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I - Introduction générale

La modélisation, en tant que moyen d’isoler formes et structures des milieux de
propagation réels pour en décrire la contribution dans les signaux regus a quelques
dizaines et quelques milliers de kilomeétres de la source, permet d’ajuster avec toujours
plus de précision les simulations numériques aux faits réels. Les modeles utilisés
s’affinent & mesure des possibilités de résolution des méthodes numériques, possibilités
qui vont de pair avec la puissance toujours accrue des calculateurs. Les méthodes de
modélisation des signaux sismiques sont des outils devenus extrémement puissants qui
permettent de disséquer les structures pour en analyser, en comprendre et de plus en

plus tendent & en prédire les effets.

Que dire du plan d’étude? Que dire des buts a atteindre? Peut-€tre un leitmotiv:
comprendre ce que I’on observe. Les fonctions de transfert des sites ol I’on recoit et
d’oli sont émis les signaux sismiques prennent une grande importance lorsqu’elles
viennent a4 modifier le contenu spectral des ondes enregistrées. Ces modifications se
caractérisent essentiellement par des amplifications et des atténuations dans certaines
bandes de fréquences ainsi que par la génération d’ondes diffractées par les
hétérogénéités présentes dans les sites ¢Emetteurs et récepteurs. Dans le cas
d’événements lointains, le contenu de 1’information concernant la source peut également
ére modifié lors de sa propagation dans le manteau ou dans le noyau - Nous

n’étudierons pas ces modifications dans la suite du travail.

Pour un mécanisme au foyer connu, les modifications d’amplitudes induites par les
sites émetteurs et récepteurs peuvent fausser le calcul de différents paramétres qui
concernent la source (e.g. dimensions, moment sismique, fonction source). On a alors
recours, lorsqu’elles sont disponibles, aux informations de plusieurs capteurs sur un
large éventail de distances et d’azimuts, espérant avoir statistiquement une meilleure

estimation des parametres - Nous déterminerons dans le cas de sources isotropes vues en

champ télésismique un ordre de grandeur des variations d’amplitudes et leurs

conséquences sur la détermination des paramétres qui quantifient ces sources.




Si les modifications d’amplitudes du champ incident sont importantes pour la
connaissance de la source, la diffraction du champ incident peut générer un deuxiéme
champ d’ondes dont la principale caractéristique est une longue durée associée 2 de
fortes accé€lérations, cocktail qui peut devenir extrémement meurtrier (Mexico, le 19
Septembre 1985; San Salvador, le 10 Octobre 1986) - Le travail présenté ici apportera

un certain nombre d’éléments pour la compréhension de ces phénomenes.

Le plan d’étude comporte deux parties imbriquées. La premire consiste 2
développer des méthodes de calcul de sismogrammes synthétiques pour des milieux de
propagation latéralement hétérogenes. Le point de départ des méthodes décrites est la
formulation donnée par Bouchon et Aki (1977) des potentiels de déplacements décrits
par Lamb (1904) pour des forces appliquées dans un espace infini. Nous commencerons
donc par décrire une méthode qui permet de calculer les sismogrammes pour des
sources ponctuelles placées dans un milieu homogeéne et élastique a deux dimensions
dont la surface est irréguliere. Cette méthode sera décrite au chapitre II dans le cas P-
SV. La deuxi¢me méthode sera décrite dans le cas SH au chapitre III et dans le cas P-
SV au chapitre IV pour le calcul de sismogrammes synthétiques dans des milieux a
stratifications non planes et pour des bassins dont le remplissage sédimentaire est
irrégulier. Cette deuxiéme formulation sera utilisée en parallele avec le théoréeme de
réciprocité au chapitre V pour évaluer ’apport de la diffraction aux alentours de la

source dans les sismogrammes observés a distances télésismiques.

En appliquant ces méthodes, la deuxiéme partie explore par simulation les effets
de la diffraction dans une bande de fréquences allant jusqu’a 5 Hz pour des signaux
d’une durée de quelques secondes. Cette exploration décrit une série de phénomenes a
prendre en compte pour expliquer certaines amplifications et certaines formes de
sismogrammes. Pour des distances d’observation de 1’ordre d’une dizaine de kilomeétres,
nous analyserons les variations du champ de déplacement dues aux irrégularités de la
topographie aux alentours des capteurs. Ceci fera 1’objet du chapitre II. Ces irrégularités
topographiques, que l’on appelle aussi hétérogénéités parce qu’elles perturbent ici le
‘paysage d’un milieu idéal dont la surface serait plane, modifient, a la réception, le

contenu fréquentiel des champs de déplacement issus d’événements lointains ou




d’événements proches. Les signaux provenant d’événements télésismiques sont compris
comme une succession de fronts d’onde localement plans, d’incidences différentes, étant
entendu que plusieurs fronts d’onde peuvent arriver simultanément - Nous étudierons
plus particulierement 1’action de deux types de fronts d’onde (i.e. en compression et en
cisaillement) incidents sur des hétérogénéités de surface, en fonction de la raideur des
reliefs et de la position des stations, sur les différences d’amplifications des
déplacements a la surface du sol et sur la nature des ondes qui composent ces
déplacements. Le champ d’ondes émis par une source proche du récepteur est plus
complexe lorsque 1’on ne peut plus assimiler la source & un point. Aussi une source
proche sera en premigre approximation considérée comme la superposition linéaire des
contributions des différents points sources la constituant. Il faut alors tenir compte du
diagramme de radiation de chaque point source et définir une loi de fonctionnement de
ces sources primaires les unes par rapport aux autres - Nous étudierons les différentes
réponses d’un relief soumis au champ de déplacement €mis par une de ces sources,

ponctuelle et isotrope, en 1’occurence la source considérée sera une explosion.

Puis nous quitterons la surface irréguliere sur un espace homogeéne pour explorer
différents milieux dont le sous-sol est hétérogene sous une surface plane; ceci fera
I’objet des chapitres III et IV. La sélection de différents modes de propagation dans un
bassin suivant le type d’onde plane qui le sollicite sera mis en évidence, l’effet de
défocalisation de 1’énergie sur une zone anticlinale du fond d’un bassin clairement
montré ainsi que le seront ’amplification des ondes de surface et leur dispersion sur le
rebord du bassin ou le milieu de propagation s’amincit. Dans les chapitres précédents
nous nous serons attachés a décomposer le plus possible les effets de diffraction que
I’on peut rencontrer pour des événements proches du récepteur et dans un milieu
hétérogéne ou lors de la réception de signaux télésismiques par des stations ancrées sur

des structures hétérogenes.

