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2-D IRREGULAR SITE RESPONSE CHARACTERISTICS
BY BEM-FEM HYBRID ANALYSIS

Hirokazu TAKEMIYA*, Tatsuo TOMONO™*,
Masaki ONO*** and Kiyotaka SUDA***

This paper concerns the two-dimensional (2-D) amplification of seismic ground mo-
tions by alluvium deposits in view of their configuration. Various hybrid procedures be-
tween the boundary element method (BEM) and the finite element method (FEM) are
developed for the analysis. The formulation first evaluates. the far field impedance by
the BEM and then incorporates it into the near field FEM descretization, based on the
weighted residual method. The steady state harmonic responses are investigated for the
P, SV and Rayleigh wave incidence. The response characteristics are clarified with re-
spect to the dimensionless frequency as defined by the ratio of the surfact width and
the incident wave length and to the depth of the deposits. Some useful findings from
the case studies are pointed out in comparison to the one-dimensional (1-D) analysis.
Keywords : two dimensional site amplification, topography, inplane wave scattering,

BEM-FEM hybrid

1. INTRODUCTION

Observations of past seismic damage of
structures/soils indicate that the surface soft soil
amplification for seismic waves might be the
primary cause. The vertical shear wave propaga-
tion (1-Dimensional : 1-D theory) has been widely
employed for evaluating the surface soil motions.
However, in view of the surface/subsurface
irregularities, the use of a more complete (at least
the 2-Dimensional : 2-D) modeling which can
characterize a non-flat free surface for a canyon or
a non-flat subsurface for an alluvium deposit, is
mandatory to better interpret the actual phe-
nomenon. Irregular site configuration, when
seismic input motion is specified, generates scat-
tered waves as illustrated in Fig.1 This leads the
amplification/deamplification of the surface re-
sponse of the near field in comparison to the far
field response. At the soft soil deposits significantly
amplified response is observed and substantial local
surface wave is subsequently generated.

Reviewing past concerned works, we note that
the site analysis was started on harmonic antiplane
motions for its simplicity?®. These procedures are
classified as follows : the discrete wave number
solution method, the direct boundary element
method (DBEM), the indirect boundary element
method (IDBEM) (source force), and the hybrid
method between the BEM for far field and the
finite element method (FEM) for near field. These
works pointed out the significance of the
surface/subsurface effects on the wave scattering

* Professor, Department of Civil
Okayama University (Okayama 700)
** Graduate student
#% CAD Lab., Hazama-Gumi, Ltd.

Engineering,

Free Surface

3 DELUVIUM  [vie
Boundary
Incident
Wave z

Fig.1 Wave scattering by alluvium deposits

through the frequency domain analysis. The
detailed review is found in Refs. 3 and 4. The
investigation for inplane harmonic motions was
then addressed ; in this case the wave field is
coupled by the P and SV waves. Since the
associated displacement potentials derive the
decoupled Helmholtz equations, the similar proce-
dure for the SH wave field can be applied to the
P/SV wave incidence also. The DBEM which
incorporates the Green function for a fullspace was
used by Kobayashi” ; the IDBEM with point
sources and the associated potential Green func-
tions for a halfspace was adopted by Wong?,
Sanchez-Sesma, Bravo, and Herrera® and Dravins-
ki and Mossessian” ; Vogt, Wolf and Bachmann®
employed uniformly distributed forces. Recently,
the hybrid method of FEM and IDBEM has been
proposed by Mossessian and Dravinski”, Uesugi
and Ohtsu™, and Khair, Datta and Shah™.
Introducing source potentials to interpret scattered
waves into the semi-infinity of a halfplane is an
effective solution method, but special care should
be taken in choosing the source position and the
numbers.

In this paper, revised from the authors
publication', the scattering of harmonic wave due
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to topographical boundary is analyzed for various
site configurations. Hybrid procedure of the FEM
for near field and the BEM for the semi-infinitely
extending far field is developed, based on the
weighted residual concept to make use of the
advantages of the respective method in modeling
and analysis. The substructure approach is taken in
the formulation; first the far field impedance
function is computed and then incorporated into
the FEM near field analysis. The comparative
approaches are adopted for cross verification
among them ; one is the DBEM application along
the interface between near and far fields, and the
other is the IDBEM application which takes certain
offset sources as intermediate unknown para-
meters. Both BEM analyses herein employ the
Green function of multilayered elastic medium for
concentrated/uniformly distributed load (Take-
miya and Arioka"™), in addition to the Stoke’s
solution for a full space. The point of investigation
is focused on the effect of the 2-D site topography
with regard to incident wave types and wave
lengths, clarifying the topograpy in which the 1-D
analysis can be and cannot be applied to compute
the soil amplification. The trapezoidal-shape soil
deposits, as illustrated in Fig.2, is considered at
representative non-dimensional frequencies, as
defined by the ratio of the surface width of soil
deposit 2A to the incident wave length 4, i.e. =
2A/A. For the seismic analysis, various types of
incident inplane waves such as SV, P and Rayleigh
waves are assumed. The aspect ratio B/D of soil
deposit width B to its depth D is varied to compare
the 2-D response with the results of 1-D analysis

