplacem.nt compon.nts along the x and y-axis. respectively and sup.rscrlpt T d.notes

the transpos.. Th. displacement field Is related to the dlsplaeem.nt potentials through

~:!1
u. - a + a ') x y

at, a~;
v _~_--4

j ay ax' j-O,l, ••• ,R,
(1)

where • and. denote dilatational and equlvoluminal dlsplleemant potential, respectively.

Throughout the pap.r. the subscript 0 r.fers to half-spac.. while the subscripts 1.2.-R.

r.f.r to the lay.rs of domain D1.Dz.....DR• resp.ctlvely. Th. dlsplac.ment potentials satisfy

...

(2)

j-O,),2, ••• ,R,.',

the equations of motton (Mlklowltz. 1978)

2

v2[+j] + [h~+j] ... 2
t j k j t j

where hand k repr.sent the wave numb.rs assoclat.d with dilatational and .qulvolumlnal

wav.s. respectlv.ly. Throughout the analysis factor .xp(illl t) is und.rstood. wh.r.

III r.pr.sents the circular frequ.ncy, Compon.nts of the stress tensor are related to the

displacem.nt pot.ntlals through (Mik/owltz. 1978)



2 -2i.t+2~
C1xx/~ c -k • ay2 3xCly

2 2
C1x/~ • _k

2
• + 2 Lt. - 2 n

axay ax2

2 a2.. a2~.
C1 /~ = -k • - 2~ - 2 ~,
yy ax2 3x3y

where J,I denotes the shear modulus and the subscript j·O.1.2._..R Is omitted for

simplification. Boundary conditions are specified by
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(3a)

(3b)

(3c)

C1xyj - 0

- o.C1yyj

y - 0 and ~ £ OJ' j-O,1,2, ••• ,R
(48)

(4b)

Usual radiation conditions should be satisfied for scattered waves 8t Infinity (Miklowitz.

1978).

At this point It Is convlent to Introduce an elastodvnamlc state vector !(r) according

to (Wheeler and Sternberg. 1968)

s~(r) :: [u(r), v(r), a (r), a t(r)] , r £ C £ OJ' j-O,1,2, ••• ,R, (5)
J- .... nn- n"' j -

where one savs that I; Is an elastodynamlc state vEtctor for domain OJ with the

displacement field u and v. and the stress field C1 nn and ant' Issoelated with the sh....

modulus ~r the dUatatlonal wave speed cd~' and the shear WIV. speed c.;- Iiong the

same surface C with the unit normal and tangent vectors':! and.!- respectlvelV.

Superscript T In equation (5) denotes the transpose.

Perfect bonding between the layers (requires continuity of dlspllcement Ind stress

field along the Interfaces C,J·,.2,....R) in terms of elastodvnamlc state vectors can be

eKpressed as

.,

(6)
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The Incident P-wave Is sJleclfied by

(7a)

where i- ,cr. and 8
0

represents the angle of incidence. The Incident SV-wave Is defined

through

.inc __ ..!.. exp [-ik (x sine - y cose >]
k 000

o

and the Incident Rayleigh wave Is chosen of the form

(7b)

I.

respectively. Particular forms of the incident field are chosen so that the free

components uff and vff of the displacement vector uff along the surface of the half-lpac.

turn out to be the real numbers. All the results of the displacement field are presented
~

normalized with respect to the ( 1uff 1Z + Iv" 12) •

Solution 2! Problem

The total dlspllcement field in the half-space Ind the dipping lay.,.s Is specified by

(Sa)

•!:?j ... ~j !' I: Dj ' j-1,2,00 o,R, .(Bb)

where the superscripts If Ind s denote the free and scattered wave field. respectively Ind

UT denotes the displacement vector (u,v). Assuming the sClttered displacement potentials
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in terms of single layer potentials It follows then

IS• (r) -
o -

J q (r )+ (r;r )d~ ,
C- 0 -0 0 -·0 0

1

r £ D
- 0

(9a)

J; E Do

(9b)

(9c)

(9d)

(ge)

(9f)'RIS(r) - I PR(r )'R(r;r )dr i r £ DR'• c; ~ . -0 -0 - ..

where Pr qi' JJ'r and q;- I-O.l.2.._.R are the unknown densIty functIons. The functions

+;(r;rJ and ';[[;!J. I-O,'.2•..••R are the Green's functions corresponding to dilatational and

equlvolumlnal line load In the half-space. The Green's functions satisfy the following

equations

[

+j (r,r)J ~~+j (r,r J
v2

oI. ( 0) + k~"( 0) _ -U(lr-l" I); j-O,),2, ••• ,Ry. r,r j j r,r • -·0
J 0 0

(lOa)

with appropriate boundary conditions

a .(r,r) - 0xy ) - ·0

at y - 0 , rED. , j-O,),2, ••• ,R ,. ]

(lOb)

C1 j(r,r)-o (lOc)
YY --0

where !T =(1,1) and 5(0) is the Dirac's delta function. For In explicit solution for the

Green's functions the r.ad.r Is ref.rred to the paper by Lamb (1906).
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Introduction of auxiliary surfaces C; and C~. '-1.2.....R In the integral representation

for the scattered wave field (equations (9a-f» Is the fundamental characteristic of the

- +BIEM used in the present paper. Surfaces Cj and Cj are defined inside and outside of the

corresponding Interface C;, respectively (Kupradze. 1963). This eliminates the singularities

in the ke 'nels of the integrals In equations (9a-1) as !o approaches I. Therefore. the need

to analytically handle Integrable singularities of the GrelHl's functions present In the sinule

layer potentials Is avoided (see Pao and Mow, 1973). This BIEM has been successfully

applied to the problems of geophysics by a number of researchers, e.g.. Sanchez-Sesma

and Rosenblueth. 1979; Sanchez-Sesma and Esquivel. 1979; Apsel 1979; Wong. 1982; and

Dravinskl, 1982a.b.c). Although Introduction of the auxiliary surfaces simplifies numerical

procedure considerably. the method is not without difficulties of Its own (Fairw••ther and

Johnston. 1982), since the auxiliary surfaces C~ and ~ J-1.2.....R must be chosen carefully

to obtain accurate reSUlts. More on this Is presented in the part of the paper dealing with

numerical accuracy of the results.

As the incident wave strikes the first Interface C1 the wave is partially reflected

back Into the half-space Do and it Is partially transmitted Into the first dipping layer D1

(se. Fig. 1). Reflection and transmission of the scattered wave field In the first layer

takes place along the Interfaces C1 and C2• A similar proces. can be observed· for

subsequent layers as well. Therefore, one can view each Interface C1 J-1.2.-..R as the

location of sources which "orm- the scattered wave field throughout the layered medium.

If the scattered wave field Is expressed in terms of discrete line sources the density

functions In equations (9a-f) are of the following form

qj-l(£) ~ .~;16(IE-[mjl) , j-l,2, ••• ,R ; _ja1 ,2""'"j , £_j £ C
j

(11a)

q'j-l h;) - .~-15( I£-r. I) , (11b)
j j
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(l1c)

Pj(rJ - b~ eS(I~-:t IJ, (lld)
j j

where summation over repeated indices Is understood. Subscripted Indices. such as m;

or I.. shouid be viewed as simple indexes m and I.. respectively. Thus. for sample, .

equation (ila) implies qo<r>·a~ 6( I£-(1 1)+a~6~ 1!-rz' )+.•.+a=l eS( 1I-!H1' ). etc. Substituting

equations (1 la-d) Into equation (9a-f) leads to the scattered wave field

r £ D
o (12a)

(12c)

(12d)

(12b)

, 1-1,2, ••• ,R-l
I.i=l, 2, ••• ,Li
-i=1,2, ••• ,Hi+
!I.

i
E Ci

r_i E Ci

i+ a •. (r; r ), r E D
1
•

mi +l 1. - -mi +l -
.~(r)

1. -

(128)

':(~) -~ (lR(:':! ), (12f)
R R

where th8 summation over repeated Indices Is suppressed If one index is a superscript

and the oth.r on. is a subscript. For example. equation H2e) implies

.: • b~.R(r;!l)+b:'R(!;!Z)+_·+b~R +R(!;!L
R

)' etc.

The unknown source intensities a~~a~~bl.andb1
j

J-l.2.....R. m.-l.2.-.M
f
··I.·-l.2.....L.;; j; , , ,

are determined through the use of the continuity conditions specified by equation (6). By

choosing N; collocation points (along each Inter1ece C1 J-l.2..-.R) to evaluate equation (6)

the source Intensities .re determined In the least square S8nse. i.e.
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where the matrlce. a and f are given In the Appendix and the .uperscrlpt • denot•• the

transpose complex conjugate.
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Evaluation 2! Results

Throughout the numerical evaluation of the r.sults .11 variables are presented In

dim.nslonle.. form. For that purpose the shear wave velocity Cao and shear modulus II 0

are chosen to be unity; distances ere normalized with respect to the helf width of the

first layer and surface displacement amplitude at each point Is presented normalized with

raspect to the corresponding amplitude 0' the surfac" fre..-fleld motion. i....

( lu"1 2+ Iv" 12)2. Dimensionless fr.quency n Is Introduced as the ratio of the total width

of the first dipping layer and the wavelength of the Incident wave field.

Singl.-laver-Model

Scattered wave field for a singl. dipping lay.r embedded in a half-space as

specified by equations (12a-f) follows to be

s
• (r)
o -

(148)

(14b)

(14c)

(14d)• -1
'l(~) - hl1~1 (:':1

1
)'

where the coefficients aO
m • i o • b~ • and 6t are formally given by equation (13).

1 m1"" ....

Substitution of equations (l4a-d) Into equation (1) and then Into equations (8e.b) le8ds to

the displacement field throughout the elastic medium for appropriate incident weve field

(P. SV. or Rayleigh wave). Figs. 2-4 depict the normalized surface displacement amplitude

atop the half-space with • semi-elliptical dipping layer subjected to different ca.e. 0' p.

SV. and Rayleigh wave. for dimensionless frequency n-1. It Is evld.nt from the results of

Figs. 2-4 that the pre..nce of the dipping layer may c.us. significant ground motion

amplification (reduction) at the surface of the half-space wh." compared with tt1e sUrface

".
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response in the Iblence of the irregullrity. I.•.• f....-fi.ld motton. Furthermor•• for

incident P and SV wive lurflce motion Ippelrs to be very sensitive upon th. Ingle of

incidence. Detailed discuslion of the aingle lev.r r.sponse cen be found .Isewhere

(Dravinslel. 1882).

Two-Lay.r-Model

For two dipping layers embedded in en elastic half-space scatt.r.d wave field

follows from equations (12a-1) to be

, (lSa)

USb)

(lSc)

(15d)

.;(~) - b: .2(~'~1 ) , [ £ 02 '£1 E C; I 12-i,2, ••• ,L2 (15e)
222

• -2
.2(~) - b 1 .2(['[1 ) (15"

2 2
where the source Inten.ltie. e: , • ~,. bill' 6~ l' .tc. a,. known through equation (13).

Again. .ummatlon over repelted indic•• I. understood. Substitution of .quatlons (15..-1)

Into equation (1) provide. the ,clttered dlspllc.ment field while the use of .qultlons

(Sa.b) for I plrticullr type of Incident wave Implies totll displacement fi.ld throughout

the el••tic medium.

For different Ingles of Incldenc. (for P .nd $V wive.) .nd for Rayleigh w.ve. the

normllized surface dl.pl.c.ment amplitude for the two I.y.... mode' Is shown by Figs.

5-7. A fllrty high contrast In the mlterlll propertf•• b.tw.... the I.vers Is a••umed with

dlmenslonln.frequency -1. It follow. from the results pr.sented bV Figs. 5-7 thlt

..
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layering In the mode' creates substantial ground motion amplification effects. Clearly. the

response at ttle surface or the half space appears to depend upon the type and angle of

incidence of the Incident wave as well as the location of the observation point at the

surface of the half-space. Comparison of Figs. 2-4 with Figs. 5-7 Indicate that the

presence of the additional dipping layer O2 caused a considerable change In the surfae.

displacement amplification pattern atop the layers and. I... change atop the surface of

the half-space Do' This suggests that dipping layering mav b. of great Importance In the

evaluation of the possible strong ground motion for different alluvi.1 basins during an

actual earthquake.

The change In the frequency of the Incident wave to 0-0.5 resulted In the surface

displacement field shown by Figs. 8-10. Evidently. surface displacement amplification Is

very sensitive upon the frequency of the Incident wave for all thr.e type. of wive••

So f.r. the following parameters In the prOblem have belill varied: the type of

Incident wave. the an£lle of Incidence, the frequency of the Incoming wave Ind the

number of I.yers. Results of Figs. 11-13 correspond to the surface response for Ie••

contr.st in the material properties between the lavers and at frequency 0·1. It Is

apparent from the results of Figs. 5-7 and Figs. 11- I J that the contrast In the m.terlal

propenles of the lavers Is of malar imponanc. for the resulting surface ground motiOn.

Therefor.. presented results Indicate the follOWing: (I) the presence of dipping.

lavers m.y cause very large amplification (reduction) of the surface ground motion; (II)

ground motion amplific.tlon appears to be very sensitive upon the number of panMneter.

such as: the type of Incident w.ve. the engle of incidence. the frequency of the Incoming

wave, the number of layers. the material properties of the 1• .,8rs and the location of the

observation point at the surfece of the hilt-space. This cen be eKpl.lned In terms ot

interaction of the Incident Ind the scattered waves. The two may Interact constructively
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..
or destructively at an observation station, thus resulting in corresponding amplification or

reduction of the surface ground motion. Parameters which affect the two wave nelds

may influence that Interaction and thus affect the surface ground motion. Consequently,

it appears from the presented results that the strong ground amplification at a given sit.

would be very difficult to specify by a simple parameter. Instead, it should Incorporat.

several of them In order to account for strong ground: motion amplification at the sit.

more precisely.
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On Numerical Evaluation of Results

Extensive testing of the Indirect DIEM used In this paper Is required In order to

obtain accurate results. While the testing of the method for the antiplane strain problems

Is simple due to the abundance of problems for which the exact solution Is available. for

the subsurface Inclusions In a half-space and the plane strain model situation Is quite

opposite. Even for very simple geometries of elastic i},cluslon In the half-space the

author Is not aware at the present time of any closed form analytical solution dealing

with steady state motion caused by diffraction of p. SV.. or Rayleigh wave.

Previous testing of the method for full-space problem models. for which the exact

solution exists. indicated very similar behaviour of the BIEM solutions in the plane strain

model as in the case of the antlplane strain model (Oravinsld 1982a.b). These conclusions

can be summarized as follows: a) The method provides very good results for a wide

range of frequencies. Increase in the frequency of the incident wave field requires an

increase in the number of sources and collocation points in order to maintain the same

accuracy; b) Source surfaces C7"ShOUld not be placed In the immediate vicinity of the

interface C;. A good choice of the source surfaces appears to be the one in which they

- +·follow· In shape Interface C;. Therefore. the surfaces C; and C; in the present paper are

chosen by scaling the interface C; by factors 0.5 and 1.5 respectively.

Error analysis of the method (Oravinski. 1982; Wong. 1982) suggested a procedure

for checking the numerical results. It was observed that convergence of the results in

the test problems has been achieved when the increase In the number of collocation and

source points did not produce any change In the resulting displacAment field. This

procedure has been used In the present work to determine the number of sources at

which to evaluate the surface displacement field.

-.
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Summary and Conclusions

Amplification of plane harmonic P, SV. and Rayleigh waves by dipping layers of

arbitrary shape embedded Into an elastic half-space Is Investigated by using an Indirect

boundary Integral equation approach. The problem has been Investigated within the

framework of the linear theory of elasticity. The displacement field Is evaluated for the

arbitrary number of layers throughout the elastic medil.m so that the continuity of the

stress and displacement field between the layers is satisfied In the mean-square-s"'H.

Numerical results Indicate the following: (i) dipping layers may cause locally very

large amplification (reduction) of the surface ground motion; (il) amplification pattern of
I

the motion depends upon the number of parameters present In the problem such .s the

type of incident wave. the angle of Incidence. frequency. the material properties of the

layers. the number of layers. and the locati.>n of the observation point 8t the sUrface of

the half-space. Change of any of the parameters may cause substantial change In the

strong ground motion atop the surface of the halt-space.
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Appendix

In order to specify the matrices G and and f In equation (13) it Is convenient to- .
define the following quantities:

Dilatational and shear elastodynamic Green's state vector
du (r,r )
d - ·0

v (r,r )
d - -0

(1 (r;r)nn • -0

d
(1 t(r,r )n ·-0

uS(r,r )
• ·0

vS(r;r .)
- -0

cP (r;r)nn • ·0

•o t(r;r 1n -·0

(Al)

where superscript d(s) denotes dilatational (shear) line load at! .!o' It should be

emphasized that due to coupling caused by the stress free boundary conditions (eqs.

(10a.b)) dilatational aneload at!o results in dilatational as wen as shear wave field (see

d .
Lamb, 1906). Therefore. components of the displacement field ud{£;!J and v <!:!J In

equation (Al) contain contribution from both types of waves. A similar situation occurs

for a shear line load at r·. and corresponding displacement (and stress) field.
·0

Elastodynamlc Gr.en·s state matrix for domain Ok' k'" 1,2.....R of the order 4N; x 2M; is

C:eflned by

(A2)

Similarly

..
o ...

(A3)

. .. . .
':1 ~a-l _~a

!HaLa_1 ·Na~ ·MaLa

(A4)



f ::-
ff

-I (!l)
•.
-ff

-! (~N)

2 1,
where the metrix q is of the order 4(N,+.•.+N..)

of the order 4(N, +...+N..) x ,.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Model Geometry

Surface Displacement Amplitude Spectra for Slng'e
Semlelllptical Dipping Layer (with the Principal Axis
A, and B.)
(a) Incident P-wave: 9

0
.,00

(b) Incident P-wave: 9 0.300
(c) Incident P-wave: 9 0.60°
(If not stated differentlv n ·1, N,.'6,
M,.l,·S. \1 0 ·" C.o·', cdo.',
\1,.0.1, c.,·0.5, Cd'·" A,·2, 8,·'.4)

Surf.ce Displacem.nt amplitude Spectra for Slng'e
Semlelliptlcal Dipping Layer
(a) Incident P-wave: 9

0
- 80°

(b) Incident SV-wlve: 6
0

• 10°
(c) Incident SV-wav.: 80· 30°

Surface Displacement Amplitude Spectra tor Single
Semlelliptical Dipping layer
(a) Incident SV-wav.: 8 0 • 60°
(b) Incld.nt SV-wave: eo· SOo
(c) Incident Rayleigh wave.