En €loignant le point d’observation a plusieurs milliers de kilomeétres de la source,
en supposant avoir un site de réception privilégié parfaitement homogeéne et infini (i.e.
sans surface), les structures géologiques dans 1’environnement de la source peuvent
encore fortement modifier le contenu des signaux regus a distances télésismiques. Ce

sujet est développé au chapitre V - Ce chapitre étudiera plus particulierement une série




de signaux sismiques (composante radiale) provenant de tirs nucléaires expérimentés
dans la région centrale du champ de tir de Yucca Flat au Nevada et qui sont enregistrés
en France. L’évolution des sismogrammes avec la complexité du milieu de tir sera

décrite et nous €tablirons une série de corrections a apporter aux magnitudes en fonction

de la localisation des explosions dans le bassin. Nous verrons ainsi 1’apport de telles

corrections sur I’estimation des énergies de tirs. En I’absence de valeurs connues de ces |

énergies, ce chapitre exposera les conséquences que peuvent avoir sur 1’estimation des 4
énergies le fait d’utiliser un événement de référence pour des tirs situés dans un milieu Il

dont la structure est irréguliere. Il
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Effects of two-dimensional topographies using the discrete

wavenumber-boundary integral equation method in P-SV cases
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Résumeé

L’effet de la topographie sur les déplacements pergus en surface est étudié dans le
cas d’ondes planes incidentes P ou SV ainsi que pour des explosions. La formulation de
la méthode de discrétisation des nombres d’onde associée aux équations intégrales aux \!
frontieres est explicitée puis appliquée au probleme de la diffraction de champs d’ondes (
¢lastiques par des hétérogénéités de surface. Les amplitudes du champ diffracté,
essentiellement constitué d’ondes P de surface et d’ondes de Rayleigh, dépendent
fortement de la raideur du relief. En étudiant la génération d’ondes de surface par des
explosions effectuées & proximité d’une colline, nous montrons que ces ondes sont
d’autant plus présentes dans les sismogrammes et d’autant plus amplifiées que les tirs

sont effectués A I’intérieur du relief.

1.1 - Introduction

The diffraction of acoustic or elastic waves by an irregular topography has been
studied using a variety of approaches. The complete solution for a surface of arbitrary
shape has been obtained using finite-difference, finite-element methods (Boore, 1972;
Smith, 1975; Ilan, 1977; Zahradnik and Urban, 1984) and boundary integral equation '|
formulations (Wong and Jennings, 1975; Sills, 1978; Sdnchez-Sesma and Rosenblueth,
1979; England er al. 1980; Sdnchez-Sesma, 1981; Sdnchez-Sesma et al., 1982; Shah et
al., 1982; Bouchon, 1985; Kawase and Aki, 1988). One of the major problems 1

encountered with boundary integral equation techniques is the removal of singularities

which often occur when surface source distributions are used to represent the diffracted
wave field (Peek and Kausel, 1983). One way to remove these singularities is to use the
discrete wavenumber method (Bouchon and Aki, 1977) to evaluate the Green’s
functions (Bouchon, 1985; Kawase and Aki, 1988; Campillo and Bouchon, 1985;
Bouchon, 1987; Campillo, 1987; Paul and Campillo, 1988). In the present work we
extend the formulation previously introduced to study the scattering of SH-waves by an
irregular topography (Bouchon, 1985), to the case of incident P- and SV-waves. We
study the response of a ridge shaped topography and investigate the effect of the surface
steepness on the diffracted wave field. We also consider the case of an explosion located

in the vicinity of the irregular surface.
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1.2 - Method

Following Helmholtz, the displacement ¥ may be written as a derivative of a .

scalar potential ¢ and of a vector potential v, representing respectively the

compressional and the shear wave fields: 1|
!
—
Z=V @ +rot ()
In a two-dimensional vertical cartesian coordinate system this relation becomes

=00 /dx —ady/ oz
w=2dp/dz +dy /dx

The expressions of the compressional displacement potentials for horizontal (h) and
vertical (v) line forces Q,.exp(iot) and Q,.exp(iot) acting at a point (x,, z,) of an

infinite homogeneous elastic space are given by Lamb (1904):

+oo
k

O, (x,2)= %—E—pz(lwt—)- . J——. exp—ivlz —z,11. exp [—ik (x —x,)].dk
4nep Too VI
. Joo
o, (x,2)= 2&2@“}2 sgn(z —z,) . [expl=ivlz —z,1). expl-ik(x —x,)].dk
4nmp oo

with v2 = 0%o? — k2, v = o¥p* — k% Im(v) < 0, Im(y) < 0. sgn(z —z,)=11if z 2 z,,
sgn(z —z,) =—1 otherwise. @ denotes the angular frequency. o and B are the

compressional and the shear wave velocities and p is the density. Similarly, the shear

displacement potentials for horizontal (h) and vertical (v) line forces are: ;

1 3 +oo
! b . wt . z :
Wy ) = S ST ) sgnz ~2,) . [ewl-iviz =z, 11 epl-ik(x —x,)l.dk
4w p Zea
3 Fo0
- wt ,
. v, (x,z)= _Q__f&_)_ . Jﬁ exp|—iylz —z,1]. exp[—ik (x —x,)].dk

41:0)29 e Y

Rather than evaluate numerically these integrals, Bouchon and Aki (1977) introduce an

“horizontal spatial periodicity L, of the forces. The potentials are then multiplied by the

spatial Fourier transform of the Dirac distribution §; (x). Thus a potential written




+o0

o (x,2)=K(). | fk,x,z2)dk, becomes

¢ (x, z) =2nK (@)L . ﬂzim fk,, x, z), with k, = n.2n/L = n.Ak
We now consider a surface s(x) periodic in x with period L and bounding an
homogeneous half-space in which a source is located. We represent the elastic wave
field diffracted by the surface by a force distribution applied at N = 2M + 1 points of
s(x) regularly spaced at Ax = L/N interval. This sampling results in a periodicity in the
wavenumber space and restricts the wavenumber range to [-MAk,+MAk]. The
representation of the wave field produced by this force distribution can be made as
precise as desired by increasing the value of N. The displacement and stress field S(x, z)

produced by the surface force distribution and by the source excitation is then
S(x,z)=S8,(x,2z)+ S;(x, z)

where S, denotes the source field excitation and S, is the term due to the contribution of
horizontal and vertical line forces Q,". exp(iot) and Q,". exp(iot) applied at each
point (x,,, z,,) of the surface. The amplitudes of the forces 0,," and Q,," are determined
so that they cancel the incident normal and tangential stresses on the surface and thus
realize the free stress boundary condition at each point (x,,z,) of the surface. S,

derives from the potentials:

1 m=+M p n=+M kn
q)k (x! z)= 2 E Qm ' Z —exp (_ivn lz — Zm 1) exp (—ikn (x — xm))
2L P m=M n=M Vn
1 m=+M n=+M
o, (x,z)= Lo Y 0, sgn(z —z,) Y, exp(=iv,lz —z,) exp (—ik,(x — Xy ))
P om=M n=—M
e (2= —L " 0 b sen(z — 2,) T e R |
2
2LOP m=—m n=-M
m=+M n=+M kn
v, (x,z)= " Y 2, ¥ —ewptivlz gl epl-ikle = X))
P m=M n=M Tn
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The displacement at any point of the surface or of the half space is given by

u ()C, z)=8(¢h +¢v)/ax _a(\yh +Wv)/az

w (x,z) =00, +0,)/dz + a0y, +y,)/ dx

The stresses and tractions are then obtained using Hookes law.