2. FORMULATION

(1) Superposition of wave fields

The irregular site is split into the surface soil
deposits and the surrounding far field. The input
seismic motion is prescribed as an incident wave
defined at the free field (denoted by superscript f).
The non-flat subsurface of soil deposits reflects the
incident waves and generates scattered waves

(denoted by superscript s) in the far field. In the
near field the wave field is composed of the
transmitted waves from the far field and the
reflected waves at the free surface. See Fig.1.
Thus, the total displacement and traction become,

U=+ uS = (1),(2)
Far field, presumably comprising uniform or
uniformly layered soils, could be modeled and
analyzed either by the direct BEM or by the
indirect BEM. The near field, on the other hand,
indicating nonhomogeneous soils, is modeled by
the FEM. The weighted residual technique is
employed to advantage to formulate the coupling
between the FEM and BEM domains.
(2) BEM for scattered wave field

a) Direct BEM

For the wave scattering in the far field, we get
the following boundary integral equation along the
subsurface S; of alluvium deposits.

e @ +p.v. fs G@yu y)dsy)

:j;bGu(x’y) ts(y)ds(y) ................... (3)

in which G.(x,y) and G«(x,y) are the Green
functions for displacement and traction and u3 and
&} are the unknown displacement and traction on
the interface S, and c is the so-called free term due
to the singularity of function &(x,¥) at the point of
force application. The indication p.v. means that
the integral is performed in the sense of the
Cauchy’s principal value. The procedure to com-
pute the displacement and traction Green function
for a layered halfplane is published in Ref.13. in
detail.

The boundary S; is discretized into M elements.
The associated displacement and traction are given
by use of the interpolation function N, and N,
respectively, as

W (y) = Nu() @5,6:) =N,(@) £5-(4),(5)
These leads Eq.(3) to

HBJ=G E5 - veeveerrereseesesenenireereannens (6)

in which the symbol stands for the nodal values.
The matrix G and H are computed elementwise
whose integral operations in the local coordinate £
are expressed as

in which J(§) is the Jacobian from the global to
local coordinates transformation. Diagonal terms
of matrix H for source elements are computed by
the static rigid body displacement technique and
the subelement division for the numerical Guass
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integration. Eq.(6) is modified in terms of the total
wave field from Egs.(1) and (2),

H(i,— a)=G(t,— [ %) IRXECERCITITIPEPETED (9)
in which the discretized quantities are used for the
free field response. The discretized traction on the
boundary S; is then obtained as

’i‘b: (@ *H(@,— af)+ Fhevereevonanennnnes (10)

b) Indirect BEM (Source force method)

We assume that the scattered wave field will be
reproduced by imposing fictitious distributed force
p(x) appropriately on a surface Sj. The source
location S; is offset by a small distance & from S,
outside to avoid the singularity in the Green
function for the above computation. The relevant
Green functions for displacement G.(y,x) and
traction G:«(y,x) for point/uniformly distributed
forces are those identical with the DBEM.
Therefore, the displacement u§ and the traction 3
at the position y are evaluated as

u;(y) =f55Gu(y,x)p(x)ds(x) ................ (11)

tg(y)zj;sat(y’x)p(x)ds(x) ................. (12)

The unknown force function p(x) is determined as
to satisfy the boundary integral equation (3) when
Eq.(12) is substituted for the traction. This results
in the case when the weighted residual procedure is
taken for the traction with the weighting function
of G.(x,y). Since the singularity does not exist in
this case, we get in place of Eq.(3)

[ 6@y wasy

= fs, fsﬁGu (,y) G:(y,x)px)ds(x) ds(y)
........................................... (13)

When S discrete numbers of source forces are
used, Eqgs.(11) and (12) become

s
u;(y)zsz_“:lGu(y’ is)ps ......................... (14)
< .
tg(y)zng‘(y, j?s)ps .......................... (15)
so that Eq.(13) is expressed as
fs G:(x,y)u(y)ds(y)