Surface Displacement Amplitude Spectra for Two
Semlelliptlcal Dipping Layers (with the principal
axil A" 3" Ar !tnd Bz)
(8) Incident P-wa....: eo· 10°
(b) Incident P-wave: eo· 30°
(c) Incident P-wave: eo- 60°
(If not stlted differently n "', ",·N2-16,
M,-..,-Mz-lz·S, ~o-l, Clo·"
c.·2. 11,-0.', cl ,·0.5, Cd'·"
"'2-0.01, clz·0.25, cdz·0.5. A,-2,
B,·'.4, Az-', 82-0.7).

Surface Displacement Amplitude Spectra for Two
Semlelllptlc.1 Dipping Layers
(.) Incident P-wlve: eo- 80°
(b) Incident SV-wave: 9 0 - 100
(e) Incident SV-w.ve: 9

0
• 300

Surflce Displacement Amplitude Spectra for Two
Semlelliptical Dipping Layers
(a) Incident SV-wave: 9

0
• 60°

(b) Incident SV-wave: 9
0

• BOO



(c) Incident Rayleigh wave

Fig. 8 Surface Displacement Amplitude Spectra for Two
Semlelliptlcal Dipping Layers
(a) Incident P-wave: eo- 10°
(b) Incident P-wave: eo- 30°
(c) Incident P-wave: eo· 60°
(0·0.5)

Fig. 9 Surface Displacement Amplitude Spectra for.Two
Semlelliptlcal Dipping Layers .
(a) Incident P-wave: 80- aoo
(b) Incident SV-wave: 8

0
• 10°

(c) Incident SV-wave: eo- 30°
(0-0.5)

Fig. 10 Surface Displacement Amplitude Spectra for Two
SemieJllptical Dipping Layers
(a) Incident SV-wave: eo" 600

(b) Incident SV-wave: eo- BOo
(c) Incident Rayleigh wave
(0-0.5)

Fig. 11 Surface Displacement Amplitude Spectra for Two
Semlilliptical Dipping Layers
(a) Incident P-wave: eo" 100

(b) Incident P-wave: 8 0 - 30°
(c) Incident P-wave: eo- 60°
(n-t 11,-0.6, c.,·0.8, cd ,·1.6,
"2-0.3, clz-0.6, cdZ-l.2)

Fig. 12 Surface Displacement Amplitude Spectra for Two
Semlelliptical Dipping Layers
(a) Incident P-wave: eo- 80°
(b) Incident SV-wave: 8

0
- 100

(e) Incident SV-wave: 8
0

- 300

(n-l, lI,-0.6, cl,-o.a, cd,·1.6,
lIz-0.3, ca2-O.6, cdz-l.2)

Fig. 13 Surface llIsplacement Amplitude Spectra for Two
Semielliptical Dipping Lavers.
(I) Incident SV-wave: eo- 60°
(b) Incident SV-wave: eo- SOO
(c) Incident Rayleigh wave
(n -1, 11,-0.6, ca,-O.a, cd,-1.6,
1Iz-0.3, c12-O.6, cdZ-1.2)
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STRONG GRa1ND MOTION IN THE LOS ANGELES BASIN:

Incident SH Wa.ves*

by

M. Dravinski

Abstract

Amplification of IIIOtion caused by diffraction and scattering of a

plane haJ:lllOnic SH-wave by layered medium of the Los Angele. basin i.

investigated by using an indirect boundary integral. equation apprbac:h.

The basin is modeled as a set of irregular dipping layers elllbedded into

an elastic half-space. The material of the layers is assumed to be

homogeneous, isot~pic and linearly elastic. Perfect bonding between the

layers is understood.

Displacement spectra are evaluated for different CEOSS sections of

the basin for a different number of layers and for various incident waves.

Numerical results delllOnstrate that the presence of the dipping layers in

the basin may cause very large amplification of the surface gEOund ..tion.

The motion appears to be very sensitive upon the nUllllber and material

pEOperties of the layers, frequency and angle of incidence of the ingcqdng

wave, and the location of the observation point at tbe surface of the

balf-space.

*Subadtted for publication.
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Intl:OCudtion

The geology of the Los Angeles basin is characterized by great

colIIPlex1ty. Still the structure of the basin has been investigated in

considerable detail. The study of Yerkes et ale (1965), £or eXAlllple, provi4ed

en elaborate account into the thickn.ss of the sediments throughout the

basin. The te.rm 'Loa Angeles basin' in this paper refers to the structure

of the alluvium for Loa Angeles and its vicinity, as shown by Fig. 1.

Experimental studi•• by Hanks (1975) and Wong et al. (1976), for

example, established very clearly that the presence of surface and/or

subsurface irregularities in the soil mediWll may have pronounced effect

upon the surface strong ground motion. '!'his conclusion is confirMd

through further research by Boore (1972), WOD9 and Jennings (1975),

Griffiths and Bollinger (1975), Sanchez-Sesma and Rosenb1ueth (1979),

sanchez-Sesma and Esquivel (1979), Wong (1982), and Dravinski (1982&).

Study of the seismicity of Southern CAlifornia by Hileman et ale

(1973) indicates that within the area of the Los Angeles basin one should

expect about four earthquakes per year of magnitude greater than 3. Since,

"there is no evidence to suggest that thus moderate to high seismicity is

decreasing" (Anderson et al., 1981) it is of considerable importance a) to

develop detailed instrumentation for the monitoring of the seismic activities

in the basin And b) to investigate theoretically possible strong ground

IQtion amplification patterns throughout the basin during an eartbquake.

The lll&in objective of the present paper is to introo;x:e a rather siJaple

theoretical IIOdel for the study of strong ground motion in the Lo. Angeles

basin. This model should be viewed as an introduction to more realistic

and thus far more complex models in the future.

2
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Method of Solution

There are basically two methods of analyzing soil a.plification

problems: 1) Numerical methods and 2) analytical methods, which rely upon

the solution of the equations of elastodynamics by analyt:ical _ana.

Complex geology of ~. Loa Angeles basin precludes construction of the

closed fOr1ll analytical solution and one bas to analyze the problea by

using numerical techniques. Host collllllOnly used nuzaerical methods, finite

differences and finite elements require a computational grid to fill the

solution dolllilin of ~e problem model. As a result, these procedure.

appear to be inefficient for geotechnical problems which involw large

dilllensions •

Often it is possible to construct a surface integral representation

for the solution of the problem. Corresponding integral equations involve

~nly the boundary and initial values. Solution of the integral equations

then leads to the solution at any interior point of the problem .odel

under consideration (Crus. and Rizzo, 1968, Oole et al., 1978). Since only

the boundary of the JD04el is being discretized, the nUllber of unJtnovna is

significantly reduced where compared to the finite element or finite

difference procedures. For a detailed review of these _thads, known ••

the boundary integral equations methods, (BIEM) ~e reader is referatd

to a paper by Brebbia (1981).

Indirect DIEM used in the present paper originates in the works of

lCupradze (1963), Copley (1967) and Oshaki (1973). Extension of the _thod

to wave propagation problems in geophysics and earthquake engineering is

due to Sanchez-Ses.. and Rosenblueth (1979), Sanchez-Sesma and Esqul.-1

(1979), Apsel (1979), Dravinski (1982a,b) and Nong (1982). Recently, the

author extended the indirect BIEM to the problems involving dipping layers

3



of arbitrary shape (Oravinski. 1983). Therefor~. the present work is an

application of the method to the pxoblem of strong CJxound IIIOtlon of the

Los AnCJ8les basin.

Solution of Problem

For the problelll CJeometry present by Fig. 2 a brief review of. the _thad

of solutlon is presented next. Spatial domain of each layer is c!eaote4 by

OJ' j-o,l,2, ••• ,R, wnere subscripts O.l.2•••• ,R refer to the half-space.

the first layer, ••• , and the R-tb layer. respectively. Interfaces

between the layers are denoted by C
i

, i a 1,2, ••• , R.

Since the pxob1ea DIOdel is assumed to be of the antiplane strain-type

the equation of IIlOtion. for steady state waves is defined by

where w represents the only non-zero

2 _ 32 a2
j"'O.l,2, ... ,R V:: 2 + 2'

ax . Iy

component of the displac..nt field

(1)

actinCJ along the z-axis, k is the wave number, and w denotes the clxcular

frequency. Solution of the problelll must satisfy stress free bo~

conditions along the surface of tbe half-space, continuity of streu and

displacement field. alonCJ the interfaces C. ,i-l.2, ••• ,R, and appxopriau
1.

radiation condition at infinity.

7he incident field is assumed of the fo~

wine • exp[-ik (xsine + ycos8 ) + iwt]; i - t:r
o 0 0

where e represents the angle of incidence.
o

The total wave field in the elastic medium can be described _

(2)

(Dravinski. 1983)

ff •
w·w .. ¥o 0

r £ 0
o

4

(3a)
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(3b)

where superscripts ff and s denote the free and scattered 'lave field,

respectively. The unknown scattered waves are determined to be

o ,r £ Cl ' .1-1.2•••• ,tLo -81
1

-~

r. £ D
i

' i~1,2•••• ,R-l..~

.i-1 • 2 •••••Mi

~.. £ C· , r £ C
ii i "l'1i

where SUDallAtion over repeated subscripts is assumed.. '!'he sUlllUtion

(4.)

(4b)

(4c)

nwaber of descrete line sources.

convention ill suppressed for repeated indices if one index is a superscript

and the other one is a subscript. Subscripted indices, such as I.
i

and -1'

should be viewed as simple index.s .. and 81, respectively. 1:n equations

(4a-c) G denotes the Gr••n's function for a line load in a half-space anc!

N
i

, M
i

, and L
i

• i-l ••••• R denote the orders of approximation of the -elution.

Therefore, the scattered 'lave field is represented in terms of the finite

+-The auxili.ry surfaces C
i

' i-l.2, ••• ,R

and the location of sources i. assumed, while the source intensities .'s

and b"s are calculated in the mean-sqUAre-sense from the continuity

condition of displaceJDent and stress fields alonq the interfaces between

the layers (Dravinski, 1983).

5
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Evaluation of Results

surface displacement spectras have been evaluated numerically for two

sections of the Los Angeles basin. The sections ABeD and EFG are

depicted by Fig. 1. Geology of the.e sections was investigated in

considerable detail by Yerkes et ale (1965). For the sake of siJapllflc:a-

tion it is assumed that each cross-section has been rectified into a

straiqht plane.

For nuaerical evaluation of the results all variables are pre..nud

in dimensionless form. For that purPOse the wave velocity 8 and theo

shear modulus Ito are chosen to be equal unity. All distances are aox.alized

in such a way that. one unit length corresponds to two kilometers of the

basin and surface- displacement amplitUde is normalized wi th respect to

the amplitude of the surface free-field IIlOtion. For convenience, a

dimensionless frequency n is introduced as the ratio of the total lenqth

of the first dipping layer and the wavelength of the incident field.

Each interface C
i

.i=1.2, ••• ,R is defined by N
i

collocation points

through which a normalized cubic B-splin approximation is deterJa1ned•.

'!'his procedure perm1tted construction of an algorithm applicable to a vide

range of interface shapes including the ones associated with the sect:iona

ABCD and EFG of the Los Angeles basin.

Results depicted by Figs. 3a.b correspond to the UlPlitude of the

surface displacement spectra for cross section ABCD,.adeled as a .et of

three dipping layers embedded into an elastic half-space. Several

conclusions are apparent from analysis of the Pigs. Ja,b: a) 'l'be presence

of dippinq layers may cause very large strong ground IIlOtion alllplification

effects, b) Surface ground motion amplification may change greatly within

a very short distance, and c) Ground notion appears to be very sensitive

6
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upon the arlCl1e of incidence of the incoming wave.

Observations from some recent earthquakes (Jennings, 1971) i:\4icate

that the areas of duulge can be highly localized. 'It has been noted that

the intensity of ground shaking can change significantly within a sbort

distance (Hudson, 1972). The results presented by Figs. Ja,o cl_~ly

confira these field observations.

An increase in the frequency of the incident field resulted in surface

groUnd DOtion phownby Figs. 4a,b. Comparison of Figs. 3a,b with Figs. 4a,b
, "

incidate great sensitivity of the surface gJ:OW\d mtiOD amplification

pattern upon the frequency of the incident wave field. If one views the

ground IIIOtion amplification as a ~esult of interference between the incident

and the scattered wave field, it is obvious from the presented results

that the frequency of the incident wave affects that interference greatly.

~e interference may 'be constructive or destructive thus resulting in

&JIIPlification or reduction of the surface ground IIIOtion. '1'bisphe~non

of local 8IIlp1ificaUon (reduction) of the surface motion is very clec:arly

displayed in Fi9S. Ja,b and 4a,b. The change in ..tarial propertl_ of

the layers appears to be a very important Parameter for resultiDCJ surface

strong ground DOtion of the basin. Results of Figs. Sa,b correapcm4 to the

.... incident wave and geometry of the layers as in the case of results

depieted by Fi98~ 3&,b. 'l'he change in ..terial properties of the layen

cau.ed a very different surface ground motion amplification pattem. This

is an indication that ~naccuracy in the material properties of the

subsurface irre9Ularities will reflect very stronqly upon the resultinCJ

surface IIIOtion.

For a cross .ection EFG of the LoB Angeles- basin (see Fig. 1)

the surface strong ground IIOtion is depicted by Figs. 6&,b. .As in the

7
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can of the section ABCt> the 1IIOdel incorporAtes three dipping layers

embedded into an elastic half-space. Earlier studies of strong groUAd

.:»tion amplification effects due to subsurface irre9uiarities (Dra9inski,

1982) demonstrated that the surface lDOtion is sensitive upon the 8111Jed-

cJment depth of the irregularity. Consequently, except in one case.

(Fig., 7), in each eros. section of the basin: studied in the present

paper, the interface Ci (betw.en the half-space and the first layer) is

taken as the deepest one available from the field measurements of the

sedilDllnt depth (Yerke. et al., 1965). JUthough the wavelength of the

incident field and the material properties of the layers is the sa.. as

for thG section ABCD (see Figs. 4a,b) different geometry of the

dipping layers caused a very different ground 1IIOt:i.on response. (Note,

the dimensionless frequency changed from that in Figs. 4a,b since the width

of the layers is different.) Thus, geometry of the dipping layers appears

to be very important in the resulting surface lOtion of tlte soi 1 mediWll.

If more detailed IlIOdeling of the subsurface 41eology is required this

CM be accomplished by incorporating more details into the model. As an

illuetration of that procedure applied to the section EPG of the Loa

Angeles basin the surface displacement is evaluated for the substxuct:ure

shown by Fig. 7. A characteristic of this 1IIDde1 is that the second

layer cont"!l.ins not one but two dipping layers defined by the interfaces

C
3l

and C32 • Interfaces C
1

and C2which define the first dipping layer are of

the .... character as in the previous lIIDdels. '1'he scattered wave field

in thE' layers is then specified by

8

(Sa)
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D ~ c+ Cr ." 2 J~. ~ 2 J ~ c 31- ~ "'2 m31 .

where the sunmation convention over repeated indices is understood. ~a1n

+-
the auxiliary surfaces C

i
' 1=1,2,31, and 32 and. the location of sources

are assumed and the unknown source intensities a's and b's are calculated

in the mean-square-sen•• through use of the continuity of the displac_nt

and stres. field along each of to'le interface between the layers.

Although very simple, the method of solution is DOt without difficulties.

Na.ly, the location of sources along the auxiliary surfaces IIlUSt be <:hosen

very carefully to obtain accurate results. For t:h1s nason, an .Gensl..

testing of the inc!irect B:tEM has been done (Draviuki 1982a,b. WOR9. 1982).

+-It was found that the auxiliary surfaces C
i

should not: be placed in the

i_diate vicinity of the corresponding interface Ci. Xn the present:

+paper the auxiliary surfaces C
i

and C
i

are obtained by scaling the

corresponding interface Ci by a factor of 2 and 1/2, respectively. 'l'he order

of approximation of the solution CHi,M
i

, L
i

, i=1,2, •••• R in aquatio.,.

(4a-c) and (5a-)) 18 chosen in such a way that their increase in value

9

(5b)

(Sc)

(54)

(Se)
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produced practically no change in the resulting displacement field.

Testing of the program codes is done in the following way: The material

properties and shape of the layers are assumed so that the pEObl_ reduces

to ground motion amplification d~ to a semie11iptical alluvial valley.

In all cases the exact results of Wong and Trifunac (1974) are rec::av.re4.

COmpariaon of Fiq•• 6a and 7 indicate similarities in th. r ••po....

for the same section aod.led with a different nUlllber of layers and

subjected to the incid.nt wave of the same wavelenqth. A very strong

reduction of the motion atop the soft layers is observecl in both cas.s.

From Fig. 7 one can observe ahead of the illuminated side of the layers a

very rapid change from essentially free-field motion to the motion modified

locally by the presence of the scattered wave field. However, this is the

ease for a particular set of physical parameters chosen in the problem.

Pres.nted results indicate that a change in the frequency of the incident

wave m&y result in a very different sur.face displacement ampli.fication

pattern.