Defining the terms

B, (2)= expl=iv, Iz = g, 1] |

Gpn (Z)=expl=iv,lz —z,1]

C.. ) =2 608 kX — Xl

Sum (X)) ==2i. sgn(x — x,). sinlk,(x — x,,)]
Fp, (0) = /2L o%p) |
and the components of the stress tensor

a, ™ = —(h + 210) k, 2 — Av, >
ann = _21-1‘ k‘n Va

a,” = -\ + 210 v, 2 — M,

b =2uk,*
D™ = = ky (2 = YWY
b, =2 k,*

e ==+ 2) kv, = Ak, v,
Cnxz — _Zu an
e, =—(A+ 210 k, Vv, — M, oIV,

dnu = *QH knYn
dnxz =u (knz - 'Ynz)
dn o= 2"" kn Yn

“where A and p denote the Lamé’s coefficients.




(i) The displacement at a point (x, z) due to the force distribution applied on the surface
is:

m=+M n=+M

u (x- Z) :FL Z va' sgn(z - Zm)- 2 Snm' [_iknEnm + iknGnm] &+
m=M

n=1

n=tM k2
Qm g . ("f Yo Gom + E crxm : [—'i'—\';i"Enm - iYn Gnm ])

n=l1 n

m=+M n=t+M k, 2

w (x1 z)=FL E va' (_ivoEom + Z Cnm- [”'ivnEnm et

m=—M n=1 n

G 1) +

n=+M
Qm . - 8gn (2 - Zm)- Z Snm . [kan Emn i ‘ikn Gnm]

n=1

(il) The components of the stress vector at a point (x, z) of a surface having a normal

(n,, n,) are:
m=+M n=+M
Tx (x- z) = FL- z va- [njc' (Sgn(z - zm)- [aanEom + E Cmn'(anxxEmn it bnxxGnm)])
m=—M n=l
n=+M
+ nZ' ( Z Smn' (anszr!m + bnsznm))]
n=1
n=+M
+ 0" . (O Spn- €0 Epn +d,”G )
n=1
n=tM
+n,. (sgn(z —z,). [, %G + Y, Copn- (€27 Eppy + d," G )D]
n=1
m=+M n=tM
Tz s z)= FL Z va- [nx- ( Z Snm- (ansznm + bnszmn))
m=—M n=1
n=tM
+n,. (sgn(z —z,). [, Epy + Y, Cum. (@, Epp + 5,7 G )
n=1
n=+M
+ 0" [n,. (sgn(z = 2,). 1d, Gy + Y Cpn- (€47 Eppy + 4, G )
n=l1
n=+M \
0. (Y Sume (€ By + dp " G )] et
n=l i kAl A W X P
\Y ~A)

10
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The calculation of the force amplitudes required to cancel the incident surface stress is

simply done by inverting the linear square system

m=+M n=+M

Z Qm E Sm (xp v Zpo kn) = fTa (xp1 zp)
m=—M n=1

where p € [-M, .. ,0, .. ,+M] and the point (x,, z,) is a sampling point of the surface.

0,, =(©@,", 0,") and S, is a 2-by-2 matrix deduced from the expressions of T, and T,.

11.3 - Applications

In all the examples considered we use the surface shape given by Sills (1978):
s(x)=h (1.0 — a) exp(-3a), with a = (x/l)z,

where h and 1| denote the height and the half width of the hill. The aim feature of this |
topography is its shape ratio h/l (see figure IL.1). The source excitation is a vertically

incident plane P- or SV-wave or an explosion with a Ricker wavelet time dependence in

displacement
f(&)=(b —05) exp(-b), with b = [r (t — t,) I t, 1%, a

where ¢, and £, are respectively the time of maximum amplitude and the period of the |

!
pulse. We define two characteristic dimensionless periods, m; =2l /(ct,) and
My =h / (ct,) representing the ratios of the width and the height of the ridge to the

incident wavelength (c is the incident wave velocity). ;

11.3.1 - Tests of the method

In order to test the accuracy of the method the results obtained in the case of a
ridge topography have been compared with the calculations done by Bard (1982) for the
same configuration using the Aki-Larner (1970) method. In the Aki-Larner (1970)
approach, the scattered wave field is represented by a discrete superposition of
downgoing plane waves. Such a description is incomplete in the depth range of surface

“variation but the method yields an accurate solution when the seismic wavelengths are




longer than the dimension of the irregularity. The comparison between the two methods
is made for vertically incident plane P- and SV-waves and is presented in figure I1.2. ‘
The parameter values used are h/1=0.375 and n; = 1.83. The two sets of results obtained

are in very good agreement, showing the accuracy of the two methods.

1132 - Ridge height effects

We investigate the effect of the ridge steepness on the diffracted wave field. Three
surfaces of shape ratios h/1=0.375, h/I=0.5 and h/l1=0.75 are considered. The
seismograms obtained are presented in figure 11.3 for a vertically incident plane P-wave
and in figure I1.4 for a vertically incident plane SV-wave. The receivers location is
shown in figure IL.1. Two forms of results are presented for each shape ratio: (i) the
classical seismogram representation in which the horizontal (U) and the vertical (W) |
ground displacement are drawn, (ii) a polarization diagram which displays the particle |
motion developed in the time domain (horizontal axis). The wavelengths of the incident
fields have been chosen so that n, = 0.5 in the case of an incident plane P-wave and

N, = 1.0 in the case of an incident plane SV-wave.

A sharp amplification can be observed between stations situated at the top of the
ridge and those distant from the ridge. This amplification effect is more important in the
case of an incident SV-wave as reported by Bouchon (1973) and Bard (1982). The
amplitude ratio between stations "a" and "q" is then equal to 2.7 for a shape ratio
h/1=0.375 (figure 11.4a), 3.1 for h/1=0.5 (figure 11.4b), and 2.4 for h/1=0.75 (figure I1.4c).
For an incident P-wave the amplitude ratio between stations "a" and "q" increases with
the steepness and is equal to /. for h/1=0.375 (figure I1.3a), /.4 for b/l=0.5 (figure

I1.3b), and 2.0 for h/1=0.75 (figure 1I.3c). ?

The diffracted field is essentially composed of the Rayleigh wave and of the "
surface P-wave. This phase whose propagation was described by Lapwood (1949) and
Bouchon (1978) is more efficiently excited for small shape ratio in the case of an
incident SV-wave (figure I1.4a) and its amplitude decreases as the shape ratio increases.
The amplitude of this phase is approximately the same as the Rayleigh wave amplitude

for h/1=0.375 and fits an x ! decay. An incident P-wave also generates a surface P-
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wave. The amplitude of this phase increases with the surface shape ratio and becomes
the same as the Rayleigh wave amplitude for h/1=0.75 (figure 1I.3c). The diffracted
Rayleigh wave presents different features connected with the topographic shape and with
the type of incident field. Its amplitude is larger in the case of an incident P-wave than ]

in the case of an incident SV-wave. Its maximum strength is obtained for a shape ratio

h/I=0.5 when the excitation is a P-wave and for a ratio h/1=0.75 when the source is a

SV-wave. j

The receivers located above the ridge display particularly complex particle motion
in the case of an incident SV-wave on a steep ridge (see receivers "b", "c", and "d",
figure IL4c). A triangular counterclockwise particle motion appears at station b
Station "¢" shows an elliptically clockwise motion which reverses to counterclockwise to
initiate the Rayleigh wave. Station "d" shows a turnabout point which appears at the
time of the beginning of the Rayleigh wave elliptic motion. Finally, stations "e", "f",
and "g" show a wave, horizontally polarized which propagates with the SV-wave
velocity. This phase has approximately the amplitude of the following Rayleigh wave
and disappears when the distance increases. It may be interpreted as the surface S-wave

and seems to merge rapidly with the Rayleigh wave.