S

= [ 56.@y 6.4, 20pdsy) - (16)
»S=

The discretized form for Eq.(16) results in

HiS=GTP -+ oooevevineeernnneeeeiieniins a7
in which

G=22 [ 67,96, 2)IOd(18)

H=3 [ G(ZHNOIOdE-wwrmrr (19)

Further, simplification of the integration is made
by assuming linear interpolation for the variation of
Green functions between adjacent nodal points
such that

Gu(Z5,8) =Ny (O) Gy(F) vorevememenvessnenne (20)

G (E o, =N, (E) G (Fy) vvrervrerermrmsesnenss 1)

Then, the elementwise integration in Eqs.(18)
and (19) are performed analytically, leading
Eq.(17) into

-~ o~

T sL - TN (22)

in which

G= él GonT L G +veeveeeresmemeesessnsenes (23)

—~ M o~

S I (24)
with

1
Ln= [ M@ TNADT@dE oo 25)

Then, Eq.(22) in terms of the total wave field
becomes

H(Gy— G =GTPevevveerennnnnnnne (26)
(3) FEM for interior domain

The FEM formulation starts with the virtual
work equation in the concerned domain.

fvésTadu=fvéuT(—pr)udv+f85quds

........................................... 27
in which o=stress, e=strain, #=displacement, p
=density, w=frequency, and 0( )s mean the
virtual quantities. The discretization of the domain
(with superscript n) leads the governing equation in
the partitioned form by the interior degrees of
freedom (DOFs) (denoted by subscript i) and the
boundary DOFs (denoted by subscript b), as

e i 0
Dy D{},}{u?] [ }
= a0 (28)
[ Dy Dl ar fsb NTtds

in which D? define the dynamic stiffness matrices
of

D= — @M @O K" onvereareeeriveenns (29)

with M*, C" and K" denoting, the mass matrix,
damping matrix and stiffness matrix, respectively,
and {=imaginary unit.
(4) Hybrid approach

The governing equation of the coupled system of
the above BEM and FEM domains is made such
that the DOFs of the FEM are maintained and the
far field impedance function derived from the BEM
analysis, which is compatible with the DOFs of the
interface boundary, is substituted in the former
equation. The weighted residual criteria on dis-
placement and traction is used as follows ;
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j; wd () (s, 55— Us ren) ds (@) =0 cvverenene (30

07 @) Gt o) @) =0 oo (31)

in which w.(y) and w:(y) define the independent

weighting functions. For displacement and trac-

tion, the choice are made as follows : v
wa(y) =t;(y) and w;(y) =u,(y) -+----(32),(33)

a) For the direct BEM approach, Eq.(30) is
automatically satisfied so that Eq.(31) is only taken
into account. This converts the BEM traction into
the FEM nodal forces.

LT+ E) =Preveceeeeeeenieriiiiiiiieieenenn, (34)
in which L is already defined in Eq.(25)
elementwise. The impedance matrix for the far
field and the associated effective input are then
defined as

K=LG™'H, p¥ =K &~ L t{-(35),(36)
Hence, the total governing equation is obtained.

D;  Dj ar 4
[ b ] { u }:{ P } ........... (37)
Di; Di+Ki i\ ay Py’

b) For the indirect BEM approach, after
discretization, Eqs.(30) and (31) result in

GTP+H(u,,— #,)=0,H"P+ P{+P;=0

..................................... (38),(39)

Eliminating the unknown forces P from Egs.(38)
and (39) derives the far field impedance K5 and
the input forces P/ to the FEM domain. Hence,
the total governing equation results.

P —
D pyt+Esllay) Py
with
Ki=H™(G")"'H,PY=K;a{— P
..................................... (41),(42)
3. NUMERICAL ANALYSIS AND

DISCUSSION

Validity of the present hybrid method is first
studied both for the DBEM and the IDBEM by
comparing the results with the pubilshed ones for a
half-circular soil deposit and for a half-circular
canyon for various incident waves. For such a
simple model, the fundamental solution for a full
plane (Stoke’s solution) and the Green function for
a uniform halfplane are available. The relevant
analytical expression for an elastic halfplane
motion for the far filed response are referred to
standard text books. However, aiming at the
further development to the multilayered soils, the
present method makes the formulation amenable
to them. Since the wave propagation matrix

P 1500(m)

rA B C
/ 28my/ [ 122(m)

;7

nr

b=
145.4(m)
75(m)

' 100(m)
Fig.3.a Model for numerical computation, Case 1 ;
DBEM and FEM

Uniformly distributed source planes
verticals / inclines and horizontals

A B _C
! / 328(m) / 1220m)
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2 555
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IT : TANSITION AREA by FEM
III © HALFPLANE FAR FIELD by BEM

Fig.3.b Model for numerical computation, Case 2 ;
IDBEM and FEM

~

Table 1 Soil Properties

Shear

Density | Damping [Poisson
A velogity ratio ratio
Deug\g:{n; 200 oy (16 ym3 | 010 045

FarFiold {500 m/s|2.0 ym3 | 0.02  |o35

involves the exponential functions which may
diverge for a long distance in depth between force
and observation points, an additional automatic
subdivision process for the original layers are
implemented. The details are referred to the
Ref.12. The free field surface responses of layers
are computed by the Haskell method™.