10
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SWIIIIlary and Conclusions

Surface displacement spectral amplitude 1s calculated for two

characteristic cross sections of the Los Angeles basin using an indirect

boundary integral equation approach. Numerical results indicate that the

presence of dipping layers may cause locally very l&l:9'e ground motion

amplification effects at the surface of the half-space. '!'he 4IIIPliticat.ion

appears to be very sensitive upon frequency and angle of incidence ot the

incoming wave. 'l'he surface ground motion i. strong~y depen4ent upon the

number, geometry and the material. properties of the layers. 'l'hus~ detailed

information about the subsurface geology of the basin is required,in ozder

to evaluate surface motion accurately.

Pre*ented results confirm field observation from some recent e~

quakes that the area of intense ground shaking can be highly localized and

that it may change significantly within a short distance.
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pigure Captions

Fig. 1

Fi.g. 2

AlluviUlll thickness in the Los Angeles Basin (after Yerke. et a1.,
1965)

'!'heoretical Hodel

Nl - 40~ N2 • 33, H3 •

PI • 0.6, al • 0.8, ~2

Fig. 3a,h Normalized surface
A-B-C-D. . (For all

displacement spectral a.plitude: Section
the results p • a • 1. O. 2.59,o n

31, M1 ....L,1 ... 20," - L -" • L - 16 ~2 2 3 3
• 0.2, a2 - 0.6, P3 - 0.1, J] • 0.4)

Fig. 4a,h

Pig. 5a,b

Pig. 6a,b

Fig. 7

Normalize4 surface displacement spectral aaplitude: Section
A-B-C-D. (0 - 5.18, H1 • 40, N2 ... 33, 53 - 31, "1 - L1 - 20,

M2 - L2 "3 - L) - 16, PI - 0.6, al - 0.8, P2 ... 0.2, a2 - 0.6,

P3 - 0.1, 8) - 0.4)

Normalized surface displacement spectral amplitude: Section
A-B-C-D. (0'" 2.59, H1 • 40, 9 2 ... 33, 53 - 31, "1 - Ll ... 20,

M2 ~ L2 - MJ • L3 • 16, PI • 0.8, 81 - 0.9, P2 ... 0.6, 82 - 0.8,

P3 '" 0 ..4, 8
J

'" 0.7)

Normalized surface displacement spectral amplitude: section
E-F-G•. (0 - 4.38, HI ... 34, N2 ... 23, N3 21, HI • L

l
• 17,

M2 L2 • 12, M3 ... L3 • 11, ~1 • 0.6, al 0.8, ~2 - 0.2,

8
2

0.6, PJ • 0.1, 8
3

- 0.4)

Normalized surface displacement spectral allPlitude: Section
E-F-G. (0 - 2.88, HI - 23, H2 ... 21, N31 • 11, N

32
• 13,

Ml • L1 '. 12, M2 • L2 • 11, "31 - L31 • 8, M32 - L32 - "

PI • 0.3, al • 0.6, P2 • 0.1, a2 - 0.4, P31 - 0.02,

a31 • 0.2, P32 • 0.02, a32 • 0.2)
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EFFECT OF INCLUSION SHAPE UPON GROUND JIOl'ION·

~ Marijan Dravinski1

Introduction

Observation from IlOlIIII recent earthquakes (Sozen et ale (17), Jennings

(10) inlllcated that the area of intense damage can b. highly loc.lizR.

Esteva (9) established. that intensity of stronc) ground motion may chq.

greatly within a short Illstance. Subsequent investigations (e.g., Boor. (2»

reinforced a belief that the inholllOgeniety of the soil and surface (subsurface)

irregularLties are probably the main cause of localized amplification

effects. Experimental results by Rogers et ale (14) confirm thes.

results. Simultaneous recording of the Nevada Test Site nuclear events

were made at sites underlined by alluvium in the Long Beach area and

at sites underlined by rock in the Palos Verdes and Pasadena areu. 'l'hose

data show peak-ground-velocity alluvium-to-rock ratios as high as 7 and

spectral ratios as high as 11 in the period band from 0.2 to 6 sec. '!'hese

results call for a systematic investigation of the role the shape of an

inholllOCJeniety has in the amplification effects of the surface strong

ground motion.

For many problellls, it is possible to construct a surface integral

representation of the solution. COrresponding integral equations involve

only the boundary and initial values (and possibly interior sources)

(Cruse and Rizzo (6». The boundary value problem is thus for1aUlated in

tel'llUl of boundary values and the solution at interior points need not be

1
Assistant Professor, Department of Mechanical Engineering, University

of Southern California, Los Angeles, Calif. 90089-1453
*Accepted for publication.
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considered in order to solve the intecjral equations (4). Once the inteqral

equation. are solved, solution at any interior point can be deteradne4

throuqh the oriqinal repre.entation. Therefore, the IlAin advantage of the

boundary 1n1:eqral equation .-.thods (BlEIl) lie. in fact that only bouA4azy

of the body is being discretized, thus re4uc:inq the nUJDber of unknown

variables significantly in COlIIP&rison to the finlte eLe-.nt and fLnit.

difference procedures.

Iru!irect DIEM used in thi8 paper has bMn used by the autbor (8) in

the study of AIIlPlification effect.8 due to an elutic iaclualon e:medded

into an elastic half-space and subjected to 41ffe~nt types of DID".••

The aetbod oriqinat.. in works by Kupradze (11), Copley (5), and OshaJd

(13). Application of the method to the wave propaqation problU18 in

980Physics and earthquake engineering is due to Sanchez-Seama. and

Rosenblueth (16), sanches-S~... and Esquivel (15). Apsel (1), and WODlJ (19).

For detailed literature review pertinent to this BIEM, the reader is

refered to a paper by the author (7) and for literatuxe on general DIEM

to the paper by Brebbia (3).

suteaent of Probln

The proble. model con.ists of an elaatic inclusion D
l

C01IPletely eJIIbed4e4

into an elastic half-......ce D (_. < x < ., Y > 0) subjected to din.Rnt
r- 0 -

incident plane harmonic waves. The IUtedal of d\e inclWlion and the

half-space 1s assu.d to be homoqeneous, isotropic, and linearly elastic.

Antiplane Strain Model. '1'be equation of IIOtion for the stea.dy-sute

waves 18 specified by

2 2(9 + k j )Wj(x,y,w)

where subscripts 0 and 1 refer to the half-space and the inclusion,
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respectively, k represents the wavenumber, Cll denotes the circular fzequancy

And w represents the only nonzero component of displace_nt field along

+iwt
the z-axis. Throughout the analysis, the factor e is understood

""d velocity of the shear waves is denoted by a. Boundary conditions

are specif~ed by

3wiY - 0, at y - o.

*Perfect bonding along the interface C between the half-space an4 the

inclusion requires

w - wo 1

(2)

(3.')

r £ C-
(3b)

where! represents a position vector, lJ is the shear lIIOdulus and D 1. a

un1t nontal. at the interfacf't C. The incident wave 1s specifittd by

inc -ik1Cx sin9
0
-y cosBo )

w - e ,

where e 1. the angle of incidence of the incoming wave.o

. Plane Strain Model. The equation of motion for this IDOdel 1s

specified by (Miklowitz (12))

2 2
V 'j + hj +j - 0

2 2
V 'j + k j • j - 0 J j-o,l,

(4)

(Sa)

(5b)

where. and ~ denote the dilatational and equivolwainal wave potentiab.

respectively, with oorresponding wavenumbers h and k. The velocity of

dilatational waves is denoted by a. The boundary conditions at y-o axe

91ven throuqh

*Interface C ia assumed to be sufficiently smooth with no sharp
corners being present.

(6&)
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Perfect bo~Ag along the interface C requires

u • u
o 1

v • vo 1

anno • annl
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(6b)

(1a)

(7b)

(1c)

(74)

where u an4 v denote the displacement oolllpOnents along the x an4 y-axi8,

respectively. The nor1lllll and tangential stre•• Along the int:erlace are

denoted by ann and ant' respectively. Zncident wave is a••umed to be a

plane hU1DC)nic P, SV, or Rayleigh wave (8).

SOlution of Problem

Antiplane Strain Hodel. The total wave field in the half space and in

(see Ref. 8)
M

+ I a GO(r,r )
m-l III .. -.

the inclusion is found to be
U

WoC!) • w(I) (8&)

(Bb)

where GO,l are Green's function for a line load in • half-space, ~ and

r
t

are a.sumed, and a. and b1 are calculated in ...n-squ,are-aen.e far all

• and 1, re.pectively (Ref. 8). The superscript ff denote. the free field.

Plane Strain Model. For incident dilatational wave, the total wa"

(9b)
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L

·1(£) - I c 1+1 (:1:1) J £ (; D
11-1

L

·1({) - I d1¢11 (l'1{1) J ( (; L
1

,
1-1

(9c)

(9d)

where t({I{ .) and .(,1, 1) are Green's functions for dilatational aa4
.,~ .,

equivoluminal line loads embedded in a half-space. Locations ~ and 1'1 are

a••U1M4 and coefficient a., b., c1 , and d1 are calcul&ted in ..an-.qgan-.-ns••

Siadlar expressions can be derivad for incident sv or Rayleigh wav.a.

Evaluation of Results

Allplitude of the surface strong gro'Jnd motion is evaluated for

different incident waves and different inclusions with identical cross

sectional area. In order to reduce the nwaber of parameters present in

the problem, numerical results are presented for fixed embedment depth of

the inclusion at single frequency of the incident field.

Incide:.t SH-wave. For four different angles of incidence, the surface

strong qround motion corresponding to various inclusions is depi,-=ted. by

Figs. 1-3. Evidently, variation of inclusion produced very little change

in the surface response of the half-space for all anqleio of incid.eDce.

The .... results ".ere observed by tJmek (18) who investigated the lnfluelU:e

of riqid foundation shape upon the surface qround ~tion. Resulta of

Fiqs. 1-3, on the other hand, demonstrate very clearly that presence o~

the inclusion may cause significant chanqe of the surface qro\.Uld .a~n

when cc.pared to motion of the half-space without an '.nclusion. Motion

appears to be very sensitive upon the angle of incidence of the i.ncoIIlDg

wave. Although not presented here, it can be shown that the contrut in

material properties between the hal f-space and the inclusion and the

frequency of the incident wave are of IlIiljor importance for sublioquent
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surface ground motion. However, in all these eases change of inclusion

shape produced rather slIliIIl effect upon the resulting strong ground mUon.

This implies that measurement of the surface displacement field magnitude

away f!:Om the inclusion WW)uld provide very little information about the

inclusion shape.

Incident P-wave. For different angles of incidenc!t and varioua

inclusions, surface displaceJDent amplitude for horizontal and vertical

displac....nt components are shown by Figs. 4-9. Resulta are presented

normalized with respect to the amplitude of the surface displacelll8nt

I ffl2 1 £f12 ~field, i.e., (u ,+ V ). COmparison of Figs. 4-6 and 7-9 indicate

that in the i>lane strain lDO::iel surface ground motion is more s-.nsitiw upon

the inclusion geometry when compared to the antiplane strain IlOdcl. 'l'h!s

may be explained by the fact that for incident 58 wave, IIlOtion of the

media is caused only by the' resultant sheilring force, which is tlte zezoth

order moment of the shearing stresses. For plane strain model, the

resultant force and the result.ant IIIOllant, i.e., the zeroth and the first

order moments of the stresses determine the surface ~sponse 80 one

should expect that the effect of the inclusion shape through the acattend

wave field would take a stronger influence upon the surface motion (18).

The same results can be observed for incident sv and Rayleigh waves.

summary and Conclusions

Effect of inclusion shape upon surface ground motion j s investigated

by using an indirect boundary inteqral equation approach. Besult~ ant

presented for incident plane harmonic SH and P waves ror threeelaatic

inclusions and four angles of incidence. Presented results indicate t:hat

surface ground JlV)tion is less sensitive up;>n the chan~e of the inclusion
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shape for incident S8 waves than for i.ncoming P (SV or Raylei<]h) waYeti.

Still, the presence of an elastic inclusion caused locally si<]nificant

amplification of the surface <]round motion for both antlplane and plane

strain a:MSels. Alllplitude of the surface IOOtion appears to be very

sensitive upon the nUlllber of parameters present in the pJ:Oblea, such as

AnCJle of incidence, frequency, IUtedal properties of the inclusion and

the half-space, and location of the observation point at the ground

surface.
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Figure capUons

2. Surface Displacelllllnt laplitude for Incident SH-wave: ~.1.4. ~.2.

3. Surface Displacelllllnt AIIlplitude for Incident SH-wa.".: ~.~.l.67.

s. Surface Displacement AIIlplitude for Incident P-wave: Horizontal compo

nent 1\-1.4, ~-2.

6. Surface Displacement Amplitude for Incident P-wave: Horizontal c0mpo

nent ~.R2-1.67.

7. Surface Displacelllent _plitude for Incident P-vave: Vertical component

~-2. R2-1.4.

8. Surface Displacement Amplitude for Incident P-wave: Vertical OOIIponent

9.. Surface Displacement AIIlpli tude for Incident P-vave: Vertical CoIIponea.t

~.R2·1.67.
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Ground !bUon Aapliflcatlon~~ Elcstic Inclusions'

!.! !. Half-Space •

M&rljan Dnvlne1cl

De.- rtIMat of Hec:han1c:al Eagin..riD,J

Unber.ityof Southern CaUfornLa

tos Angeles. CaUforn1a U.S.A.

SUllllUry

Scatterl.as of plane hat'llOalc SR. 'PI $V and Karlellb waves by

aereral inelustons of arbitrary <;hape. completely eabeddecl Into an

elasttc half-space 1. considered. Perfect bond·.tq bet..een the

hslf-space and the IN:lus1ons 1s as.uaed. 'Ihe probl_ is itvestlS.ted

for UD_r. leotroplc. and hollOse',.eous elastic .ted.ls. Displac.eDt

field is ... lusted throUlJhout the e~"stlc .ettua so tllst the contlaul.t,.

conditions between the half-space and the inclusions are utisfled In

a.n square-sense. tfuaerieal result8 of the surface di. .plac_ent nelcl

are .n1uated for ai-.1e and two .IUptlc incluaions. The result. show

the followi~: 1. Presence of .ub.ut'face lnbo!llO~entety lila" lead to

1a~. a.pllneations of the aurface ~round motlon; 2. Different

surface dlsplaceaent pltterns -et'Se for ell fferent incident wagea~ 3.

?reHnc:e of adelltloMl loelualon .'y cb&p&e a1sntflc,ntly the sUTfaee

cllsplac_ent responae of a sltL11e inclusion; 4. or"e aurface eotlona

*P~rthquake Engineering an~ Structural Dynamic8.Vol.ll.l13-33S(1993).
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extteca•• sttotqly depend upon (i) aOJle of lDcidence; (U) ftequeacy of

ineldent fieldi (lU)ea.bed••nt deptb of the inclustons; (1.,)

.epatatlon dIstance between the ineluatons; (v) .tetlal pto~t1•• of

the half-space and the tncluaiona; anol (vi) loca tlon of ob.ena tlon

point on the sudae. of the half-apace.
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INTR.ODUCTIO~

The alllplif1catioll of strong ~rounll ,."tlOll due to _bedded elaatic

inc.lualoo.. has o.ot beeD. fully l:e80lved yet. Howevet. it i. bell.eel

that the subaua:hce (and/or sua:fsce) 1n:~ulartt1esare very impol:tao.t

factora to. localized. alllplification effects1 •2 • Observations froa lIO_e

3
recetl~ earthquake. indicate that the ateas of daulle call be hllhly

localized. Fur thermor e. the intensl ty of ~routld motion can chang•

• ub.tantielly wi thln a shor t distance4 • Therefore. in order to

understand in detail the b"slc phenolllena tha t occut 10. 8011 motiOft

alllpllf1cartoft due to local iuegularltles in the 8Oil. it is nece••ry

to develop method. capable of ptedict1n~ surf<lce motlOft at certd.ft .ites

for a then input.

DiffJ:action of WilyeS by elastic inclusiQn embedded into an elastic

half-.~ce has been recetvlnJ cons1deuble attentloll lately. For

references on this topic. l:eader t. l:eferred to the ar ticles by

author 5 •6 in which dlffcactioQ of ebatic waye. by an alluvial Yalley

was considered. A boundary integral metood was ..ployed to derb.

diaplacement field thro~hout the ehstic aediu:a. The fAethod orlsiaally

proposed by Copley7 has been applied to pro1,)l_s of sCtOl1ll ground mUon

sei-.»IoIY by Wans8. Sanchez-Se.. and Rosenblueth9 • Sanchez-Se_ and

EsqulvellO • Apselll and Oral/inski12 •

In present paper the boundary Int~u.l Illethod Is applied to

investtlJa te allplf.flca Cion of f'~lasttc nves due to elasttc Inclustons of



arbltl:ary shape embedded into a half-apace.
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Sta tellen t of Problelll

Geometey of the problem is depIcted. by F1~. 1. elastic inclusions

..
Dp D

2
, ••• , DR of arbitraey shape at:e pey;feetly bonded to an elastic

half-space Do. luciden t plane haulonte SR, p. SV, or 'tlay1e1'lh "Bge

steib. the Incluslons causi1l,J defot_t1on througbout tbe elastic

medI\D. Factor exp (il.llt) is understood. Ma terhl of tbe h.~lf-space and

the inclusions 1s asswaed to be bOIllOJeneous. Uneatly el!lstic, and

ieouop1.c. Tbto~hout the analys1s CI, B and II denote veloclty of

dilatational waves, velocity of equtvoluillinal waves, and the sbeat

IBOdulus. respectively.

Anti-Plane S~dt\ Model. Eq\Btlon of motion for ste!ldy-state waye

13aoUon 18 given by

j=O,1,2, ••• ,R; V2
(1)

where tbe subscript 0 refers to the half-space. and the subsctlpts 1, 1 •

••• , R refer to the ela stlc inclusions. Wave DUlIl~et i8 denoted by k,

t.) represents the c:1rculae feequency. and w represen~8 the only non-zeto

cOlIIponent of displacement field l1ctll\~ "lon~ the z-ad.s.