.33 - Surface wave generation by an explosion

Considering that surface waves are not generated by an explosion placed below a
flat surface (figure 11.6), we now study how these waves are generated by an explosion
located in the vicinity of a non planar topography. We consider a surface of shape ratio
h/1=0.375 and an explosive line source placed below, at the base, and inside the ridge as
depicted in figure I1.5. The results are displayed in figure IL7 using the same
representation as in figures I1.3 and 11.4. The principal effect is a strong increase in
Rayleigh wave amplitude when the source is located within the ridge. This increase is

accompanied by a broadening of the Rayleigh pulse, suggesting that the Rayleigh wave

generation takes place over a wider area of the surface than in the case of a deeper

source.




»

Conclusion

The discrete wavenumber-boundary integral equation method has been formulated
for the case of P- and SV-waves incident on an irregular topography. For vertical
incidence, the surface P-wave, the surface S-wave, and the Rayleigh wave diffracted by
an elevated topography have been described in detail in correlation to the topographic
shape, to the type of the incident field and to the position of the receivers. The
amplification effect at the top of the ridge has been shown. For an incident SV-wave it
appears to be important regardless of the shape ratio while in the case of an incident P-
wave the amplification effect is negligible for a small shape ratio and increases with the
shape ratio. The amplitude of the diffracted Rayleigh wave is larger in the case of an
incident P-wave than in the case of an incident SV-wave. This amplitude seems to be
closely dependent on the shape of the topography. Finally we have simulated the
generation of surface waves by an explosive source located in the vicinity of a non

planar topography.
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Fig. IL1 - Geometry of the topography.
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Fig. II.5 - Geometry of the topography profile and localion of the receivers. The
shape ratio is h/1=0.375. The three positions of the explosions studied are indicat-
ed by the crossed arrows: below (a), al the base (b), and inside (¢) the ridge.
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Fig. IL6 - Surface displaccment produced by an exblosiou located under a {lat
surface. The geomelry of the problem is displayed in the lower part of the figure.
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A boundary integral equation-discrete wavenumber representation
method to study wave propagation in multilayered media having

irregular interfaces

| Michel Bouchon®, Michel Campillo*, and Stephane Gaffett

ABSTRACT

We present a method which combines boundary-
integral equation techniques with the discrete wave-
number Green’s function representation to study wave
propagation in multilayered media having irregular
interfaces. The approach is based on the representa-
tion of the interfaces by distributions of body forces,
the radiation from which is equivalent to the scaltered
wave field produced by the diffracting boundaries. The
Green's functions are evaluated by the discrete wave-
number method. Propagator matrices are introduced
lo relate force distributions on neighboring interfaces.
The solution then requires the inversion of a matrix at
each interface. The dimensions of the linear system
are independent of the number of layers considered,
and the computation time varies linearly with the
number of interfaces. We apply the method to calcu-
late surface and vertical seismic profiles in the pres-
ence of synclinal or anticlinal structures.

INTRODUCTION

Many problems of wave propagation involving inhomoge-
neous media can be formulated in terms of boundary-integral
equations. The use of this approach, however, lags [ar
behind the use of finite-difference or finite-clement tech-
niques. Indeed, the finite-dilference and finite-clement
Ischemes are often thought of as exclusive tools for calculat-
Ing the complete solution to problems of wave propagation in
laterally varying media. ‘The aim of this paper is to show that
the boundary-integral equation formulation may provide an
alternate method of calculation.

In the present work, we extend the boundary-integral
tquation-discrete wavenumber method (Bouchon, 1985;
Campillo and Bouchon, 1985; Campillo, 1987) to multiple

irregular interfaces and apply the method to seismic explo-
ration problems. The presentation is restricted to antiplane
motion (SH waves), which is similar to the acoustic case.
The generalization of the scheme to the elastic case, how-
ever, is straightforward,

Although the boundary-integral equation formulation for
acoustic waves was introduced more than a century ago by
Helmholtz and Kirchhoff, use of the method to solve prob-
lems of wave propagation in multilayered media has been
limited. Previous examples include the works of Larner
(1970), Jiracek (1972), and Bard and Tucker (1985), who use
the Aki-Larner method, and Dravinski (1983).

DESCRIPTION OF THE METHOD

The problem configuration is depicted in Figure 1. The
medium consists of a series of homogeneous layers sepa-
rated by irregular interfaces. x and z denote the horizontal
and vertical directions, respectively. The medium is as-
sumed to be invariant in the direction normal to the (x, z)
plane; the free surface is Mat; and the seismic source is
located at the surface.

The displacement field radiated by a surface force Q, with
time dependence ™ may be written (Lamb, 1904)

(,l:h)f o e - ivz -
ylx, z7) = Loc™ f g = gy (n

2?“'[)]0(? v

with

= [(wla)? = K12,

where & and v denote the horizontal and vertical wavenum-
bers, x, is the point of application of the force, and p, and «,
are the densily and wave velocity in the surface layer.

In order to evaluate the radiated wave field, we introduce
a periodicity L in the source-medium configuration. Equa-
tion (1) is then replaced by (Bouchon and Aki, 1977)

E‘?a“USCFipt received by the Editor November 2, 1987; revised manuscript received March 10, 1989.

RIGM

. Universile Joseph Fourier, BP 53X, 38041 Grenoble Cedex, France,

*LDGn’CEA, Centre et Etudes de Bruyeres le Chatel, BP 12, 91680 Bruyeres le Chatel, France.




iwt M - vz
Qye o @ o
H(](.\:‘, Z) = - 5 e ikulx \“]’ )
!L[)](X| 0= —M Vin

with

- wt o\
ky=—mn and v ,=——4Kk | , Im () <20,
L o)

and M is an integer large enough Lo ensure the convergence of
the series. The substitution of equation (2) for equation (1)
replaces the single-source radialion problem, which is diflicult
to solve, by the numerically simpler problem of evalualing the
radiation of a periodic array of sources. As shown by Bouchon
and Aki (1977), the single-source, lime-domain solution may be
later retrieved [rom the multiple-source resull provided that the
frequency is chosen to be complex. This choice also rentoves
numerical singularilies from equation (2).

We nex( discretize each interface  into an odd number of
points N equally spaced along the x direction. At each point
i of the interface €, we apply two body forces: Qe
located on the upper side of the interface radiating into tlie
upper layer and Q;q,e™ situated on the lower side of ilie
interface and radiating into the lower layer. The displdce-
ment ficlds associated with these forces, because of the
periodicity introduced, are
Ql‘(’leiml i e i lz — zigl '

} g thuly = Nia) (’“
ZJ'L[IGL\'.% e

ielx, 2) =

s Yin
in the upper layer and in the lower laycer
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Fig. 1. Problem confliguration.
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and where (x, , z; ) denotes the x and z coordinates of the
discretized interface.
Thus, the total displacement field associated with the force
distribution along the interface € in the upper layer is

¢ iwl
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ulx, 2) =— 2, Qi
2ilpeag ;2

= 7 v alz = zidl
« E o ikax = Xig) (3)
= e Vion
abd has a similar form in the lower layer. However, because
ol the existence of both periodicity and discretization in x,

equation (5) reduces to (Bouchon, 1985)

iwf
uely, z) = —————
. ) 2.!Lp,-nc%
Ny Ay o el = 2l
3 X — ikalr = X
x Y Qi 2 ” e N0, (6)
i=1 n = —M tn

with M, such that N, = 2M, + 1.