In what follows, a parametric study is conducted
for the layered soil deposits of trapezoidal con-
figuration. The dimensions and the soil properties
are indicated in Fig.3 and Table 1. Two aspect
ratios B/H=1.3 and 2.7 between width B and
depth H are considered. Incident waves are
assumed as the P, SV body waves of various angles
of incidence, and the Rayleigh surface wave. The
horizontal propagation is taken toward the positive
x-direction (from let to right in Fig. 3). The
Rayleigh wave has a long period and propagating
nature in horizontal direction, which are worried to
have give a substantial effect upon the displace-
ment sensitive extended structures. The main
parameter which can describe the behavior of the
soil deposits is the following dimensionless fre-
quency.

n=24/Asv=QA/V)f or 1=24/2,=(2A/V,)f

........................................... (43)
in which 24 is the surface width of soil deposits, Asy
is the S-wave length, 1, is the P-wave length for
the far field halfplane, and f is the frequency
concerned.

The 1-D model which is composed of the soil
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Fig.4 Resonance curves from 1-D analysis

column taken out from the five focus locations in
the 2-D soils and assumes fictitiously the horizontal
layering in depth is investigated to get the first
insight of the global behavior of the soil deposits.
Fig.4 is the results of surface resonance curves at
locations of the horizontal distance =0, 60, 100 m
for the model case 1 ; =0, 120, 200 m for the
model case 2 from the center, where the depth of
the surface layer corresponds d=0, 45, 145.4 m,
respectively. In view of the fundamental frequency
f; the value of 7 is assumed in the range of 0.5
through 3 for the 2-dimensional analysis.
Figs.5 through 7 show the 2-D surface ampli-

fication for the Case 1 in which the response is
presented in a normalized form by the far field
surface response. In applying the IDBEM to
evaluate the far field impedance, investigation is
first made on determining of the fictitious source
planes. Fictitious sources are suggested to have an
offset from the actual boundary by around 1/6 of
the wave length concerned (Takemiya and
Arioka'?). Two alternative choices are depicted in
Fig.3. b ; one is a continuous offset planes all along
parallel to the interface S, (legend “inclines and
horizontals” as indicated by ¥2<), and the other is
a number of vertical and norizontal discrete planes
along the same interface (“verticals and horizon-
tals” as indicated by—, ---). The preliminary
IDBEM analyses by use of these different sources
yield an excellent matching for the surface response
as shown in Figs.5.a and 6.a. As already men-
tioned in the above Ref. 12, the latter type sources
are less time consuming for the Green function
computation, consequently for the far field impe-
dance computation. In the present hybrid analysis,
note that the FEM modeling is taken to cover the
alluvium soil deposit and its neighboring zone from
the far field as a transition area from near to far
field. This treatment works for improving the
solution accuracy when the soil stiffness changes
drastically between them. Linear isoparametric .
elements are used in discretizing both the BEM and
FEM domains. Note that the computation accuracy
between the DBEM and the IDBEM is quite well
for frequency range up to n=3 for the SV wave
and the Rayleigh wave incidence ; and up to 7=2
for the P wave incidence. This may be interpreted
from the fact that the actual frequency w=2xf for
the P wave is about two times larger than that for
the SV wave when the nondimensional frequency 7
is kept constant. If the -more deliberate considera-
tion is paid to the source numbers and their
location, the better matching will be expected
between the IDBEM and the DBEM even for the
higher values of 1. However, as far as our interest
lies in extended structures on alluvium deposits,
the dimensionless frequency may be confined, for
instance, as 7 <2, since this value in view of
Eq.(43) corresponds the period longer than 0.7
seconds, which is very plausible in reality.
From the site analysis for D/H=1 (Figs. 5
though 7), it is clear that the surface response
varies significantly by the type of incident wave and
by the angle of incidence. The effect of the
dimensionless frequency is also remarkable. For
the vertical SV wave incidence at low dimension-
less frequency, the response mode with only one
peak results at the surface center of soil deposits
which is about two times greater value than the far