Boundary conditions alo~ the surface of the balf-spllce ate glYen

by

..
InclusIons are .ssuted to be sufHclef\t1y snooth wi tlt no shnp cotnets

beins presen t.
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3w-- = 0 , at y = 03y

Por the sake of simplification. an anti-plane attain elaat:od,.,.amlc

T
atate .!. (1:) is inttodueed along SOllle suthce C

[W("), a (r) ] ;
C nz - ~ £ C, (3)

whete T. n. I, and a deno te the t1:anspose. unl t normal vee tor on C•.- nz

position veetor. and component of ~ stte98 tensor. respectively.

Perfect bonding along the interfaces e
j

• j-l.2 •••••R between the

half-space and the inclustoCls requires con t1.nu1. ty of 41. spbcement and

atress field WM t in tetllls of ela stodynallllc sta te ! ean be WI: ltten as

Incident _ve is .S.waR to be

inc { . k ( s~ne 9 )]. r-::-1W • exp -1 0 X ... 0 y cos 0 ; 1. - j'-~,

with 8
0

being the a~le of incidence (see Fig. 1).

(4)

(5)

!!!!!.!. Strain Hodel. Steady-state motion for this lIOdel 1s So'letned by!3
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(6)

whete • aa.d • tepteeea.t dilatational and equlvol\11ll1nal va.,es,

tespect1"ely witll coueapondlR! _'Ie nU'1lbets Il and k. Boundaty

condi tiona ate of the fora

a - 0xyO

lJ • 0
yyO

for y = 0

• • (7a)

(7b)

Analosously to the auti-plan. st1:~1.n 1IIOdel a pbne attain ebsmdyftam1e

state ST(~) is inttoclueed slons eotll. surface C

(8)

where u, ", a , and a t denote displactQent co.ponellt alon~ tile 1t &l1dnn n

,-axls, and nor..l And ta~ent141 cOl"ponent of a stress tenso I: ,

tespee tlvely. ConseqU80tly, perfect bondt~ a1003 tbe interfaces

1.pU..

Inciden t ,...". is specified by

inc i
• - -h exp[-ih (x sine - y case)]o 0 0

o

and incident SV-wv. 18 cbosen to be

(9)

(10)



.inc ~ _ ~ expl-ik (x sine - y cosO )].
k 000o

14
IncIdent RayleIgh wave is of the form

120

(11)

inc
u • exp(-i~ x)o

2

[

1 c
exp(-b y) - -(2 - ~)

L 2 82
o

(l2a)

vine so iK
O

exp(';'i~ox) [- ~ exp(-b
LY) + 2~T

o

(Ub)

rl- c2 It
b ::" (1 - ~) Is J~ b :: Ie (l - ~) ( 120)

L 0 2 T 0 02
°1 Po

where c and 1<. denote the RayleljJh w~ve velocity and the Wllye nwabel:»

respectively.

Solution of Ptobl_

Anti-PlAne Strain Hodel. Total waye field in the half-ltp8oe and vit1t1a.

the elastic includon8 is specified by

w - wine + wB
, r t: D

o 0 .. 0

, .....

•

(l3a)

(l3b)
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where the superscJ:ipt s denotes the scattered wave Held. The scattered

W3'1es are expressed in ter~1lS of sinlle layer potentLals
15

R

· I
j-l

/ q .Cr ) G (r,r ) dr
OJ -0 0 - -0 -0

c
j

R=1,2, ••• J E £ Do
(14&)

Wjs(~) _ f qjer) Gjer,r ) dr J j~1,2, ••• ,R; R~1,2, ••• , ~ £ D
j

(14b)
+ -0 - -0 -0

c
j

+ --where surface. Cj and Cj • j-l.2 •••••R are defLned inside and outside of

5the correspondin! interface Cj • j-l.~ •••••a • and Cj(t.to ); j-O.l •••••R

a J: e the Gr een' s func tions for a line load 1n the ha If-space (wh1ch ar e

known expliciteIyS). Density functions ~oj snd ;j' j-I.2 •••••& are yet

to be determined..

It 1s obvious fro'll Eqs. 14a.b tM t the sea ttered W1ve field

satisfies equations of IIIOtlon (1) and stress free boundary conditions

(2). The unknown density functions goj and Sj' j-l.2 ••••& are to be

determined through use of the continuity concl1tions (4). Aa iacideftt
\e..
~

wave strike. the inface. between tbe half-space alld the inclusions. it

1. par UaUy reflee: ted b«c1t tD the ha If-spsce and pat tiaUy ttan.m. tted

illtD the lnclusloll.. The intedaces Cj ' j-l.'l •••••a can be viewed as

the location of sources which create reflected and ttansaltted vave

fields. For the aka of eimplUlca tlon. 1 t 1s proposed to place those

80urces sUshtly inside (outside) of the interfacea. Thus. by cj anel

+C
j

' j-l.2 •••••& the lnneT and outer source surfollce with respect to

interface C
j

is understood. Por mOTe det!llls on tlMt procedure. the



122

5
t,~det 18 teffered to a papel: by the authot. In the present pap.~ 1 t

- +Is ,.. s8l1l4ed that the inner (outer) soutce sutfaee Cj(C
j
). j-l.2 •••••1l i.

obtained by simple eca1ins of the correspondlng inte~faee C
j

• I.e•• by

.ultlplyi~ the cootdlnstes of the interface points by a factol: _Uet

(g~_ter) than unity. It one assumes the density functions :0. the fota

of diec:rete Une BOUI:cea. it follows then

oa
m.

J
room. I); r e C. J J·.1,2, ••• ,R~ R=1,2, •••-m. J

) )
(15&)

g .•
J

L
j
! bi. 6(1! - !ljl) 1 :1. £ C; , j=l,2, ••• ,R; R=1,2, ••• ,

1
j

). )
(ISb)

o j
where intensities of the sources a and b

l
are stUI to be deterldned

la j j

for an j. Sj. and 1j • Substitution of equations (lSa.b) Into equattoa8

(12a.b) provides the eeattered wave field In the followtD! fora

8
" (r)o ..

R "J
- I 1 a

0
G (r, r ) ; r E C]' J r £ D

Blj 0 - -Ill). -mj - 0j-l Ill
j
-l

(l6s)

L.

t b
i
l

G. (r,r
1

)
1 -I ) ....

j j j
(16b)

where "j and L
j

• j-1.2 •••••1. tepresent the nuabet of sources alone the

j-th Innel: and outer &Ouree aurface, respectively. Choo.l~ N
j

"obeet".tloo" pointe alollS each of the liltetrace Cj • j-l.2.....1t the

unknown 8IOutee lnteRsities ue detet..lned thtoulh the continuity

16
coftdi tiOft (4) 1n the 1_8 e-squa I: e-sense
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(17a)

where * denotes the transpose cOllplex conjU3ate. uttlces ~ and { are

defined In Appendix A. and Intensl ty coefficient vectora are defined by

~]. = (a
o

) I m. - 1,2, ••• ,M. I j-l,2, ••• ,R 1 R-l,2, •••
Dl

j
] ]

Once the source intenn ties ate known, toul wave field can be

deter.lned throagh eq_tlona (16&,1) and (l~,b).

(17b)

(l7c)

Plane StraIn Hodel. Total displacement field in the half-apece and

wi thin the incluaion. 1. specified by

u "0
inc •
~ + lit (lSa)

s
~j • ~j , j-l,2, ••• ,R, R-l,2, ••• , (l8b)

whete displace-ant vectel: u 1. defined In tetll. of diaplac8lIlant..
cOlaponents by ~T. [u,v] and superscript. denotes the scattered wa"e

field. Unknown ecattered waves ate Issumed to be e1Cpressed in teras of
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single layer potentialslS • Therefore.

S
• (r) -
o -

(19a)

(Ub)

(l9c)

.;(~) a J+ 9~(!o) .j·([;(O) df
o

• ( E Dj • j"1,2, ••• ,R R=1,2, ••• , (19d)

C
j

-+where the 8urf&ces C
j

• j-I.2•••••R have been defined 1n the aatl-plaae

• •• •st1:'Sia mod.l and density functlol\s SOj' ~oj' ~j' and ~j' j-l.Z •••••1. are

atlll to be deter-tned. The Green's'funetlons +j(t.Eo ) aad tj(£.lo);

JOOO.l.2 •••••1 conespond to dilatational and equbolwaln'Sl Une lPurce

in a half-aplc. vi th .ae•• free boundary. re.,.etlvely. For expUclt

801utlOQ for the Creen'. functions the re.der 1. refened to the paper

bJ r.aabI7• Followl.ns ths proeedUEs already dlscus.ed for tha antl-plafte

.b:a1D. meSal. the den.tty fURctlons .re ••suaed of the fora

• _ Hi
aO

90j -j a(I! - !_ I) • r £ C
j

• j-l,2, ••• ,R
Dl

j
-l -Dl,

j )

• _ Hi
.-0 adr _ r I>90j . - -Dl

j• -I j
j

(20a)

(20b)



+c c. ; j-l,2, ••• ,R
]
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(ZOe)

(104)

Sub.titution of equation. (20a-e!) into equation. (19a-d) leads to the

acatteted ."e field

~ Hj 0

L ! a • (r,r ) , !m. £ Cj , r £ Do
j 1 1 mJ' 0 - -mj J
• mj -

(21.)

Hf ao
m

m -1 jj

• (r,r )
o - -lB.

]

(2lb)

(tid)

where H
j

and Lj • j-l,Z, ••• ,R coneapond to the number of .outce. p~ed

- +.lons the lI()urce 8UCfsce Cj and Cj • te.pecUvel,.. ChooalllfJ W
j

obaer•• tlon ,.,Ints along eacb of tbe in ter face C
j

the unmoVft eoucc.

inten.ttle. are detara!ned tbtOUJb the contlnuity condltion (9) In the

1...t-aquar .-sen.a
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(22a)

where th. coefl1c1eot vectors are l11troduced t=oU!h

~j - (ao ) J mj • 1.2, ••••"j , j.l,2•••••R , a-l.2•••• (Z2b)
Dl

j

- •

~j - (&0 ) (22«:)
a

j

Matrix Gand V8CtDt (ate listed in Appendix A.

(22d)

(22e)

the Greeo.... function. for an eqalvolWl1nal and dUatational 11n. load

_bedded ift • half-.pace. Accordiq to the papeu by 1.aIIb17 and

Lapwod18• use of cOlltoar Int.raUon allowed representatlon of the

Gte...... fUllctlo11, In • fora which Is convenient for auaerlcal

evaluatton12 • lCDovled:J. of the Green-. fllllCtloll. incorporated III

equation. (21a-4) allow. then study of the effect. of ineident plan. r.
SV. and "aylelsh ..." •• upon the .u: fllce r esponee of ~he h& If-apace whieh
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contains eabedded elastte ineluslons of atbi tt:u:y shape.

~aluation of lesults

Ia ea.e of "'"31e incluslon. the ••pl1 tude of the sut race

dleplac__ t field 1s eYaluated for different incident waves and

elliptIcal elastic incluslon, i.e.,

x = R1 cose ; y = R2 sine + H : 0 ~ 8 ~ 27 (23)

where 11 and 12 are the pdncipd axes and H is ..~ed.ent depth of the

ineluston. In otdet to reduee the l\\ft1>et: of pst,,..teJ: s the pt Inelpal

axis ate asswned to be fixed (R1:R2 • 2:1j 11 - 4). For

plane-straln-mdel the fesule. are prese~tH GocuUzed wi. th reapect to

the sutfece a.p1itude of the free-f1eld, L.e•• cluffl 2 + l"ffI2)1/2.

For convenlence, the dimen.lanlesa ftequeacy is in trQducecl.

I lacn • 21
1

). , a. the ratio of the total width of the inclu.lon alUl the

n"el_Jth of the lneident WIl"e.

lneideat!!!!!! SH-V... e. AccordlO'J to equatIons (16a,b) and (l3a,b)

total dlepbc-.nt field 1n the half-space and Incluslon is spectfled by



W (r)o ..
ine( )= w !

HI

+ I
al =1

I

a
O

G (r,r ) ,
~ o""~
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(2 3-'l)

L
1

() r b l
WI! = L I

I -I I
I

(23b)

o 1
whete the BOUIe. intensities a and b1 ate elraluated. throlqh equation

all 1
(17a). By increasing the number of observation poiflts Nt along

- +
intecface CI and nlabac of somce. HI and L1 310nJ C1 and Ct ,

respectively, one can detet"'llne ~()~ which ~, L, and It the convergence of

the tesults is achiered.5• This \'IMnS th.t further locrease in the

nUlllber of obsetva tion and source points wUl not chIJ.nJe the va lue of the

results appreciably.

Surface displacement amplitude depicted by Pt~. 2a,b corresponds to

frequency n - 1 and two embedlUl\t depths. It i8 obvious froa Pis. 2a,b

tha t the "resence of ehsttc: IncIusl')n resw.ts in. sur: rllce diaplacn.t

pattern which i8 diffel':ent fcola the free-fl.1d r.spons. alo~ tha

surface of the half-space. fut theraote, it appMl':s that eabecllMGt depth

of the inclusion stronsl,. effects surface 1toUQd IIOtlon. 'tt la

In.teresting to observe that surface dlsphceaent pea1ta lUy occut at

dUferent locations for different Dbed!llent depths. The sa..a pheftoMnon

Is observed when the frequerlcy of the Inc1:ient field ch3n~es (as will be

shown 1& ter ).
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Incident !!!!! P-Wave. Fo\: slngle Inelus10n in the half-space total

dispuc.ent potentials are specified by

• (r,r ) , r.. ED, r E C
1o ....~ o-~

(24&)

• (r)o .. (24b)

where the source iutensitle. are calculated by equation (228) aad

incident dilatational _'Ie field ls spee1f1ed by equation (10).

(24c)

(Ud)

lbr_l1zecl ••pUtude of horIzontal and yertical coapon_tof the

surface dlspuc.ent fl.eld for incldent P-va.,e 1a .IDwn by FIg. 3. I'Or

coapul-:m purpo•••• the aq1e of incidence. frequeocy of iUC~DI wve

and .becllMftt depths are eho.en tD be Uentlcal tD tID.e of the

antl-plan. straia ..cle1 (Fis. 2). Resulta of Fil. ] lnelicate that

8Urface dl.,lac.ent field exhibits 1DOU cOCIplex pat~eta than in the

eoue.poacllft! antt-plaae .ttata IIOde1. hesence of ela.tic inclusion i.

-detected- bett. than In cotte.pondlnl antl-p14ne atrain ..del. Th1.

dUfe1:8Ilce _y be explained a. follows: For anti-pune stra1n ..cI.l.
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the IIOtlon of the media 1s caused only by the resultaRt sheaclas force

ot the aeroth otder _ent of the sheatln3 saes..s. In the ca.. of the

plane attain IIOdel. the resultant force and the 1I01Ileat. i.e•• the a.coth

and fllat Oldel 1IIOmenta of the sttesses. deterlaine the 8\11:face re.,oa.••

Consequently. one would expect the presence of an lncluslon to be IIOr.

p'l:onounced in the surface response for incident P(SV) wa".s than ia. t:M

coue.pondins case of IncOldng SH-wave. This is an anal~ fosult to the

one obtained by U••k 13 in analysl .. of tl~id founda tioo response _bedded

in a ba If-.pace.

Chanae of angle of incidence to 800 resulted in the sw:face

displac8lUftt fielda shown by Fig. 4. It is evident frol'l Figs. 3 and 4

that .urface !Iound mUon depends very much upon the anJle of

incidence.

mclden t Plane SV-¥ave. DlsplaclIIlen t po ten tia ls in this c~.. can b.

obtained frOla the on•• specified by equa tiona (243-d) if the appropdat.

ch.~R!e of locldel\t field i. done. Surface eli.phc_ent &IIlplltud. field

depIcted by Figs. 5 and 6 ,..oruspond to the ..me _terial proputi•••

frequency. ansle of incidence and eabedunt depth as in the caa. of

P-wave reaults shoWIly by Figs. 3 and 4. respectively. It can be ....

frola Fta. 6 that presence of e1Jlstic lnelusion .y result locall,. In

very large amplification of surface motion. It is of intereat to

obsene hoe Flga. 2-6 tint the pceaence of the elastic Inclualon eto••

not nec•••'l:lly result in the ao-called ·shleldil\.'J· eHeet for: the pu:t
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the surface of the half-sp<lce which is in "shade" of the hclusion

rela dve to the incident nve.

Incident Rayleish~. Displacement field In this case is given by the

follow1ag equa tiona

inc ( >
M

1
v"4J(;r;,J; >}u (r) + ~ {a0 u. (r, r ) + a 0 (2Sa)

o :- - U I .. -I m1 0 - -m1
m

l o m~

1

v
inc

(=)

H
l

V:(I,Im )} • [ £V (r) .. + r {a
O

v· (J;,r »
-0

D J (25b)+a
o - 11).=1 mi 0 -m1 II) 0

1

r E C1 --m
1

(2Se)

(25d)

where uinc and .,inc are specified by equa tiona (12a-<:) and the eoucce

intenaitles are eleter.lned forata11y by equatlon (2Za). Por the Green....

functions uc! ."0) anel "(1.'0) in equa tiona (25a-d) the super script•

• anel • denote diUtatl.onal and equillolu:tllnal Une source. re.p..1Ctbely.

Bor..Uzecl .urfac. elispaceaaent amplitude for incident Rayleish

va".s is shown by Fig. 7. eotap:uison of Pigs. 3-7 indicates that the

I.ayleigh wave surface Iesponse is cOlllpuable 10 al!lplltude with tho.. of
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incident ~ or SV waves for: small embedlllent depth of the inclusion. In

the case of larJer: embedlll8nt depth, surface response is essentially the

ftee-fleld one since the incident Ibylei~h wave decays exponentially

with increasiq depth. From the results of Flg. 7 it follows that by

...suiag auf-ace response due to Raylel~h waves, it would be posalble

to "detect" the presenee of the elastic inc:lusiOft. pcovided the

_bed.ent depth of the inclusion is not very large.