The discretization in x al equal Ax intervals implies a
periodicity in the horizontal wavenumber space, so that the
wavenumber summation in equation (6) is restricted to the

interval
T ow ] T T
A Av| @ e Ny, I Nl

The choices of both the periodicity length L and the discret-
ization interval Ax thus uniquely define the sampling of the
wavenumber space. The number of terms of the two series in
equation (6) is simply L/Ax. Similarly, in the € + Ith layer
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We now define the displacement-stress vector at interface
( as

Se=luxjeozi0), j=1,... Ng

oy ez d =1, - Nel', (8)
with
dug dug
oy = p‘_»uf-(l!\. 5; +on; 7’;) , 9

where n, and n, denote the x and z components of the normal
to the interface.

Using equations (6) and (7), we express the displacement-
stress field at the Cth interface as the sum of the contribu-
tions [rom the top side of the €th interface (sellf~interaction




term) and from the underside of the €-1th interface (extrap-
olated term) in the form (for € # 1)

Se=A¢1Q¢- 12T Ae20¢1 (10)

where the elements of A, arc
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with sgn (z;¢ — 2;.e-) = 1ilz; ¢ = 2, ¢, and = — 1 otherwise
forj=1,...Ngandi=1,...N, ;and Lhe clements of
A, are
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Because of the continuity of displacement and slress
across the interface, we also have

Se=Brw10Qe2 + Bev 12Qe v 110 (n

where the elements of B, , , are
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=, | Neandi=1,...N,and where the elements of
Bf+|.2 are
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forj=1,...,Noandi=1,...,Ng,

The continuity of the displacement-stress vector at the
decpest interface may be wrilten as

Slr* 1= én = |.IQn -2.2 I An- |.2QJ|— 1= l}n.IQn - 1,2 “2)

which implies

Qu -1 =1_).r-|:f3n—1,|Qn—z.2. (]3)
where we have defined
D, 1 =[—A, 128, (14)

and

Qu —§ F [Qn = I,I; erf I,2]'

Similarly, the florce distribution at interface €, 2 = € =
n — 2, may be wrilten in the form

Qe=D¢ 'AiQe- 12 (15)

with

De=[—Ac2 Beyia b Bey 1o )iAes ] (16)

and where (D; '), denoles the upper hall of the inverse
maltrix. Equation (15) propagates the force distribution from
one inlerface to the next one.

Al the shallowest interface, we have

Sp =800 +S50=B2,Q2+ ByQy,, (17)

where S, is the incident displacement-stress vector pro-
duced by the source and the elements of A, , are
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with sgn (z;, = z;,) = il 2, > g, and = — | otherwisc,
From equation (17) we finally get the solution

Q =D 's,. (18)
where D, is given by equation (16).

CHOICE OF THE INTERFACE PERIODICITY
AND SAMPLING

The interface sampling is mostly a function of the wave-
lengths present. The shorter the wavelengths, the smaller the
required sampling interval. Campillo (1987) found that a
discretization rate of three points per wavelength is suflicient
to make the numerical noise level negligible. In Figure 2, we
present a comparison between the surface displacement
profile obtained by the present method for a flat-layered
medium and the one calculated by using plane-wave reflec-
tion and transmission coefficients. In both cases, a line force
is applied at the surface, oriented perpendicular to the line of
receivers. The source wave field is expressed by equation
(2). The diffracted wave field is calculated by the present
method, i.e., by representing each interface by a double
distribution of sources. This result is compared (o (he
displacement field obtained by evalualing each plane-wave
component of the source radiation [equation (2)] using the
reflection and transmission matrices for the diflerent layers.
The model consists of four layers overlying a half-space. The
frequency of the source is 20 [z, and the comparison is
made over one period of the source-medium configuration.
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Fig. 2. Comparison of the surface displacement calculated
by the boundary-integral equation-discrete wavenumber for-
mulation (x) with the solution obtained by using the flat-layer
reflection and transmission coelficients (+). The interfaces
are discretized at a rate of (wo points per shorlesl wave-
!ength. The model consists of four horizontal layers overly-
ing a half-space. The layer thicknesses are 500, 200, 100, and
200 m. The corresponding wave velocilies are 2000, 3000,
2600, 3500 and 4000 m/s with associated densities ol 2.0, 2.3,
2.2,2.4, and 2.5 glem®. The source is located at the middle of
the distance range considered which is equal to the perio-
dicity interval (4000 m). The frequency considered is 20 Hz
plus a small imaginary part equal to one-tenth of the real
part.
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The discretization interval is diflerent for each interface and
is half of the smallest wavelength present on either side of
the boundary. :

A similar comparison is made in Figure 3 for a sampling
rate of three points per wavelength. The remarkable agree-
menl between the two solutions shows the numerical validity
of the interface representation and of the propagator maltrix
scheme. It also confirms that sampling at three points per
wavelength is sullicient Lo ensure the accuracy of the results.
Atlow.frequencies (including the stalic case which is present
in the solution belore the convolution with the source is
performed), we impose, however, a minimum number of
points to represent the shape of the interface. In all the
applications presented, this minimum value of N was arbi-
trarily choosen to be 41,

The periodicity length £ of the source-medium configura-
tion must be chosen according to the simple criterion that no
disturbance from a neighboring source or diffracling bound-
ary arrives al the receivers within the time window T
considered. The choice of the imaginary part of the fre-
quency has been discussed in previous papers (e.g.,
Bouchon and Aki, 1977). In all of the applications presented
here, the imaginary angular frequency is —2u/T.

The use of a different sample rate at each interface
minimizes computation time by preventing unnecessary
sampling of interfaces separating high-velocity formations.

APPLICATIONS

To illustrate the uselulness of our method, we apply it to
several exploration configurations. The first application is
illustrated in Figure 4. The model is a sine-shaped anticline.
The layer and lower hall-space velocities are 2500 m/s and
4000 m/s, with corresponding densities of 2.2 g/cm® and 2.6
g/em?. The anelastic altenuation of the rocks is introduced in
the calculation through the use of slightly dispersive com-
plex wave velocilies (e.g., Aki and Richards, 1980). The
quality factors used are O = 40 in the surface layer and Q =
400 in the hall-space. The source is a Ricker wavelet with
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[1G. 3. Same as Figure 2 for an interface sampling rate
equal (o one-third of the smallest wavelength.




cenler [requency equal to 25 Hz. The seismograms show Lhe

arrivals: the first reflection and the first multiple reflection
from the top of the anticline. .

The second model is a sine-shaped syncline (Figure ).
The surface and half-space velocities are now 2500 m/s and
3000 m/s with corresponding densities of 2.2 g/cm® and 2.4
g/cm3 and quality factors ol 40 and 100. The seismograms
illustrate the diffracted surface displacement and are char-
acterized by a causlic.