1
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Fig.5.b Surface response ; SV wave incidence, Angle of
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field surface response, while at high dimensionless
frequency the response mode with multiple peaks
appears, giving the greater values at the soil
deposits ends than the far field surface response.
Substantial vertical response component is induced
over inclined base as the frequency increases, say

>1. The effect of incident angle also increases the
response at the surface over the inclined base ; at 7
=1 more than two times greater value of the far
field response results. The same tendency can be
observed for the P wave incidence. The Rayleigh
wave incidence yields different amplification from
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the oblique SV wave incidence, although both are
assumede propagate toward the same direction.
Note that the wave velocity of the former depends
on the frequency. Therefore, the response for the
Rayleigh wave may not be readily interpreted
equivalently by that for an oblique SV wave

incidence.

In order to clarify the 2-dimensional effect on
the behavior of soil deposits, the comparison is
made between the 2-D and 1-D analyses for the
vertical shear wave incidence. Figs.8 and 9 show
the responses along depth for the aspect ratios B/ D
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Fig.8 Vertical response profiles ; Case 1, B/D=1.3
— Horizontal (2D Analysis); --- Vertical (2D
Analysis) ; *k%% (1D Analysis)
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generation due to the inclined side boundary.
When we pay attention to the behavior of soil
deposits, the fundamental natural period is of
special importance. The 1-D analysis seems to
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Fig.9 Vertical response profiles ; Case 2, B/D=2.7
— Horizontal (2D Analysis); --- Vertical (2D
Analysis) ; *%% (1D Analysis)
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Fig.10 Subsurface depth effect of surface response
E;D/H=0; H;D/H=1/2; F;D/H=1,

yield an adequate evaluation only near the surface
center for both models considered. At other
locations the presence of the inclined subsurface
leads the more different response profiles from the
1-D solutions for the aspect ratio B/D= 1.3 than
for the ratio B/D = 2.7 except at very low
frequency. At the locations whose horizontal
distance B/D>3 roughly, the 1-D analysis seems
to be valid for evaluating the response near at the
predominant frequency f;.

Fig.10 indicates the effect of the alluvium
deposits depth on the surface amplification for the
Case 1. Significant differences are observed
according to the parameter D/H ; in the figure the
legend E, H and F correspond, respectively, to
D/H=0, 1/2 and 1. The subsurface topography
tends to increase the surface response over the flat
base in the higher frequency range above f; while
decreases it below f;. The fact that the highest peak
is attained at a different frequency for different
topography may be interpreted by the resonance
frequency of the surface alluvium deposit and also
by the drastic change of the response mode.

4. CONCLUSION

Various hybrid procedures between the bound-
ary element method (BEM) and the finite element
method (FEM) are developed for the 2-dimension-
al seismic analysis of a trapezoidal alluvium. The
indirect and the direct BEM approaches give an
excellent matching for the surface response evalua-
tion in the range of the dimensionless frequency
(the ratio between the surface width of the
alluvium and the incident wave length) which is
important for the design of extended structures.
The advantage of the indirect BEM with use of
vertical and horizontal uniform source forces is
noted. From the parametric study, the site
amplification, which is normalized by the far field
response and indicated as the difference from the
1-D response analysis of the concerned soil column
model, is clarified with respect to the incident wave
type, the angle of incidence and the dimensionless
frequency.

The findings from the parametric study for the
dimensionless frequency in the range 0.5<7<3
are summarized as follows :

(1) For small dimensionless frequency, the
response in the direction of the incident wave force
is predominant, giving predominant peak depend-
ing on the angle of wave incidence.

(2) For high dimensionless frequency, not only
the response along the incident wave force but also
the substantial perpendicular response comes out.
The vertical wave incidence yields such significant
perpendicular respnse at the surface over inclined
base. The oblique wave incidence results in the
complex response feature, depending on the
incident wave type.

(3) The Rayleigh wave incidence yields the
comparable vertical and horizontal response com-
ponents for the dimensionless frequency consi-
dered. The similar trend is also observed for the
oblique SV wave incidence for high dimensionless
frequency. However, the former may not equiva-
lently substitued for the latter since the wave
velocity is frequency- dependent in the latter
situation.

(4) The depth D of the soil deposit changes the
response features tremendously, which must be
interpreted by the 2-dimensional vibration modes
of soil deposits. However, when the attention is
paid to the soil response away from the edge of the
soil deposit by the horizontal distance x to satisfy
x/D >3, it may properly be evaluated by the
1-dimensional computation.
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