Therefore, the effect of a slngle inclusion upon the aUlfac.

displacement field can be sUlIIIIBrized a. follows: 1. Dlsplac_ent neld

is stroRSly influenced by the presence of aft inclusion provided the

_bed.ent depth is not too large; 2. P or SV vaye response appears to

"detect" bettel: the presence of an. inclusion COlIlp&l:ed to the

correspondi~ SH-wa"e response.

This concludes the salutlon of results for the

.1ngle-lnclualon-tDOdel. The two-lncluslonllOdel i. consldered next.
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TtolO Inclusions

Por two Inclu81oa...,del surface displac...nt a~pl1tud. ts .•aluated

nuaerically for two elliptical inclusions with the first one specifIed

by equa tton (23) and th'! second one defiaed throuJh

y - R sine = H2
o ~ e ~ 2.., (26)

where D denotes separation distance between. the Inclusions. Pox the

eake of reduci~ the nUlllber of paullleters in the probleat. the inclusl"ns

• te • sSUlIIed to be identical in sha pe wl th the salle embed.en t dep the In

order to exAllIineln IIOre detail the influence of add1 tional inclusioll

UpoR the surface IIOtion RUllIerical results for two InclusIons axe

evaluated for incident SH-waye only.

Total disp!acetUnt field in the half-space and within the two

incluslons 18 specified by

(Ua)

(27b)

(27e)

where the ..utce intensitles are deter~lned formally by equstioD (17a).
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I Inc
AI Ml:llel:. the dimensionless ft:equenc:y (n - 2R1 A ) i.

introduced a. the taUo of the total width of the inclus10n and the

wavelength of the incident field. The pdnc:.ipd axis (Rl aud ~) al:e

a ssaed to be fixed. The e:abedun t dep th CR). .~t!l tton dl stance CD).

ft eqaenc1 (0). and aaa1. of Incidence (e ) are all be1ua 'faded.o

'Reference frequeQCy fOI: the surface response Is chosen to be twice tha t

of the slnsle inclusion -adel, t.e•• n - 2.

Por coaparisou puxpose. the ease of a siasle inclusion il

considered first.. Surface dtsplac.ement alllpUtude depicted by Pi!. 8

corresponds to a single ell1ptieal Inclu81.on width SM llow (deep)

embedment depth. By increasing the Dumber of ·observa tion" and "SOutc."

polnta until the sueface displac_ent a.pl1tu4e I:cnained dlchaRied. it

is deterll1ned that the comrergence of the results 1. achi89ed at

Nt - 4S. and Hl - Ll • 23 (See Eqs. 16 and 17). In case of two eta.tic

Inclustoo.s. uUlaber of "obael:vat1on" and ".arce· poInts Is coos. to b.:

Sudace displac_ent field shown by Fig_ 9a correspond. tD ~he ca••

of shallow _bed_nt depth. Surface motion atop both Inclaaloa. are

111111&r to that of a single-l.ncluslon-respollse of Fig. Sa. Thi. l.pll••

tlBt the autual interaction between the ineluslons Is ESther _11.

lncreaa. 10. embed_nt depth re-alte<:! 10. lurface .otlon shown by 1'1;- 91".

Evtden tl,.. the te.pon.. a top Ulwatn'\ ted lnclus10a and {new.tOft In

shade are vet,. cl1ffetent ftoa each othe'C_ Steong ah1eldln.J effect can

be obaened a top Incluston in shade. (Tetl'ls "lllualna ted" anel "10.
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shad." pettaln to iocluslons Dl and D
2

• respectively. See "18. 1 for

deuUs). Iacteaae in sepatatioo distanee (D) betweeft the incll1d.oo..

produced sutfaee 110 tlon shown by Fl~s. lOa and b. The results of

Fi!s. lOa aftel bate sballa¥: to those of F1gs. 9. aud b: _11er

eaabedlleat depth leads to very little interaet1oa. between the {Ilchasioll.

wbile the larser _bed_nt depth results 11l IUlater eharqe of the

surface .otion atop lnclusloo In shade than atop the illtalated

lnelusloD. A. expected. Incr... in se~'Cat1oD dlstance betlleea

lneluslo"8 reduced th.i~ lIlutual inteeaction cODsiderably.

For sta:faee dlsplac_nt results pE:es.te4 8C) f.t. it can 'b.

obsened that the respon.. atop UlulIluted Inclusion i. closet tD that

atop a alagle-1.ncluslOtl-tespons. than the respoll" atop lnclusloft 111

shade. Thls occurs aost Ukely due to seattered ••• fi.ld ftOIl

illuainated iDelualoft which [fttetact. vi tll inclua10n In shade toJet:bee

with Incident wan field. The wavefield ahead of 1l1walaated Inchaaloll

la baslcally the ftee-fle14 mtiDn which .plalns the slalladt:y of the

respon.. atop illum.ated inclusion and E.sponH atop the

sing le-inclusloa.-.odel.

ea.. of mee contustlas _tadats for the half-space and tM

iocluslous i8 preHllted by Fil. 11. It is lntat.atl", to ob_ne that

p.k a.~1itude which occur s In Pig. 9b a top the leading qe of

la.cluslon ta shael. h obaer9ecl 1ft PiS. 11 atop the leadi,,! edge of

iUlaina tee! iftcluaioa.. Thus. cha.~e of _ tedal prope~tie. of the

half-space and the lncluslons may '[es..lt 10 elra.ttc change of the
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surface diaplac:emen t pa tte-rn. Co.pad eon of Pig s. 9b and 11 indicate

O'l8ta1111Ote tap1d osci1ation with x of the sw:face xeaponse fot .ate

coaa.atins _t81:1a18 of the balf-s~ce and the inclusions. Therefo~e.

one bas to check the numb.r of Nob••tvatlonN and N80uEceN point. need_

for COnyeflence. f ••tinS of the bouadaty latesta1 method u.ed in

present work smwa5 that ioct.... of the frequency requires incr... of

Nobsel:". tlon" and NsoUIce• polnts in order to _1DtaiD the accutacy of

tbe reeults. Therefore, ill otd.1: to deKtlbe tapid ollClllatiooa of tba

reapon.. with di.tance accw:ate1" it .., be nceasal:Y to Incl:... the

n\Dbel: of ·obaenatioaN and "source- points aecordlagly•

....ult. presentee! 80 far clearly indicate tbat ..d.l. iD9o".v1OS

serreral Kattereu .y pcedict quite different aurfsce 41splac.enl:

pettena vben cOllparee! to tbe single-8CAtteier-.odels. Special

a ttea tion aboulet be 119en to In terpr eta tion of the diapuc_en t neld

a••ut:ed dW:lng actual eatthquak... Pre••ted r.sults indicate the

leapot tance of locatloa. of _.a«10& .tatlon telatt". to ift~ea.l.tlea

below the earth sUIface. Differeot inattuaenta I ..ettically eloM to

each otbel: ., ucotd aubstaatlelly d1fferent _saitude of the .-raee

3 4
around .-tlon. 1>«101 a.eral teeent ear thquaba ' • it .. s oba.."

that the earthquake da_,e ean be ht,ahly localized. As _tly aa 1957

20
thla P~~o?\ ItS attributed by ltanai to be caused in part by

inbol8Osenietle. of ~be 8011 ..dla and in ~rt by surface and/or.

aubaur face toPGIuph, at tbe a1 te.

After th1s brler IlWeatl.latloR of the role of the _bedIHftt .epttt
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and sepatation distance upon the 8utface tesponse. the attention 1.

focused on the sens1tloli ty of the sudace !DO tlon upon the ft equeGC:1 aad

aR,Jle of incidence of the inco,:,iOJ wave. rot this purpose, the

Hbed.nt depth (8) and the separation distance (D) ate a.SdUd tD be

fixed. The al\3le of incidence (8o ' is belnJ chaDied ftoa ve~tlcal

inc:1denc:e (0°) to !u.ziQ3 incidence (90°) 1n lnet_edt. of 300
• U$b.t

chuactea:lsUc sta tions are chosen a t the .u~face of the half-space fo~

calculation of the di.puc_ent a"plltude. The stations ate specified

by the coordlna tes: y - 0, X/R1 • -5. -4, -3. -t, -I, 0, 1, alld t and.

they are labeled one through eight, tespectlvely.

Ab80lute value of surface dl.splaee:nent at station one for four

ARlIeS of incidence is d.epieted by 'P'l.1. 1'1a. (Fot the ak.e of e1a~lt:1,

the allile of incidence 9 is written in the uppet risht cornet, of .ch
o to

f1.~ute). Station one Is chosen to beVthe left of the leadlq edge of

the ill_luted bclu.ioR.on the sutface of the half-space. calculation

of the statlon-one-respons. should de20nstrate how far the lICat~e4

wave field will teach (with appa:eclable _snltuele) ah.d. of the

Ulualnated inclusion. It can be seen fa:oa FiS. Ua that at station Ofte

for all four &R!l.s of incidence and wide range of flequencies the

respon.e Is essentially the free-field one. ror aagles of incid...ce

apptO&chlns the grazlns incidence, the ptelleftee of elastic lneluAona Is

detected at h~het frequencie. only.

Station two Is locsted atoJ) the leadl~ ed~e of the 111ualnatell

inclusion. Conespondi.ng Buthee :11 splace-:lent arapU tude Is sbo"" by
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F11. 12b. ror vettical incidence the pteseace of the 8Catte~ed .,.v•• in

the .utfaee respon.. alapl1tucl. at staUon two 1. f.elt .tfon~ly••o~

other anale. of incidenc. the dePletion frca the free-field-resu1te Is

fattly _U wi th exception of the ~ru1fti beldenee a t hl~hel:

frequencle•• wue substantial depar tute fEGIa the f1:ee-fleld pat~. can

be ob.enecl. rOE ob.etvatloll .tation. el0•• to lacwalon•• oa. expects

intuitivel,. st,-"nger Influenc. of the BCatterecl wv. field upoa th.

sta tlon respons. when cCDpared to the sta tlOftS __y froea the iacluslOlls.

This expectation i. verifled thro~h results of ris. 13& which,

eouespond to the station thr •• placed a top the can.te~ of the :

illwalnated incluslon. It is evidllftt that the 1:espon•• at the statlOft

three is stfoasly depllftdent upoft the presence of elastic l.ncluslOfts fOE

wide ra.e of ftequencies and all four angles of incidence. III

par tieulat. for ver tical and near ver tLcal Ineleleace (8
0

- 00 .30°)

cha.e In frequency of the Incoalftl wave lDay produce ver,. differea.t

surface clisplac_ent ••pl1tude. Sf.llarly. for the .... frequeac,. ad

various anale. of incidence the .ur face IlOtlon .y b. s1ga1flcaatlT

ehaq.cI (e.s •• n • 2;

StaUon four 1. located atop the tuUIQlj eel•• of the llJ.U.laatecl

Inew.loa. Coueapondina surface displsc_eGt pattern 1. pte_ted 11,.

Fig. 13b. Surface re.pons. appear. to b. v.1:1 ...ltbe upon the

preMllCe of the inclu.lon. and chaRle of a.la allel frequenc,. of tt.

Incodq va"e. It 1. Intere.tla; to observe laEge reductIoQ of suerac.

110 tloa at sta tlOft four for Ira.inJ ineldence anel -odeE& te fr equencl...

eoaparl_ of risa. 12b and 13b indlc~ tea clifferent AmpUftcatlotl
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patterns at the stations atop the leadlftJ anel ttalUR! edge of the

illuminated inclusion for norwertical snJle of Inc:ldeoc:e. This

difference In respons•• t stations two anel foU'C 1. pa-rtlculatly pr.... t

for srazlOi incidence. Sta tloa a top the ttsll1ag eel!. ec:petieac:••

strons shi.UIQj1 effect compared to the station atop t:he leadl. q.

where thh effect la not detected (l.S < g (2.8). 'Ibis Is GOt a

surpdslas -r.sult since statloa fout is III th. vab of the 111ua1Gatecl

inr:luaion. Consequ.ntly, one expects tbe ... phenocaeooll to b. obaenecl

II t stations flve through eisht. Indeed, th. dlaplaceaaent fielcl teaalta

a t Ita tions fi.,e thi:oUZh el!ht shown In Fl~a. Ua,b - l~,b,

respecti.ely, delllORltrate occuuence of poaalble attorq sh1elcl1D1

effects for different ansles of incidence and at dlffereat fteq..-ctes.

Still, at the ••e ata tiona !ar,a ••pl1flcatlOll of surface &toUDcl ..t1on

lIay be polalbl.. The results of Figa. 14a.b - lSa,b cletrly la.dicate

tha tIt would be .ety difficult to char4cterlze the surface 81:1:011I

ground mUon at a ata tion by a alnale pAn•• tee of the probl. __1

.ployed. Rathat, a cOlIblaatioll of para_tera are needed to d.Krlbe

surface IlOUDcl mtlon IIOre pIecl..ly. Pot eaaple, .t statlOCl alae anel

for Ita&1. incidence, "et1 attong reductioll of aatfsce IIOtlotl caQ be

obsened o_t frequellc1 n - 3. ror the ... atation aftd vet tical

lncidenc. audace cl1splac..-nt alSpli tude is eseent:lally the free-f1ele1

one. 011 the othat hanel, fat the Ma•• tlltlOCl anel Iraz1llJ lacldeac.

challl. of frequency of the Incom.ag va.e _,.. -r••lt III dra_dc cha...

in upl1flcatloa of the audace around mtlon. Thia can b. explalaecl 1n

tet•• of iatecsctlon of ll\cidellt and K&tte~ecl ._ea. The two .y

interact con.ttucUvely (cI.structlvely) at the o.aervaUnn .btion thua
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re8ulttn! In corre.pondln1 a ..pUflc~t1on (reduction) of the sudac.

ground IIIOtlon. Par.... ters which effect the two "'Ie field. _,

Influence tb.1t intetaction anel thus effect the surface stroftl I1:OUDcI

.OUOD. Of cour ••, the preseat IIIOdel Is iel_llutlon of the rMU.ttc

ear th ..dia. Still. It provides 8O!ft. In81ght Into coaplex p1wD~1l of

strong ,round mtioo upUf1c&t1on due to subellEf.c. InhcMlogtlftl.ti••

which asy b. of ue. in atucl1.a of IIOre rMl1stic IIOciela.

On Nus.rical Evaluation of Reaults- -

Extenabe testing of the bounduy Integtal .. tmd uMeI 10 tb.

pte... t pap.r baa been done by the author using the mown exact

solutions a"ailable in literature. For ea.ple, c:.... of Inclcltlftt plan.

SH-waves upon elD1-circular and selIi-elliptical al1..,1&1 9alleys _1:8

i_.stila ted fOI: \ wide tal'lle of pata..etets ptes.. t In the probl••

The.e reeults ean b. 8~_tbed ae follows: a) Bounclary Intt8ral ..thad

pr09ld.a very load yesults for. wide ra~e of frequ-.w.eles: b) 'OE a

fixed nUlllber of SOUlees the reaults are ClOre accurate at lol1U

frequencle.; c) It vas deteralned that. good cOOice of SOOl:C• .-rac.s

+ -(C
j

and C
j

to thi8 papet) is the one where they -follow· In ahap.

btetfac. Cj •
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Conclua!.ons

Sttol13 &tOUl\d .otlon teault. pettlnent to slnale tnclustoft *>4.1

11l.d1cate that a.pl1Hcat1on of surface eotlon .:&1 be sttonaly lo.fl~ed

by subsurface l11ho.-osenhty. p1:odded the _bedaa.t deptb is _U. 'rhe

results indicate that surface response Is different for dUfet_t types

of lnc:1dent ......

ltesults foc tbe two-lncluslon1Odel lo.ellcate that the suefae.

re.ponse _y be "ery cllffeteat ftOla tbe cesults in the

sloJle-1uclu.f..oft-.:»del. It 1s shown thst the autfaee ~e.poo.s_ c1epen4.

upon s8geral pata••tecs of the ptobl_. such as. angle of 1o.e1d_e8.

frequency of Inec.ina wa'l8, _bed_ot deptb. aepatat1oo. distance of Cb.

lo.clusloo.s. _tettal pcoparties of the half-space and tbe laeluaoas,

and tbe loea tlOft of the obsetva tlon eta tion a t the air race of the

half-.pace. Chang- 1n any of the pua..tey. will usu1t in eodtfleatloa

of the ... faee eotlon .wapl1tude vh1.cb may be ••ty al$nlfleant. 10.

partlculat, tb. sutfaee !lOtion appeats to be .. ety BeGld.tbe upon the

ans1e of lne14ence and ft~ueney of l:u:<nlq _ge.

A.ltho\Cb approd_te. pt ..... ted r ••uIta ind1cate that the precIs.

e'-taet.rlution of the ...hce ~tlon a:apl1fieatlon effect. at a slyen

site uy reqalt.....r.1 par•••teu whieh would. aeeount for 1"'"7' of

the _d.l. a.atuee of ineldent Held and .tetial prop.ttle. of the

p1:obl_ \1ll.clet eonsld.atlon.
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Tbls reMatch ... aupported 10 put by a ItaCit PFR-8009336 ancl ,.~t

by a Irao t CEE-8U9696 ftom the Ra tloQ&l Scteae_ Pouncla tlon.

eonaauctt,. edtict_ by a r.l....r and MIIg•• tiona by the e41t:D~

I. W. Clough au le_tly appreciated.
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Appendix !

Matl:1x,! In eq\Btlon (17.) of order

,

...
~ . .

~o Q Q
NRM.a NaLl NaL 2

of order 2N x M is defined. by

•
,..
•o 0

~HrMl ~HRM2

where matrix~

Si :: [s.(r ,r ») 0; il
j
-l,2, ••• ,H,'ollL=1,2, ••• ,K...I ro £ C.I r £ C-

1-NjMl -1 -nj -~ J ~ -~ -nj ]-~

i-O,1,2, ••• ,R, a-l,2, •••• j=1,2, ••• ,RI l-1,2, ••• ,a.(A2)

The aubBCript!superscrlpt I refers to do_ins D1 • 1 - 0,1.2 ..

(aee I'll. I), 'nj refera to observation pohts Cj • and Ia con.sponds

to soucce poln ta aloDS ci.