The next example considered (Figure 6) involves a folded
anticline. The layer wave velocities are 2500, 3000, 4000, and
5000 m/s with corresponding densities of 2.2, 2.4, 2.6, and
2.7 glem’ and quality factors of 40, 100, 400, and 600. As
above, the source emits a Ricker pulse with a 25 Hz center
frequency. The diffracted surface displacement seismograms
display the primary reflection pulses [rom the three inter-
faces. The amplitude of the multiples is very small for this
configuration.

The fourth application, displayed in Figure 7, corresponds
(o a filled sedimentary basin overlying a folded syncline. The
layer wave velocities are 2500, 2800, 3000, and 3500 m/s with
associated densities of 2.2, 2.3, 2.4, and 2.5 glem® and
quality factors of 40, 80, 100, and 250. The source is the same
as the one previously described. The reflections from the
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Fig, 4, Diflracted surface displacement and corresponding
sgggce-medlum configuration. The periodicity length is L. =

m,
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diffracted surface displacement. They display two major
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folded layer display the characteristic causlics previously

seen in Figure 5.

The final application is the calculation of a vertical seismic
profile (VSP) in the model displayed in Figure 7. The recording
well is localed along the axis of the syncline. The source
location is the one indicated in Figure 7. The resulting profile is
shown in full scale in Figure 8 and with an amplitude cutoff and
independent trace normalizaticn in Figure 9. One interesting
feature of the VSP is the apparent splitting of the upgoing and
downgoing branches due to the multiplicity of paths for waves

reflected by the syncline structure.

CONCLUSION

We have presented a [ormulation which combines bound-
ary-integral equation techniques with the discrete-wave-

number Green's function representation to calculate the

propagation of seismic waves in multilayered media having

irregular interfaces. The method is based on a double dis-

crelizalion—in space and in the wavenumber domain—of

the integral equations representing the diffracted wave field.
The resulling linear system may be decomposed into a
combination of layer matrices. The solution then requires
the inversion of a matrix at each interface. The method
provides a tool for computing surface reflection or refraction
profiles and VSPs.
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Résumé

Les effets induits sur les champs de déplacements par la présence de vallées
sédimentaires de formes irréguliéres sont analysés pour des capteurs placés en surface i

des distances inférieures a 20 km de la source. Nous montrons I’importance des

s e

amplifications et de la défocalisation du champ d’ondes suivant la position de la source
dans de tels bassins. La position de la source mais également le milieu dans lequel elle
se trouve interviennent sur le contenu de la coda comme nous le montrons dans le cas
de vallées sédimentaires bi-couches. La méthode de discrétisation des nombres d’onde
est détaillée dans le cas P-SV pour la configuration de vallées alluviales A stratifications
multiples et irrégulieres faisant intervenir le probléeme des équations intégrales aux

frontiéres.

1v.1 - Introduction

The underground geological structure has a great influence on the observed

seismic waveforms and can greatly affect the displacement amplitude as illustrated for

instance by the work of Tucker and King (1984), or by the ground motion observed

around Mexico City during the great 1985 Michoacan earthquake. In parallel with these
observations, theoretical investigations have shown the importance of the geometry of
sedimentary basins and valleys on seismic motion (Aki and Larner, 1970; Sdnchez-
Sesma and Esquivel, 1979; Bard and Bouchon, 1980a, 1980b, 1985; Bard and Gariel, ]
1986; Campillo, 1987; Sdnchez-Sesma et al., 1988; Kawase and Aki, 1989). The aim of
the present study is to extend these theoretical investigations to the case where the
seismic excitation is a P-SV source, such as an explosion, and where the geological
structure includes several irregular layers. We use the discrete wavenumber - boundary
integral equation method previously described in a SH formulation (Bouchon et al.
1989). Following the study made on the topographic effects at short distances (Gaffet
and Bouchon, 1989) we investigate the effects of the source location and of the basin
interface shape on the displacement field recorded by surface receivers at short distance

from the source.

N



1v.2 - Description of the method

The method is described in the case of a semi-infinite space underlying a valley
made up of a stack of laterally varying layers and bounded by a flat free surface (figure
Iv.1). The displacement field is computed frequency by frequency from the
displacement potentials given by Lamb (1904) for horizontal and vertical forces acting
at a point (x, , z,) of an infinite homogeneous elastic space. These compressional and
shear potentials are written in a half space formulation to directly cancel the tractions at
the free surface. Following the approach developed by Bouchon and Aki (1977), we
introduce a horizontal spatial periodicity X; of the application point of force. This
spatial periodicity induces a wavenumber space sampling with a step Ak =2xn /X, .

Two distributions of couples of horizontal and vertical forces located on the upper (i.e

y lower

[OF™ expiot) ; Oy exp(iw1)]) and lower (ie. ("™ expiot) ; QY
exp (iw 1)]) sides of each interface / are used to represent the upward and downward
elastic diffracted fields. These couples are regularly spaced at Ax sampling interval
along the interfaces I (/= I, ..., L). This sampling leads to a periodic wavenumber space
restricting the wavenumber range to | -mw/Ax ; +mw/Ax | The representation of the

diffracted field can be made as precise as desired when reducing Ax. The amplitudes

r upper lowe lower A 5 " .
Q;ZW : 2T 5 Q’;‘ ", and Q""" are determined to insure the continuity of the

displacement-traction field across the interfaces.

The compressional and shear displacement potentials for a distribution of P
horizontal forces regularly spaced along an interface [ in a periodic elastic homogeneous

half space are given by:

i =0 i BE +M kn k,
q) L F E Qp; Z [ v Enp; + v RPP Tnp, + RSP Vnp, | an,
=1 n=-M n n
‘ p=F n=+M k
Y4 space - F h ) U n
WVhi1 = 2 Qp; E | —sign(z — Zp,) an, + Rgg npy + V_. Rpg Wnp, ] an,
pr=1 n=-M n 3
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(1)

(2)




Gimilarly we obtain for a distribution of P, vertical forces:

- p=n n=+M ) kn
¢' v JIIM =F 2 Q;: Z [ sign (Z - Zl)r) E"Pt - RPP T"PJ - RSP V"Pt ] HﬂPl (3)
j pr =1 n=-M Yn
i pi =P , e +M k, k,
\]!V, l = F E QP; Z [ - G"pf +— RSS Uﬂp; - RPS Wnp; ] Hﬂp; (4)
p =1 n=-M Vn n
with,
F=1/2X; 0% E,p = exp [-iv, 1z = 2,11 G, =exp [-iY,1z — 2,11 (5)
H,, = €xp [k, (x — x,)] T,p, = €xp [-iV, (z —z,)] U, =exp [-iv,(z — zp)]

Vip, = €xp [=iVyz = iYnz, ] Wyp = €xp [=iYnz = Va2p,]

where M =m/ (AkAx), k,=2nm/X,, vi=o?/or—k2L vy}=o?/B*-kh
Im(v,) <0 and Im(y,) <0. o denotes the angular frequency, o and [ are the
compressional and the shear wave velocities, and p is the density. Rpp, Rpg, Rgp, and
Rgs are the reflection coefficients of the potentials at the free surface and are dependent
upon k,, v,, and v,. The horizontal and vertical displacements in a two dimensional

Cartesian space are obtained using Helmholtz’ formulas.

s +90,) AW + W)

5 BJ= 0
w (X, 2) =~ E (6)
a(q)h L q)v) a(Wh + \lfv)
w(x,z)= +
0z x

The stress tensor components are obtained using Hooke’s law. Defining the terms

afF = +20) b2+ vy b =20 ky Yy (7)

@y =2k, v, by =plkl =yl

CﬂPr =2 cos |k, (x — xpi)] S,,pl =-2i sinlk, (x — xpr)]

we obtain the displacements and tractions for each point (x, z) of the space for (i) a

distribution of P, horizontal forces regularly spaced along an interface /




D .