Vector! In equa tion (17&) of order 2(Ht + HZ +•• -+Ma) x l 1.

deflned by

!Nl

f - - ~H2...
•
•
•
!NR

IN. 
J

inc ( )
! !l

•
£ C I

n
j-l,2, ••• ,a. (A3)



where! is an elastodynaaic state introduced by equatlon (3).

!fa tr1x 9 1n equa tion (22a) of the order

146

~ONIMI ~~1M2
... gON M - Q 0 0

. 1 a IN1L1 -N1L2 -HlLa
:.-,

o -Q 0G :: 9QN "J. ~ON2M2 ...
QOM "a ...- -N2L1 -~N2L2 .-.. -"2L

a. 2 - 2 (144)-
•
•
Q Q ...

gONa~
Q 0 -g. L'-CHaM1 ..ONa"2 "NRL1

-NaL2 a
wh.re

j-l,2, ••• ,a

super IICdpt•• ana • uf.1: to

(AS)

fURctlon. for dih tational and equl'101walnal llna 8Gutce. l:eapeett••1J.

Thus +1(1: .r ) deaote. a plana sttatn etastodJll&a1c .13 te due to. -OJ "·1

Gr ...... functlon+1(Io .1. ). etc. Vectot r 1" equatioa. (22&) of the
j 1

otdel: 4(51 + H2 +oooooo+ Ha) x 1 i ••pecified by
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t - sinc( )
(A8)-0 (1

1
inc( )

Ii ~2, 1

•

•
inc ( )

! ~N
1

inc( )
! ~1

2

• •
• •
inc ( )

~ !N
2

•
•inc
! (!1)

R
•

·inc ( )
! ~N

R
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ris. 1

Fig. 2

Problem Model

Sudace Dlaplac.ent Amplitude. for Incident Sa-va.,e.

a) H/Rl - 0.75

b) RlRl - 3

(If no t • ta ted 0 therv1.e C-+: -+
x - t R1 eose ; y - t -+~ sine +II;

F.- - ·0.5;

obsena tioo poInts equally spaced; R - 4- R.... - 2 - II - IS - 1·1 • --z ·"1 1 •

Fig. 3 Hcn:ul1zed Sudsce DlsplacelIIent Amplitude. for Incident

o
P-Wave: eo - 30

a) RIll - 0.75

b) BIRI - 3

(HI - L1 - 12; HI - 24;' -2; 02 - 1.6)

Hor_11l:ed Sudace Displac...nt Aapl1twle for IllClc1_t

P-Wave: 9
0

- 800

a) BIll - 0.75

b) RIll - 3

!localized Sutfaee D1spl~e_ellt AIIlpl1 tudes for Incident

SV-Wave:
oe - 30o

a) II/al - 0.75

b) H/a l - 3



FilJ. 6

FiS. 8

Normalized Sutface D1splacelllent Amplitude for Incident

SV-Wav e: e - 800

o

s) R/Rl - 0.75

b) Bllll - 3

Norll8Uzed Suthce Dlsplsc..ent .\mplltud.es fot luc:tdeat

Ilaylelgh Wave•

• ) Bll.l - O.7S

b) RIRl - 3

Sudace DiBplac_ellt slI.pUtude fOl: Incldent SH-WaveB: Test

eaBe•
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• ) BIll - 0.75

b) RIll - 3

(If not stated dlfferently

~ -+
C2 : 1l - t III cose -D;

o .i 9 i h; ~ - L1 • 23;

-+ -+
C1 : x - F; III cOB9 ;

-+
Y - t &.z sine + II;

-+:
y • ( '2 sin8 + B;

t- - O.S; t+ - 1.'1;

equally spaced; '1 - 4; 1 2 -1; III - 8 1 - 1; 112, - 82, • O.S;

9 - 300. 0 -2)o

Fig. 9

Fig. 10

SUr face Dhplac.en t Ampl1 tude fOl: Incldell t Sll-V~ve

and Two InclusioDS.

a) 8/11 ~ 0.75; DIll - 3

b) Bllll - 3; DIRl • 3

Surface Dispbceaaent AmpH tu·:ie for Incldent SH-lIav.



Fig. 11

F1~. 12

Fig. 14

and Two Inclusions.

a) H/Rl - 0.75; D/R1 - 5

b) RlRl - 3; DIRl - 5

Sudace Dlsp1ac__t Aapl1tude for Incident SH-Wa.,.

anel Two Inclu.lona.

a) Rlll l - 3; Dial • 3

(ll2· 82 • 0.5)

Frequency S\afac. a••pon•• kaplltude for Incident

SH-Va". and Two Incluld.ons•

• ) Station On.: xlal • -5; '1 - 0

b) Station Two: x/a1 - -4; '1 - 0

Frequency Surface a ••ponse A1aplltude for Incident

SR-Va.,e and Two Inclu81ons•

• ) Station Thr.e: xlal • -3; '1 - 0

b) Station Fo.: x/al - -2; '1 - 0

Frequency Surfac. aespon.e A:aplltull. for: Incident

SlI-Wa"e and Two Inclusions.
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.) Sta tlon F1ge:

b) Sta tion Six :

xlRl - -1; '1 • 0

x/a - 0; '1 - 01

Fig. 15 Frequellcy S\afaee Respons. AlIlpl1 tude for: Incident

SII-Wave and Two Inclusions.



a) Sta tion Seven: x/R1 • 1; y • 0

b) Sea tlon El~bt: x/R1 • 2; J • 0
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Amplification of P, sv, and Raylei~ Waves
by Two Alluvial Valleys *

by Marijan Dravinski
Department of Mechanical EnqineeritLg

University of Southern CAlifornia, Los Ang.les

ABSTRACT

Plane strain IIlOdel for aapUfication of haaIon1c wa".. by t:wo lI1.luvl.a1.

valleys of ubitraEY shape embedded in a half-space is in...t.igat:e4 by

using a bowuiary integral method. Perfect: bondinc; bet:ween th.. valleys and

the half-apace is assUlll8d. Displacement field is evaluatecl throughout:. the

elastic mediua for linearly elastic, homogeneous and isotropic meteri&ls

so that the continuity conditions between the valleys and the half_pace

are satisfied in ..an-square-sense.

Numerical results are presented for two aem_lliptica1 valleys for

incident plane P, SV, and Rayleigh waves for different angles of incidence

(for P and SV-wa.ves), frequency of incoming vaves, and ...terlal propert1es

of the valleys. The results indicate the tbllov1ncJa 1. Different

incident waves caused different surface displa~DtUlpli~icat1on,

2. Pre_nee of a4cU.tional valley. lI&y change the surface ~Uall fie14

al9.Dif:LcantlYJ 3. Strong gJ:OuncS ..tion ampllam. appears 1:0 be very

sensitive upon the frequency of inCDllling wa.ve an4 contrast in material

properties of the valleys and the half-space.

*8011 Dynamic. and Earthquake Engineering,l983,VOl.2,No.2.66-77.



INTRODUCTION

Observations trca some recent earthquakes indicate that the

area.s 01' intense damage can be highly localized(e.g. Sozen, et.

al. ,1968 jJennings ,1911). Esteva(1911) established that the in

tensity 01' strong ground motion may change signiticantly vithin

a short distance. Investigations by Boore(l913) and Grlrt'iths

and Bo1l1nger(l919) coDt'lrmed a beliet' that the IDh<l111ogeneit,y

ot the so11 and surtace (subsurtace) irregularities are the

main cause or localized &IIlp11tlcation ef't'ects.

Recently,the author 'Dravinski,l982a,b) investigated 81'Ilpli

fication ett'ects due to alluvia:. valley embedded 1n a halt-space

and subjected to incident SH.P ,SV, and Rayleigh waves.lt was

shown that the presence or a subsurface inhomogeneity in the halt

space may cause locally very large strong ground motion amplifi

cation effects. Variation 01' the surt'ace ground motion proved to

be very sensitive upon a number 01' parameters present in the prob

lem (such as frequency,angle ot' incidence, ••• ,etc). However. the

question regarding the Intlueace 01' additional 1nclu~lon upon the

strong ground motion remained open. B:f includ1Dg t.1IO al.luvial

valleys into considerations it is possible to exaa1ne crlt1clll17

vheter or DOt the mutual interaction betveen the tllO 18 01' any

importance tor I118gnitude of the surtace motion ami thus detel'lll1ne

it it 18 necessary to incorporate the presence ot several. acat

terers in anal7sis 01' strong ground motion 1n more realistic mod

els.

168



The results presented in this paper are extension ot t.he vork

on the corresponding antiplane strain model ot the probJ.em

(Dravinski.1982d) .These results can be swm:18rbed as tollow~:Sur

tace motion amplification strongly depends upon (i) &Dgle or In-

. cidenee; (11) frequeney ot the incident tiel.d. and (i11) location

ot the observation point on the surface of the half-space. Vari

ation in any ot the three parameters can produce signiticant

change in the surtace motion amplifica.tion. It vas observed that

"illuminated" valley detects very little the presence ot addition

al valley while the response atop the valley "in shade" ~ be

quite ditterent from the single valley-response.IElCrease in sep

aration dist.ance between th~ Valleys resulted in reduction ot

interaction between the two.

Comparison of the surface response for the anetplane strain

and plane stra.in model in less general problem models (e.g ••

Drayinsld .1982 c) indicate that the= conclusions derlTed for In

c ident SR-vavea 40 not necesserily appl.y tor incOIIling p.SV.or

Rayleigh vavea. Extension ot the analY8b to the plane atrain

model allOW8 deeper insight into the basic phenCmiena or the

strong ground motion tor the case ot multiple inclusions in a

soil medium. One expects that the knoweledge acquired through

study or the plane strain model would help 1n extending the

analysis to more realistic models.e.g ••three dmensional ones.

Boundary integral method.also known a8 a source or O.halti
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method.used in this paper. was originally proposed b7 Copley ._

(1961) and Oshald.(1913). COp1ey introduced the basic idea ot the

me1:}w:)d to a problea in acoultica. while Osbald app1ied s1Jllilar .

approach to a problea in elaatoatatics. Aplication ot the method

to the wave prop88atlon problems in geoi'by8ic8 and earthquake

eD81neering i. due to Sanehez-Semu. and R08enblueth(1919) .Sanchez

Sesma and Esqulve1(1979).Wons(l919).Apsel(1919).aad Dravlnskl

(1980). At present tlJDe the author is not aware ot~ plane straiD.

model-solutions involving two,or more,e.l1uvial. vall81's embedded

in a halt-space which is considered in this paper.

Detailed review ot literature pertinent to scat1:ering ot e

lastic waves bY' surtace irresul.arlties and the boundary method in

particular was siven recently by Dravinski(l982a) &D4 Berrera(I982)

and vill not be repeated here.

S'rATDID'r OF PROBLDt

The s-etl7 ot the probl_ 18 depicted by 'is. 1. Blastic

.alluvial valleY'S ot arbitr&%7 shape D1 and D2 .exteDd. unitol'lllly

in direction perpendicular to the plane ot t!\e drawing. They are

pertectl;r bonded to an elastic halt-sllKe ot~ Do. Material

ot ~he inclusions and the hal.t-space is a.lUIled to be linearly

elastic,bomoseneoua and isotropic.

nane .otion ot the elastic media 18 described by a 418-

17Q



••• (1)
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where. and iii deaote dilatational. and equivolUlll1D&1. dbplac-.ent

po1ient1al, respectively. The subacript_ 0 reters to 'the halt-space.

while the subscript. 1 and 2 reter to the elastic 1Dclua1ons D 1

and ~ ,respectively (see FiS.l). The Usplacemea1: potentials

satisfy the equations ot motion (Miklovitz.l9'16)

. V 2 [ • .1] + [hI ·.11 . ~ ; .1-0,1,2 ••• (2)

• J kJ • .1J
where h and k represent the wave numbers associated with dUa"7'

tational. and equivoluminal waves, respeetively. Throughout the

derivations tactor exp(i wt) is understood. COIIlponen'ts or the

stress 'tensor are related to the displacement potentials througb

{MikloYitz,l918} 2 2..
2 a • a..,

a /lJ.. -k • -2 ----w + 2 -
xx a ,.c, hq

a2t a~
a 1lJ..-k~+2--2-
XT bay ax2

2 a2t a~
anllJ • -k • -2 - - 2 -ax2 ad,.

where lJ. denote. the sbear .o4ulus. Boundary eoD41tions are

8peelt'ied by

••• (]b)



•••(a.)

•••(t.b)
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Uaual radiation conditions are to be ..tlatl~ tor acattered vanta

at intini'ty (1(ikJ.ov1tz.1918). Perfect boDd1Dc along the interrac_

C
1

aDd C2 (aee Fig.l) 1a aasumed.i.e ••

• •• (5&)

••• (51)>)

...(~)
••• (54)

•••(5-)

••• (~f)

•••(5c)

ant 0 • ant 2 ••• (511.)

where n denotes unit noruJ. vector &1oas the intertace &Ild r
~ ~

repreSeAts poa1t1on vector. lormal. aDd. taDgentlal coaponenta ot

the stress tensor are denoted by' a aDd a .reapectiTely•
.Iln nt

Interface. ~ and C2 are cbosen to be INtfic1entlT _~h with

no sharp corl1va.

IDci4ent P-vave is specified b;y



i 1 -i~(X 81n60- 7 C08eo)
• =-e

~

•••(6&)
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where,it not stated ditterent17.the superscript i denote. the

incident vave tield, 1- v:r,1LDd e represent:. 'the a.aaJ.e ot luci
a

denee. Incident SV-vave 18 detined tbrough

'-1 -i~(X sin60- 7 coseO).i= __
kl

and incident Rayleigh vave is chosen in the tom

••• (6b)

••• (6e:)

•••(6d)

•••(6.)

vhere c 0 aDd 'b denote the Rayleigb vaTe veloeltr aDd the eor

re8poD41ag vave DWlber ~ re8pectively. Partic:u1ar toz.. of' t.he

incident tield are chosen 110 that the tree-tield eo.ponent8 ot

the displac_ent vector ,It and ..,tt along the aurtaee ot the

halt-space turn out to be real numbers. Al.l the result.. ot the

displacement tield are presented normalized with re8pect to the

amplitude l(,/f:>2+(/t f'f /2 •



8OIAJTIOli OF PROBLD(

The total wave t'ield in the balt-apace and the elastic 1Delu

siona is apecitied by

uo • ui
+ u~ ••• (Ta)

i a t£ DO
•••(n)vo • v + vo

a ••• (Tc)u~· u1

• s
r...£ D1 •••(';4.)v~ v1

u =u· ••• (Te)2 2

• !:E D2
• ••(Tt)v2 • v2

where the superscript s denotes the scattered wave... The unkDown

sc&terecl wave tleld is .sSUlllec1 to be expressed in terms ot s1Dale

°18¥er potent1&1s (Uraell,l9T3) .Theretore,
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.:(!). ! gt.(!o)+o<!.!o)~o +
11

.~(!) • [ g~(!:o)'o(!:'!:o)~o +
1.1

+~(!). [ gt<!O)+1(!,!O)~o
10

~g~(!o)+o(!'!o)~o
21

[ g~(!:o)'o(!:'!o)~o
21

•••(8.)

••• (Bb)

••• (Be)
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.:<!). f st<!:O)t2(!:-!:O)d!:o
C2g

.~(~). Jf 8:(!O)~2<!'!:O)~O
C20

•••(84)

••• (8e)

•••(8t)

Surtaces C sC ,a ,and C (see Fig.l) are detined in 'the baJ.t-
U 2i 1.0 20

space inside and outside of the intert'aces s.. and ~ (Dravinski.

19820) and the density tunctions ~. ,til ,8 ~ ,8 ~ .,; .I.H ,anel
. \)1~20102ll2

g ~ are yet to be determined. The Green' Ii tunctions ~ and ~.

~.O,l.2 are solutions 01' the equations

•••(9&)

with appropriate boUlld&r7 cond1tions

a 4(r.rO)· 0xy,,-- .••• (91)>)

·pO,and ~E:D",;J.O.l.2

0Y7 3(!:'!:O) • 0 ",~l

where 6(.) denotes the J>irac delta-tunct10n. Following thAt pL-

per 'b7 Luab(1904) explicit tOMS tor the Green's f'uDctiona 1n

Eqns. (9&-0) vere derived b;y the author (Dravlnalt1.1980). The

Green' 8 functions are expressed 1n tems ot 1IIlproper integr&1.s.



Accordiag to Lapvood(~948) application or contour integration

all.ove4 repre.enta'tion or the iaproper 1ntesrala in a tona con

venient tor numerical evaluation (Dravinsld.l98o) •.

It the density t'uAct1ons are aasum.ed 1;0 be or 'the tOl"lD.
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•••(10&)

••• (1Ob)

•••(l.OC)

••• (l.Od)

•••(10.)

•••(1Ot)

•••(l.OS)

•••(l.Oh)

the scattered yaye tield becaaes



••• (Ub)

•••(]J.e)

in

•••(11.e)

•••(nt)

ID

where.U· DOt atated ditf'erently, sUlIlIIl&tlon over repea'ted iDdie..

1& UDders'tood.

It is interesting to point Ollt plQ"alcal interpre1;a~ionof

Eqna. (Ba-f) and (loa-h). Aa the lnelda't va..,e av1keB an 1Dc1u

don It reneeta partl&l1l' back and trau.ait'ta ~1al1.7 into

the lnclulon. Theretore, the intertaee betveeIl ~he b&U'-lIP&Ce

aa4 the 1JIclualon CaD be viewed ... a qa't_ of .aurce. vh1ch pro

duce the 8ca'tterecl va..,e tielda. Thi. would .lap1¥ that 'the 1Dt_

grationa 1D41ca'ted. in Eqna. (Ba-t) ahould be C&l"r1ed out. aloq

the appropriate 1D'terface. Rovner. aI~It1'ot the Green'.

t\mctlon.... the "observation" point <E) appro.cbes the "source"

poillt (;0) auge.ta plac1ns the source. 1Il.~ ave:, t'rca the

or1&11l&l interface (Dra"l1nsk1.1962a). For t.he ..u ot fUrther



aiJILplitication, intin1te number or sources aloae the "sourc."

surtac. is replaced by a Unite number which leads to Eqns.

(lO&-h). Intensities ot sources in Eqns.(lO&-h) are detendne4

tbrouah the continuity conditions (Eqna.(5a-h» vtdeh are to 'be

aatisf1ed in the ae&D-square-aense (Roble aDd Duiel.1.969) .1••••
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•••(12)

where the aatricea in Eqn. (12) are liven in Appendix. superser1pt

•T denotes the transpose or a aatrlx,and ~ is the transpose CC8-

plex conjugate ot A. Coetrieient vectors a through h contain the
~ --

unkDovn intensities 01' sources introduced by Eqns.(lOa-h). Onc.

the lOurc. inteosities are known, the scattered wave tield can

be evaluated at any point ot elastic media through use ot Eql18~

(11&-4) tor incident P,SV, or Rayleigh wave. 'l'his topic 1. con-

aidered next.

DAIMATIOI OF RlSULTS

The eaplltud. 01' the aurt&ce dbpl.ac.ent field 18 evaluated

tor 1Dcident P,BV. and R&7leigh waves aa4 aai-elliptical &1.l.UY1aJ.

~q.,l.e.,

c1 : x • ~ cose ; '7. ~ aine

0<8< ...

•••(1.3&)

• ••(13b)
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where e denotes the angle measured positive 111 CW direetion (Flg.1).

R1 and R2 are the principal &Xea or an. el11p.e.1IZId D represents

the separation distance betveen 'the val1cra. In order to reduce

the nuabeJ" ot par••tera and thus slmplUy the numerical evalu

atioll of tbe re.ul't. both alluvial. vall.eys are clioSell to be

identical in shape aDd material. Both principal axis B1. and ~

are U8UIII.ed to be fixed. '!'he separat10n d1staace D i. cbosen to

be ~ual to ~1.'

S.i-ell.iptical interface of 'the valler is cbosen for te.ting

purposes. lamely •. for scattering or p1ane SH-w.ve b7 a sem1

ell.lptical. valley there exists an exact solution of Vong and

~itunac{l91~).vhich permitted detailed testing of tJ!e boUD4&r7

intes;raJ. method-results for a vide range or param.eters pre.ent

in tba PJ'OUeaCDravlnski.l982a). These result. can be B--.rized

N follovs: 1.The boundary integral method provU... ..,ery good

accuracy of the resul'ts for a vide r&Dge of trequeDCle•• 2. For

tixed nuabel' of 80urces the re.ult. are lIOn accurate at 10"..

trequencie.; 3.A. the mabel' of lIOUrCe. 1Dcr..... the re1&tl....

error between the exact and the bouD4ary Inteeral. aethod-eolu'tloll

deer.aea; ... Good choice ot the source aurr.ce. (C11 ,Clo' ••• )

is the one in which ther "follow" In shape correap0D4iD8 iIlter

face (el •••• ).

For convenience, the diaenaionelesa !requeDCr (0 c 2R1./Ai)

is introduced aa a ratio of the totfo.1. width of an al.1uvial val

ley and wavelength of the incident wave.
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For e:e-p4rison purpo.... aingl.-valley-responae 1s depicted Unt

(Figs. Z-I). For IlIOn contruting JIIllterial of the valley relative to ~.

half-spac., the results are shown »y Fig•• 5-7. FOr ~nq P mad SV-wa"..,

the angle of iDcidence is ..s~ to »e 100
, JtJo, 600

, &DC! 80
0

• ~

incidated earli.r. surface displac...nt re.ults at each point are P~mlt:8cl

nomalized with respect to ~ allplitude of tbe -free-field- (luff l2 + l.ffI2
)1j

at the __ point. 'l"hua. &11 re.ults appear in di....ionl_. fo&"8. .' :. '\;

of the valley _y result in the .urface stroDCJ growd IIIOtion whic:b i .....~

different fro- the IIIOtion that would take place iA the balf-space if the

valley is being c ..nt, i .••• fre_field motion, cliff.rent incident va.....

caused diU.rent aplification patterns at the surface of 1:he half-space,

surface IIIOtion is strongly dependent upon the angle of lDcidence, _terial

properti.s of the valley and the half-space an of gnat. bportance ror

resultinq strong ground IllDtion, and surface motion amplificat.ion is wzy

eenaltlve upon the f~ncy of incolD1nq wave. (DRv1ukl, 19S2c).

etronq qrouftd lIIOt.ion in such a COIIPl.x aumar, the fol..1owiD9 question

ari..., boW doe. the pre.ence of adlIltional vall.,. .ffect the .urface

~und .otion atop each of the valleys? '1'lU.a topic 1.a conal.del*! MXt..

Surface 41.plae:e-nt U1Pl1tucSe for two ~luvial YAlley. an4 1aci4eD~

P, SV, and Rayleigh wave of frequency Q • 1 is shGwn »y ftp. 8-10. It 18

evident froll the re.ults of Figs. 8-10 that the type of vave and aIM11e of

incidence influence ~e surface response .iqnific:antly. Difference in

respon.. atop ~e two valley. indicate. the importance of 1:he inteRet.1on

betwen ~. valleys. CoIIparislon with the single-valley-results (Fiq•• 2....)

shows that preHftCe of additional valley. lII&y chAnCJe substantially the
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sillCJle-valley-respon.e. '1'bis should be particularly elaphasized for surface

response atop the valley in shade. (Terms -illUlllinat:ec!- and -in 1lhacJ.

refer to the valleys D
2

and D
1

, respectively.) '1'bis is not surprbing

since to the left: of the illuminated valley input D)t;ion i. caUHd

basically by the free-field only. Ahead of the valley in shade, on~

other hanel, input field conshu of both fre_field end scattered va..

fl:Ola the illua1natecl iaclutlion. !he scattered wave field fzoa illumnate4

valley is thutl causing the xeSpoDH atop the valley in .bade to be

different fxoa the cor:.cesponding sing1e-valley-respoaae. "sutts of

Pig_. 8-10 ~nstrate that contribution of the scattez:e4 waves _ an

input motion upon the valley 1n shade may not be neqlect:e4. It b intez

esting to observe froaa Figs. 8-10 that distribution of 1oc&1 ext~s 1s

different for different incolldng vaWls: uxiaum (ain1.-) ~tion for one

1nc1c!ent 'law may be located at a point on the surface of the half-space

which h quite 41ft_rent when COIIP&re4 with location of the aaxiaua

(ainilDUlla) ..tion for another iDCOlling wave. In adllition. pxe••nce of

11lwainaU4 valley _y or _y nOt pm4uc:e the .c) calle4 _lelding af~

atop the valley in sba4e.

I'or aDA COfttftllt1DcJ _terial8 of the valleyll r &D4 tbe balf-space

the stzong gzoun4 ..Uon nsults an shown by Pip. 11-13. It b

obvious fxoa Pip. 8-U.that C:luuuJe in aaterial pmperties of the valleya

causes chalMJe in the surface response. I'or set of ~ters choMn in

this "Om, ..re contr_tiDCj aaterlals produced surface d1sp1&~t field

which cbanges ..re rapidly 'lith distanca than 1n the case of less

contrastincJ ..terials. eo.parlson 'lith Pigs. 5-7 leads to the __ conclu

sions .. In tIM c... of less contrasting II&terlala I Pre_nee of aMitiolUll.

valley _y change substantially the single-valley-surface response. 'l'h1s

c:bancJe aay be especially luge atop the valley in ab&4e.
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Results of rigs. B-13 provide an interesting demonatration ot how the

angle of inciclence influences the strong ground IIIOtion. For near 'Vertical

incidence aN! incident P-wa.". (Pigs. SA and 11a) surface ..:»tlon is predoa

inantly in vertical direction. '1'hus, surface eu.splacellent field 18 alaUar

in nature to the incident P......". which ·puu••- soil particles perpeDdi

cularly to ita v.". front, 1.e., wrtically. For near horizontal incidence

of the P-v.". (Fip. 9a anc! 12a) predoll1nant surf.ce IIIOtlon is taJd.DfJ place

in horizontal direction which is again peEpen4icular to the v.". front of

the lnclc1mlt v.".. !'or lncident SV-v.".: and near vertical iDc:ldence, the

horizontal cc.ponent of the surface JIIOtlon ia prevailing .o".rall (Pipe 9b

and l2b), i.e., it behaves similarly as incident vave which -.wes the soil

particles parell.l to its wavefront. For near horizontal SV-wa". incidence

(Figs. lOb and l3b) the strong ground IIIOtion pattern is veX}' simil.r to that

of the surface Rayleigh wa". (Pigs. 10c and 130). '!'he ..... conclusions are

even IIIOre evident froJll the results of a single-inclusion-model (FiCJ8l. 2-7).

'l'hese results indicate very clearly the iIIIportance of the &ng1e of incidence

upon the surf.ce uplification pattern in the probl_ an4er consideration.

CbancJe of fnquency of incident wa".s to Q • 0.6 resulUd. in surfac::e

~tion abown J:)y rigs. 14-16. Material properties an the s_ as for the

results cl8picbd by Pigs. 8-10. Cl:Jviously, chan9- in frequency pJ:Oducecl

_xke4 .lteration in disp1aee..nt field. 'l'he.. results can be s.-riNd

as follows; 1) Different inc1dent wav•• produce4 diff.rent ~ace

diaplac_nt patterns, 2) Surface displaee.ent field atop the t1IfO vall.,,_
are different: fzoa .ach other1 J) Shielding effect atop the valley in

sbade _y or _y not occur, anc! 4) For near vertical (horizontal) iDcidence

of P and SV-v.".s, the predolllinant surface IIOtion is of the nature of the

incoaing vave.
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It can be Men fro. Figs. lOc, 13c, and 16c that. the Rayleigh wa.,.

response is C01llp&rable to ~.e of incident. P and SV-waves. 'thi. i. not

surprising since ~ ~nt depth of the valleya is ...U cc.pere4 to

the wavelength of the lDcidentwaw. Since the Rayleigh wavea decay

exponentially with increase of depth, only part of the elastic -.4ia in.

i....u..t.e vic1Dity of the surface of the half-apace con.t.rJ.but.ea aubatan

tially to the aurface aaotion. !his explains the rather strong con.t.rJ.bution

of the scattered Rayleigh w.ves upon. the surface -=ttion.

Study by Pelteda and Lifson (l957) indicat.es that the U1plit.ude of

the RAyleigh surface wave is insignificant coJllPAreci to P ant! SV-w.ves for

distances that .are •• IIlUCh as five tillles the foC&1. depth of an earthqu.ake.

At greater epicentral di.tance. the Rayleigh w.ves b.come very prolldnent

(Bolt, 1970). '1'herefore, the results presented in this paper should be

interpret.ed accordingly.

IWMERICAL BVAWATIOH OF RESUL'rS

Bxten81ft 1:..t1n.g of boundary integral. _thod (Dravinski, 1982a)

SU998sted a proc:edun for checkin9 of nw.r1cal resulu. It was obMrft4

by cOIIparin9 the exact: and the bo~xy int~al aoluUon that the~

gence of the latter can be tested bY increasin9 ~ nWllber of -abMrvati.on"".

points and the -source- points in Bqn. (12) until t:be results for 8CAttere4

waft field do not cbanlJe with their increase. 'Ibis _thoc1 has been used in

present work to dateraine the nUllber of sourcea at which to evaluate ~

aurface diapl.ee.nt field. Por aialplicity, the ... number of sourcea is

cbo8en inside and outaide of the interfaces C1 and ~2' i.e., M1-M
2
-Ll &c':'2-K.

IIUlllber of -ob..rvation- points is taken to be the ... along the C
l

&D4

C
2

, i.e., ..1...2.... Ratio of the nUlllber of -obs.rvation- and -source-

point.s for each of the interf.ce is chosen to be .....2.1. -Source- aDd
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-observation- poinu are cho.en to be equally .p&ced al.ong the oorrespon4iAg

surfaces. 'l'he source surfac.s C
li

and C
2i

are defined through Sq.. (13a-b)

by replacing l\ and. R2 with ~i and ~i' respectively. Siai1ar:ly. th:.:

source surfaces Clo and C20 are specified b~ Bcpls. (lJa-b) pxovi4e4 ~

and R2 are replaced by ~o and R20 , res~ctlvely. Ih••dcal r.sulu an

evaluated for ~,2i - O.75 ~,2 and 1\,20 • 1.25 1\,2. Surface diaplaee.ent

&llPlituc:le ia c:alculat.ed for different nUlllber of -sources- and -ob..rvatJ.on

points.and t.hen COIIp&n4. The number of -sources· and the -o~eJ:Vat1on

points ia increuecl, until the difference between the subsequent re.ults is

sufficiently s..ll. Earlier studi•• of the boundaxy Inteqral _thod

results (e.g., Dravinski, 1982a) indicate that as the frequency of the

incident wave increases, the nUlli)er of -sources· and ·observation- points

should be increased in order to achieve the same accuracy of the Aslllts as

in the case of lower frequencies. Thi. is the ..in rea.on for relat1".ly

low frequency of the input wave for calculations presented in this ~r

(0 - 0.6 anc! n - 1). This choice of frequency reduced t:he cost of

cal.culations .ubstantially.

'l'bxough ~r1cal. evaluation of the results, it was Ieamec! tbat:

even for such a s1ltple gee-try u cho.en in th18 vazk the .-Dunt: of

COIIIPUter .-ory required for COIIIPuUtions is considerable. I'or ~n

coaplicate4 g--.t:ry of the interface. and higher fnqueacy of incident

field even .,re of the _~ry core is required. IfOWiaver, with pre..nt day

develo~ntaof digital cOlIPuter., this may not repX8aea.t any probl_ in

application of the _thad to r...cre realistic .:»dele.

Although appmxaate, the boundary integral _th04s provide a way to

study a wide class of pmbl8111S for which no exact SOlution exists at the

present tiM. Intensive research regarding the exlstance and uniquue.. of

the boundaE}' Intecjral SOlutions (e.g., Herrera, 1982) pmm.... to provi"- a
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through understanding of this powerful method and thus enhance its -Wl.i~

cation to proble_ of strong ground ..tion sei8lDOlogy and earthquUe

engineering.

SUMMAR!' AND COIICWSIc.S

Strong~ IIQUon alllplifiC&tion is investigated for a h&lf~

with two alluvial valley. of ubiuaxy shape aubjectecl ta plane baaoD1.c

P, SV, or Rayleigh wa".s. 'l'he Ulplitude of surface .ation is evalua~

using a boua4uy integral. _thod. It 18 cSetend.ne4 that .m.ual intera.ction

between the valleYI' may haV8 a strong influence upon the .ur~ace reaponae,

particularly atop the alluvial valley in sha4e. Xt is observed that

surface mtion 1. V8ry sensiU". upon the type of iDc14ent vave, angle of

incicStince, ..tedal properties of the half-space and the va1leys, aDd fre

quency of the incoa1ng wave. Shielding effect atop the valley in shade

..y or _y not occur. Motion peeks are observe4 at tifferent loc.t1onB for

different incident wave••

Although ftXY .!llple, the mdel studied in this INIP8r provi•• EHulta

which in4icate that in clo.. pJ:Ox1Id.ty of ..".ral &11uv1&l ..all.,. t.t.1I:

.ublal interacUon _y be of 9nat iJIFort:ance in deteJ'llJpJD9 the sarface

nsponM cSua to an eart:bquake. eona.quently, &cSditioDal valleys _y be

xequired in ~l1ng atxong qzound aDtion for .0- alluvial b_ina ..~

accurately•.

~

Special thanks to Pxof. X. Herrera tor c:a.wU.c&tiM to the author his

recent papers cSealinv with bQun4ary integral aethocSs. Discusslon with



prof. J. B. Luco xegarding the boundary integral _thods 18 grqtly

appreciated.

This papeJ:' baa been colIIPleted throuqh a support by grants PFR-8009336

anc! ca-8119696 f~ the National SCience Poun4at1on.

186



187

REFERENCES

Apse1,J .R. (1919). Dynamic Green's Functions tor ~ered Mecli& aDd
Applications to Boundar,y-Value Problems, Ph. D. Thesis,Univ. of
Calitornia at San Diego.

Bolt,B. (1910). Elastic Vaves in the Vicinit;r of the Earthquake,
Earthquake Engineering,R.L.Wiegel(ed.),Prentice Hall,New York.

Boore,D.M.(1913). The Eftect of Simple Topograpby on SeiBlll1c Waves:
Implications tor Accelerations Recorded at Paeo1m& Dam,San Fernando
Valley,california,Bull. Seiem. Soc. Amer.,62,pp.1608-1619.

Cop1ey,L.G.(1961). Integral Equation Method tor Radiation~
Vibrating Surfaces,J. Acoust. Soc. Amer.,41,pp.801-816.

DravinsJd,M.(1980). Scattering of Elastic Waves b;r an Alluvial
Valley of Arbitrary shape,Univ. Southern C&lif. ,Dpt. Civil EDgng.,
Report Ro. CE 80-o6,1.os Angeles,California.

Dravins1d ,N. (1982a). Scattering of SH-Waves by Subsurface Topog
rap~,ASCE,J. Engng. Mech. Div. ,108,No.Em.,pp.

Dravinski,M. (1982b). Scattering of Waves by an Alluvial Valley,
ASCE,J. EDgng. )(ech. Dlv. ,108,No.EMl.,pp.

Drav1nski,M. (1982c). Influence of Interface Depth Upon Strong
Ground Motion,Bull. Beism. 80S. Amer••R,No.2.pp.

~vlnski.N.o.982d). Amplification ot SH Va.,es b)" Two Alluvial
Valle7s,subDitted tor publication.

Esteva,L. (1912). Mlcrozoning:Mode1s and Reality ,Proe .World Cont.
Eartbqualte Ezlgr., 6th,Bew Delhi.

Griftiths.D.W. ,and G.A.Bollinger(1919). The Effect ot Appalaeb1&n
Mountain TopograpJJy on SeIsmic Waves, B~. SeiBID.. Soc. her.,
§,pp.1081-ll05.