=1
I_Pi

pr=1

% p =P "
oilx,z)==F Y Q.Pr

p=1
pr=P

(x z)=-F 3, Qp!

pr =1

p=r i
ozz(x z)=-F %, 0,
m=1

where kh =2 F

P =
u(x, z)=—iF ): on

(_'Yo op; + E Cnp; n np, =~ Y np, ])

n=1

n=M

P
w ()C z)=—iF E Qp, ( E Snp, [V, Cnp, '.'_kn Knp, D

( ; Snp, [ a;'l(x :p; - bxx iﬂpi

( bgz Xth, + E C!’Ipl [ axz !’:p; i bzz X.PII:Df ] )

n=1

n=M
( Z Sr:p, [_b:z Kr?p; + br)fx E.w‘:lpi ] )
=1

Top + Rsp V

npy

13

b _ o
xﬂp; = —Sign (Z - Zpr) an’ + Rgs U, o RP.S Wﬂpr
Vn
h n n
Copy = sign(z — z,) v By + — Rpg T Filap Vo,
n n
h =-G,, + R Uy, +— Rps W,
npy np; S8 “np v PS np,
n
and (ii) for a distribution of P, vertical forces
p=P n=
v — H v
u’(x, z) =—iF Z Qp ( Z S'np, Ky np, ~Yn Gnp, 1)
pr =1 n=1
p=b n=M
v — ; v V
w'(x,z)=—iF E Qp, (Vo Com + Z Cnp,  Va Cnp, Ky, Knp, 1)
P = 1 n =
PI n=M
xx Xx v XX v 'l
xx(x z)=~F E Qp; (a5 Ko + Z Cnp, [ an Kap, — by np, 1)
=1 n=1
pi=P n =
v — T v Xz pv X2 n V
Oz (x ’ Z) == Z iU} ( Z qnp, ay, npy + bn XHpJ 1)
p =1 n=1
pr = n=»mM
Vo, — P X = ; Xt v xx kv
Oy, (x,z)=-l 2 Qm bo Kom L ¢ ney )rl I\np, + b!! npy
pr=1 '
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9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)
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. n
where K’;’I = sign (Z = Zpr) Eﬂp: ] ‘RPP Tnp; + 'Y_ RSP Vnp; (]9)
n
y K Ky |
Xnpy = 7 an, + == Mgy Unp, — Rpg Wnp, |
n Yn |
A “ R v, |
npy Erzp, - RPP Tnp; + — KKgp npy I
‘YH |
v —sign (z —z,) — G,, + — Rgg U,, —Rpg W
np; = SIEN \Z Pi ap 5§ “np PS " np
rYn n
The forces applied on the upper and lower sides of an interface must insure the
continuity of the displacement-traction field accross this interface. We define a
displacement-traction vector S‘v('_”,) = US(’:”) ! Tf’") (™) 1', where
Usgf’? =[ ut™ 1, 5 21,) 5« s um (xp, » zp)) u, (x1,,21,) 5 > ™ (xp, »zp) 1 18
the displacement vector and where ux(’") (x,, » 2zp,,) and uz(”‘) (xpj » Z,,) are the horizontal
and vertical components of the displacement in medium m at each sampling point
(x5, .25 ) of the interface / and produced by a source s located in medium m.
T = [ T8 (g, 5 21) o s T8 Gipy o 2p) s T (xyy s 20) s T (py 5 2p) 1 i
the traction vector for which each component is defined as the product of the stress
tensor O induced by a source s acting in medium m by the unit vector nl(m) normal to
the interface / and pointing outward relatively to medium m at the point ( x,, , 2, ).
fa TPV, o230 6% B o T) Tk B v %) H 0% 00 » 5 n" (5, 5 25) (20)
T Gy, 2 25) = O (%, 5 2,) ) O, » 25) + O (5, 5 2,) ny Gy, > 2p,)
Assuming the existence of one or more source(s) in each medium, we have to solve the
following linear matrix system.
\
?[
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(1) (1) upper 2 2) lower (2 upper
Si1 tA;;1Q, =S, +A{1Q; +A,;,Q, (21)

@) 2 upper (2) Tower _ 3) 3) lower [&)) upper
S22 +A5,Q, +A1,2Q1 =835 +A,,Q, +A3,Q3

) ) upper (1) lower _ (+1) (I+1) lower (I+1) upper
S, +A; Q" +AL Q5 =S tALQ +ALLQ

(L) lower (L+1) (L+1) lower

(L) (L) upper
S +AL L Qp +Ap L Qri=Spa. tAL L Qy

where

S ,ﬁ: ) ; is the displacement-traction vector acting on the sampling points of the interface [

in medium m and due to the source located in medium m.

A7 12 Q7 is the displacement-traction vector acting on the sampling points of the

interface /2 in medium m and due to the force distribution Q " applied on the

upper side of interface /1.

A7 1, Q77 is the displacement-traction vector acting on the sampling points of

. . . A 2 = lower A
interface /2 in the medium m and due to the force distribution Q applied on

the lower side of interface [/.

The coefficients of the matrix A fi') 12 are deduced from equations (8) to (12), and (14)

to (19). To solve this system leads us to determine the vectors Q ;, =[ Q" ; Q ;"W]
which contain the unknown forces applied on the upper or lower sides of the interfaces

Pel, s20 L.

The general solution is given by the following recurrent procedure: .'

r
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Q;=a;(-S{1+S5)+b; Q™ (22)

—-1
. (1)
with a;=[A"1;-A{ 1] andb;=2a;A7,

@ @ @ lower P
Q,=2,(-S7,+8S3,-A;,Q; )+b,Q;

|
. (2 lower ) . (3) . 3)
a,=[A{b;y +tAjz,;-As 1]

() (I+1) (] lower upper
Q,=a; (=S, +S1,—A, Qi )+b; QG

1
) lower ) . J+1) _
a;=[A; /by +A;;s-A; ;] andb;=a; A,

(L) (L+1) (L) lower

Qr=a, (S, +S; a0 —-Ar,0 QL)

-1
(L) lower (L) . (L+1)
a; =[A; by +Ap s-Ap ]

where b, is a 4P;x2P,,; matrix and b,”" represents the 2P, ,yx2P,,; square matrix
extracted from the lower part of b,. P, is the number of sampling points of the

interface [ (figure IV.1).