Herrera,I.(1982}. Boundary Methods for F1uids,Finite Elements tor
l1ul,ds,VQ1.U' ,R.H.G&llaaher{ed.) .John Willey' Sons,Kev York(to appear).

Jenn1ngs,P.C.(editor)(1971). San Fernando Earthquake ot Februar:7
9.1911,EEBL-l1-02,Calit. Inst. Tech., PasadeDa,C&lifornia.

Leab.H.(1904). Cn Propagation ot TrelDOrs Over the Surtace ot an
Elastic Sol1d,Phu, Trans. Royal Soc. London,A359.203,pp.l-»'O.

Lapwood,E.R. (1948). The Disturbance due to a Line Source in a
8emi-Int'1nite Elastic Medium,Phil. Trans. Royal Soc. London.
A841.242.pp.63-100.



Miklowltz,J. (1918). The Theory o~ El.astic Waves and Waveguides,
North Hollaod,/uuterdam..

Noble,B., and J.W.Daniel(1969). Applied Linear Algebra,Prentice
Hall,Nev JerseY'.

OsM-ll,1:. (1913). On JIlIOv_ents ot a Rigid Body in Semi-I~in1te

Elastic MediUIII,Proc. Japaneae Earthquake Engng. S)'Jllp. ,Tokyo,
Japan.

Pekir.1&,C.C., and H. Lltson(1957). Motion ot the Surtace ot a
Unitom Elastic Ralt-Space Produced by a Burried Pulse,J .Acoust.
Soc.Amer.,~,pl233.

Sanchez-Se8Jl\&,F.J., and J .A.Esquivel(1979). Ground Motion on
Al1uvial ValleY's Under the Incident Plane SH Waves,Bull.SeiSlll.
Soc.Amer. ,.22.,PP.ll07-1120.

Sanchez-Selllll&,F.J. ,and E.Rosenblueth(1979). Ground Motion at
Canyons ot Arbitrary Shapes Under Inc ident SH-Waves ,EarthqU&1te
Ensng.8truct.D;rn. ,!,pp.441-lt50.

Sozen,M.A.,P.C.Jennings,R.B.Matthiesen,G.W.Housner and N.M.Newmark
(1968). Engineering Report on the Caracas Earthquake o~ July 29,
1967. National Academy of Sciences.Washington,D.C.

Ursel,F. (1973). On the' Exterior Problem of' Acoustics,Proc.
Cambridge Phil-Soc. ,n,.Pp.ll7-125.

Wong,H.L. (1979). Scattering o~ P ,SV ,and Ray'leigh Waves by Sub
suri'ace Topographies,Univ •Southern Cali~. ,Dept.Civil Engng.,
~epor1; Ho.CE 7905,Los Angeles,Cal1f'ornia.

Wong,H.L. ,and M.D.Trltunac(1974 ). Surtace Motion ot a 8em1
Elliptical Al1uvial Valley tor Incident Plane SH-Waves,Bul1.
Sel.a.Soc.Amer. ,64,pp.1389-1408.

188



APPEllDIX

Matrix ~ 1n Eqn. (12) is a 4(N1+12)x2(~~+L1+L
2

) matrix detinecl.

b7

"189

where

~] .
~4

• ••(ll)

·0 ·0 "'0 "'0U U U U
_lf1~ _H

1
M

2 -lf1M.1. -N1M2

·0 ·0 ·0 "'0V V V V
-NIMI -N

1
M

2
_H

1
M} _N

1
!.f

2
~.. .0 .0 "'0 "'0 ••• (A2)

I N M ~nnH M I I
_M 1 1- 1 2-nnIfl\_nnH1M2

90 .0 .0 "'0
!ntlf M ~tH M Inti M !ntH 101

1 1 1 2- 1 1 1 2

h "'1
-U -U 0

~lL2-lfI~ -N1~ -HJ.L2

·1 h
-!B L -V 0 0

1 1 -llLl ...NJ.L2 -NI L2

A • ·1 '" •• • (1.3)-2 ~ftIlJI L _I,·l 0 0
- 1 1 :nnJIlL1 ...11L2 -11L2. '"-I 1 _I·J. 0 0
-nt.1~ ;;nt-ILl --J.~ -lIl L2
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.2 ¢'2
0 0 -U -U
_H2~ -H2~ 3 2L2

_5
2
L

2
.2 .2

~2Ll ~2Ll -VI L -VB L
- 2 2 - 2 2

! .. = .2 .2 ••• (A5)
~2Ll ~2Ll

.-1: -EnnN T
-nnB2L2 - 2 .12
.2 .2

~2Ll ~~Ll
-E -1:_ntB

2
L

2
_ntH

2
L

2

For each sulllLatrix in Eqns.(A2-5) the 1'ollowing eonvention is

un4erltood: Sl1perscripts .0'.1' ••• ,etc denote the wave potential

nth Yhlch the elements 01' the particUlar sullu.trix are associated

vith i Sub.cript. JIM and It dete1"lll1ne the size 01' the _trix aa4

location or the sur1'ace where the element. 01' the matrix are .

evaluated: 1
1
,12~~,~ ,L2 are associated vith rEC1 ,C2 ,,.l'C21,

CIO,C20,respectlvel7. For example,

.0 .0
~~. [u (!l'!J)] i !lEC2 i !JEC11



••• (AS)

••• (AlO)

81m1larly.

'2 '2~DtB2L2· [aDt(~1·~J)] ; ~1£C2 ; ~J£C2o ; 1.1.2•••••12 ;
.1-1 •2.....1.2 •

etc. Vector t in Eqn.(12) is 01' the size ~(N1+lf2)xl defined by

t T _ [-U;t _v~t -I~~u ..If1'1 -u!at _v:f ..Itt _tttlff ]. • •• (A6)
- ~n1 --1 -UUM1 -nt 1 - 2 -12 ~nriH2 -D 2

viler.

~tt tt tt tt
~l • [u (~1)] • !B

1
- [v (~i)] • ~1£C1.i=1.2 •••••ll ••• (~1)

1'1' tt( tt 1'1'
~nnNl • [ann :i)]; ~ntll· [ant(~1)]

tt tt it 1'1'
~B2 • [u (~J)] ; !H

2
• [v (~J)] ; ~JEC2;J=1.2 •••••B2 ••• (A9)

tt tt tt ttt __u • [ann(r 4 )]; t tl = [a t(r
J

)]
-UoI""2 -oJ ~n 2 n-

and the superscript tt denotes the tree field.
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Pig- 1

Fig_ 2

Fig. 3

Fig. 4

Fig. 5

rig. 6

Fig. 7

Surface Displacement ~litude. Single Alluvial Valley
(If not iStated differently: n· 1, ~ • 4, R2 .. 1,

H - 24, M • L • 12, ~o • ao • I, PI • 81 • 0.8, ao • 2,

01 • 1.6)

a) - Incident P-Wave.
.• f··,':··· . : . . •

b) - InCident P-Wavei

c) - Incident P-w&ve.

Surface Displacement Amplitude: Single Alluvial valley

a) - Incident P-Wave: e • 800

o
b) - Incident SV-wave: 8 - 10

0

o
c) - Incident SV-Wave: 8 • 300

o

Surface Displacement Alllplitude: SIngle Alluvial Valley

a) - Incident SV-Wave: e • 600

o
b) - Incident SV-Wave: 8 _ 800

o
c) - Incident Rayleigh Waft

Surface Displacement Amplitude: Single Alluvial Valley
(Pl - al - 0.6, a l - 1.2)

.) - Incident P-Wave: e • 10
0

o
b) - Incident P-Wave: e • 300

o
c) - Incident P-Wave I 8 • 60

0

o

Surface Displae:e-nt A1Iplitude: Single Alluvial veney
(~1 - 81 • 0.6, a 1 - 1.2)

.) - Inc:il!ent P-wavel 8 • 800
. 0

b) - Incident Sv-wave: e • 10
0

o 0
c:) - IncIdent SV-WaveIe· 30

o

Surface Dbplac...nt Allplitude: Single Alluvial Valley
(~1 • ~l - 0.6, a l - 1.2)

.) - Incident SV-WaveIe. 60
0

o
b) - Incident SV-wave: e • 80

0

o
c) - Incident Rayleigh Wave.

Surface Diap1aee.ent ~litude: Two Alluvial Valleys
(If not stated differently: a· 1, R

l
• 4, ~ • 1, N • 24,

M• L • 12, Po • ~o • I, Pl - '1 .. P2 • 82 • 0.8, ao • 2,



Gl - G2 - 1.6, D - 12)

.) - Inc::id8nt P-W.".,

b) - Incident P-W.ve,

c) - Incident p. ....".,

8 _ 10°

°8 • 30°

°8 • 60°

°
Fig. 9

.) - Incident: p-wa".,

b) - Iacident SV-W."..

c) - Iacident SV-Wa"l

8 _ SOo

°• _ 10°

°• _ 30°
o

surface Displ.cement

(p - 8 • P • 8 •112 2

.) - Incident P-W.vel

b) - Incident P.....vel

c) - Incident p-Wave:

surface Displ.cement

(p • 8 • P • 8 •1 1 2 2

Fig. 10

Fig. 11

Fig. 12

S~ace Di..pl.ce_nt Allpl1tudel '1'10 Allu.vial Valley.

.) - ·1ftCident IV-W."'I • • 60
0

o
b) - Incident SV-Wa..Ie. 80

0
o

c) - Incident Rayleigh W.ve

Alllplitude I 'l'WO Allu.vial V.Ueys
0.6, G1 • G2 • 1.2)

e • 100

o
8 • 30

0

o
8 • 60

0

o

JYDplitude: '1'Wo Alluvial Valley.
0.6, Gl • G2 • 1.2)

.) - 1ftCident: P-wAW: e • 80°

°b) - Incident SV-W.vea 8 • 10°o
c) - lftci4ent SV""ve: 8 - 30°o

sufae. Dbplace.-nt Allplitudea 'l'Wo Alluvial Valley.
(Pl • 81 • P2 • 82 • 0.6, Gl • u2 • 1.2)

.) - Incident SV-W.ve: 8 • 60°o
b) - Incident SV-W.".: 8 • SOD

o
c) - Incident kyleiCJh tlaw

auf.e. Dbpl.ce-.nt Allpli tude: 'l'WO Alluvial Valley.
(0 • 0.6, P1 - 81 • P2 • 82 • o.e, u1 • u2 • 1.6)

.) - Inc14ent P-W.ve: 8 • 10°

°b) - Incident p-waveIe. 30°o
c) - Incident P-wave : eo. 60°



b) - Incident SV-Wave:

c) - Incident SV-Wave:

Fig. 15

Fig. 16

Surface Displac~nt AJIIplitulSe: 'rwo Alluvial Valleys
(0 • 0.6, Pl • al • P2 • a2 • 0.8, U1 • u 2 • 1.6)

a) - Incident P-Wave: e - 80
0

o
e - 100

°'0 • 30°

Surface Diaplac:e_nt Allplitu4e: TWo Alluvial VaUey.
(0 - 0.6, Pl • al • P2 • az • 0.8, Ul • U2 • 1.6)

a) - IncidllDt SV-Wave: , _ 600

o
b) - Incident SV-Wave: e • 800

o
c) - Incident Rayleigh Wave

194



y

D
o

x

195

rig. 1



196

2

-..... ....--,-------,------------ ABB(Y)

ABB(U)

0_.;2====~_l----=~O--~===::i ~1 2

Fig. 2a

2

.....--,
" -""------..",..... _----.........

ABB(V)

ABB(a)

o_-:2----_~1-----,Or------,1----2 X/~

Fig. 2b

2

ABS(I1)

ABB(Y)

X/R1
21o

Fig. 2<:

,--...- ...........", ' ......

O~_:_---~:------,r------r---='::::.::=:---
-2 -1

~----~



197-

2

o_.:2.....-.=.;=~_r1-------rO-----r1----

O8(U)

ABS(Y)

X/~

2

1

~~-~~-,~, ~~,

O
-.. -_ ...... -

,~---:--:Jr--~.....::::";-::::.:.._-~...::-~:a.-.::::.:::::
-2 - -1 0

Fig. 3b

2

ABS(U)

",_---__ ABB(Y)

o-,;-2-_-':::~----rO-":"::oJ=- ........------ X/Rl.

Pig. 3c

"= -7



2

ABBey)
ABB(u)

2 X/R~

Fig. 4&

198

2

ABB(V)
ABS(U)

o_':2:----~--==---T':'O---~~~---2 ~

Fis. '-b

2

ABS(V)
ABB(U)

o_'"::2:---~----:!or-----:;:-_-
Fig. '-c

~ 7



199

2

-- ABS(V)...., ,
""

ABS(U)

0 X!Rl
-2 -1 0 1 2

16 Fig. 5&

2

o.L-----,----~--_r------. TIR
~ ~ 0 1 2 -~

Fig. 5b

2

\ AB8(U)
........

L-------.r-------r-----r----......:-:.:-=.::::- ABB(V)
0_2 -1 0 1 2 x/R1

Fig. 5c

"== --:7



2

o
-2

2

-1 o

Fig. 6a

1

JB8(U)

ABB(Y)

200

o
-2

2

-1 0 1

Flg. 6b

ABS(U)

ABB(Y)---

o
-2 -1

JB8(U)

~_....'\.
,,/ "J --- -__ ABB(Y)

o 1. 2 X/R1
rig. 6e

"== -7



2

ASS(Y)
ABS(U)

o l------r----"'T"""---............----_ XI
-2 0 1 2 IiI.

Fig. 7&

2

201

ABB(V)
ABS{U)

o L------r-----......----__.-----. XI
-2 -1 0 1 2 Rl

Flg. 7b

2

,..------
I

, I-
ABB(V)

ABB(U)

o L-..----,--....;;:~.....,r----___::_r_---__. ....18
4 ~ 0 I. 2 ~~

Fig. 7c
~ 7



202

2

Fig. 8a

/-

, I '....-.. ~-- ,,/ \'-- ",-- - '''' \ --.......... .- ...., ............ ---
ABS(V)

ABS(U)

o-~5::::::::::T-"'_:-3~:::::::::~--=='---"::==: X/B1
4 ~ 012

4

2

Fig. 8b

2

___- c::
-------"

ABS(U)
ABS(V)

O~~--:---.C-=~--=~--,r----3 -2 -1 0 1 2 X/R1
Fig. Be

........... :..;;JI'



It

2

ABS(U)

ABS(V)

203

Fig. 9&

2

ABS(U)
.... / ....

o , ............. /- .../ ' ..... ",-" ...../- .ABS(V)
-~5-\:-~_r:-3....:...~_2--_r-1-=----,.O--1~~2 X/~

It

2

ABS(U)

ABS(Y)

o-~5---r-~3-=---.:---r~-¥~---_--.:... X/&..
- -2 -1 0 1 2-:l

Fis. 9c



2

2

o
-5

2

-3

Fig.loa.

-1

Fig.1Gb

o 1.

AIS(V)
AB6(U)

ABS(U)
ABB(V)

204

0
-5 --. -3 -2 -1 0 1

Flg.10c

<::::: :;.:;; .......... :::::;;>

ABB(V)
ABS(U)



2

ABS(U)

X/Rl.

205

ABB(V)

ABS(U)

o_'=5---lt:--_-'3r--_""T2--_""Tl--"TO--Tl----2 X/R1

Fig.lib

2

-3 -2 -1 0 1
Fig.lie

ABS(U)

ABS{V)

2 X/Rl



Fig.l2&

2

OL-_~-.....,...---r--,.---=;"----'--_
-5 ~ -3 -2 -1 0 1 2 ~

..

2

206

ABS(V}
X/~

Fig.12b

2

ABS(U)
\

i' I \ ABS(V)
\J '../-,/ ,

0
"-

-5 ..a. -3 -2 -1 0 1 2 X!R1
rig.l2c

c:::::: ::::::::::> <::::: ;:>



2

o~---~
-5 -4 -3 -2 .-1 0 1 2

It '1g.13&

2

ABB(V)
ABS(U)

20:7

ABS(U)
ABB(V)

o_5L--~-----_""3--_r-2---r_
1
-"':;"''''0--''1"'""1---'2 X/'l.

~ Flg.13b

2

0
-5 ..... -3 -2 -1 0 1

FiI·l3e
<:::: :...;tJ' c: ;;;;

ABB(V)
ABB(U)

2 X/~



..
208

2

AB8(V)

ABS(U)
XI'*J.

21o-1-2-3
o~--,r-----,;:=::W:;::::::::~-"';:;=-~::::==
-5 4

..

2

AJI8(V)
AJI8(u)

o-~5-~---,..---,-----r--.,----,r---- XIR
-3 -2 -1 0 1 2' -"1,

Fig.l"b

2



2

DS(U)

............. \ - -""
o ~;;;;';;;;-;':"'~/_--r'-;""--'--"T--'::'-=:':"/-r----r--~\';:'::::'=='- DS(V)

-5 ~ -3 -2 -1. 0 1. 2 .~

~

2

•

209

DS(U)

o
-5

2

-- ,
,'---,-...., ... -..... "/"_,./ ........... _ I ~,---_ '.M(V)

-3 -2 -1 0 1. 2 XlR~

rlg.15b

c::::::::::: -;;> cc::::::::::: /



210

2

ABB(Y)
AB8(U)

,'"',.-... '" '-." ....... ---" ...._- ...... _--

Ol.--~-"""'T"-__.,.---:;::..-=-~-.....,..---.
-5 -4 -3 -2 . -1 0 1 2 XI'"J.

Fig.l6a

2

AM(U)
ua(Y)

oL.-_~----r---w--~--=::"""'r--~;'-'----.. y./R
-5 -4 -3 -2 -1 0 1 2 "'-'1.

Pis.l6b

2

ua(Y)

ABS(U)

/--- ....., ,
- I ".; ......... '-----,. ..,

0 X/R
1

-5 -4 -3 -2 -1 0 1 2
rig.l6c

c:::::::::: :...;;; c::::::::::: ='*'