1v.3 - Applications

1v.3.1 - Tests of the method

The displacement fields computed in the case of plane P- and SV-waves vertically
incident upon the valley depicted in figure IV.2 are displayed in a contour map form
figures IV.3 and 1V.4. The medium configuration chosen (figure 1V.2) corresponds to the
low velocity contrast valley type /I considered by Bard and Bouchon (1980b). In both
figures IV.3 and IV.4 the left and the right hand sides show respectively the horizontal
and.thc vertical components of the ground motion. The time window associated with the
vertical axis is /5.0 seconds long and the station offsets are presented on the horizontal
axis in kilometer units. The source time function is a Ricker wavelet having a
characteristic period of 1.16 s. (i) In the case of the vertically incident plane P-wave
(figure IV.3) we observe besides the direct arrival two surface wavetrains with a /.2 Hz
-predominant frequency. These waves that travel across the basin with a phase velocity

of 1.15 km/s have been generated at each edge of the valley and correspond to the




fundamental mode of the Rayleigh wave (see the phase velocity vs. frequency diagram

given figure IV.5). This mode prevails in the diffracted field but the first higher mode of
the Rayleigh wave slightly appears in the earlier part of the horizontal component. This
phase has been emphasized by the thin broken line drawn on the horizontal map (figure
IV.3). (ii) The diffracted field obtained in the case of the vertically incident plane SV-
wave (figure IV.4) is more complex. This can be explained by the greater excitation of
the first higher mode of the Rayleigh wave for an incident SV-plane wave. This mode
well observed on the horizontal displacement component (i.e. The phase marked I), is
reflected at the edges of the basin (i.e. see the mark RI). The amplitude of this
horizontally polarized mode is now comparable to the amplitude of the fundamental

mode that continues to prevail on the vertical component.

We now show a configuration that illustrates the completeness of the computed
diffracted displacement field. The medium corresponds to the high velocity contrast
valley type I (figure 1V.6) defined by Bard and Bouchon (1980). The seismograms are
computed over a time window of 23.5 seconds at 16 receivers and with a Ricker source
time dependence having a 0.7 Hz central frequency. This frequency has been chosen for
it corresponds to the valley P-wave fundamental resonance frequency o/ 4h. The
elastic parameters of the model are given in figure IV.6. The source is a vertically
incident plane P-wave. The seismograms are presented in figure 1V.7. Besides the
direct P arrival one can see two different types of propagating waves emphasized by the
thin broken line signed SP and by the thick bold broken lines denoted R/ and R2. The
SP marked phase propagates with the basin P-wave velocity. It has a prevailing
horizontal component and corresponds to the surface P-wave described by Lapwood
(1949) and Bouchon (1978). This phase generated at the edge of the basin has an
amplitude equal to two third the amplitude of the phases RI. The phases RI travelling
across the basin with the S-wave velocity have a predominant vertical motion and
correspond to two Rayleigh waves symetrically generated at the two edges of the basin.
These two surface waves interfere at the center of the basin resulting in a strong
increase of the Rayleigh pulse at the receiver / (see the mark /7 figure IV.7). Each
Rayleigh phase (i.e. RI) is reflected at each edge and backpropagates across the valley
‘(see the mark R2 figure IV.7), generating a new interference at the receiver I (see the

mark 12 figure I1V.7).

|
-|




Iv32-Effect of source location within the basin

The medium considered now corresponds to the profile across the central region of
the Yucca Flat valley, Nevada, given by Ferguson (1988). The basin interface used is an
idealized interpolation of the interface between the Tertiary volcanic rocks and the
Paleozoic basement. The basin is assumed to be only filled with Tertiary volcanic
saturated materials. Neither the water table nor the alluvium layer are taken into account
in the model in order to focus the attention on the influence of the source location
within the basin on the displacement field at short distances. The medium geometry and
the elastic parameters are those given by Ferguson (1988) and are depicted in figure
IV.8. The four maximum slope angles observed from the left-hand side to the right-hand
side of the basin interface are 21°, 9°, 6°, and 40°. Three explosions buried at 600 m
depth (i.e. A, B, and C) are used for this study. The epicentral distances measured from
explosion B are 20 km for receivers I and 11, I4 km for receivers 2 and 10, 8 km for
receivers 3 and 9, 4 km for receivers 4 and 8, and 2 km for receivers 5 and 7. The
computed seismograms are displayed in figures IV.9a, IV.9b, and IV.9¢ for explosions
A, B, and C respectively. The calculated time window is 15 seconds long and the source
time function in displacement is a Ricker pulse having a 0.75 Hz central frequency. The
seismogram displays have been normalized for each explosion (i.e. A, B, and C). The
absolute amplitude scales are given at the left of each receiver for the 3 detonations to

allow us to directly compare all the seismogram amplitudes.

The large maximum amplitude variations observed between the different
configurations (i.e. the factor 2.58 observed at receiver 6 figure 1V.9b) is due to the
vicinity of the convex basement straight below explosion B. For this explosion the
absolute amplitudes of the fields diffracted outside as well as inside of the basin are
much greater than in the cases of explosions A and C. However the relative amplitudes
(i.e. the ratios of the diffracted field over the maximum observed amplitude) are
significantly smaller for explosion B than for the two other source locations. The
extreme ratio values observed at receivers / and 1] are respectively 0.45 and 0.43, 0.21
and 0.31, and 0.37 and 053 for detonations A, B, and C respectively. These two
émplitude behaviours mean that the diffracted field magnified by the vicinity of the

interface is defocused by the convex region. This region induces a high lost of energy




by transmission in the underlying bedrock.

The field that propagates inside the basin in the case of explosion C is mainly
composed of a well formed Rayleigh wavetrain (see the receivers 6, 5, and 4 figure
IV.9¢) and is magnified in the ascent region of the left-hand side of the basin (see the
receiver 4 figure IV.9¢). In the case of explosion A the surface wave is not as well
generated and a wide-angle reflection merges with the Rayleigh wave at receiver 7
(figure IV.9a). The amplitude of the displacement fields emitted in the left-hand side of
the basin by explosions A and C are comparable (see receivers I, 2, and 3 figures IV.9a
and IV.9¢). But in the right-hand side of the basin (i.e. for the receivers 9, 10, and 11)
the displacement field amplitude for explosion A (figure IV.9a) is three fourth the one of
explosion C (figure IV.9¢c). We can also noticed the longer duration of the explosion A
diffracted Rayleigh wavetrain on the right hand side of the basin compared to the one
generated by explosion C. This duration is associated with a slight frequency dispersion
well observed on the vertical displacement components at receivers 8, 9, and 10 (figure

IV.9a) and 2, 3, and 4 (figure IV.9c).

1v.3.3 - Dif fracted field by a multi—layered basin

The source location influence is also related to the burying medium. Figure 1V.10
depicts the new case studied. The model is a two layers basin with 34 receivers located
on the surface. Three explosions (4, B, C) are detonated in the three media and the
displacement fields generated are displayed in figures IV.11a, IV.11b, and IV.11c. The
horizontal axes correspond to the station number and the oblique axes to the time
window. The source time function is a Ricker wavelet having a 4 Hz central frequency.
This value is two times the P- and four times the S-waves resonance frequencies of the
first medium. The different phases observed are enhanced by the a, B, ¥, ¥*, X, and

arrows. The T arrow shows the shot point location.

Some of these phases are observed for explosion A (figure IV.11a). The surface
wave T, well seen on the vertical component, corresponds to the diffraction of the
‘explosion direct field at the left edge of the basin. The o and [ phases correspond

respectively to the surface P-wave and to the Rayleigh wave diffracted out of the left
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side of the basin. After a /s duration gap of ground motion and following the B phase, a
proadened phase, denoted vy, appears with the velocity of the B phase. Since it only
appears out of the left hand side of the basin the phase y (and v* as will be seen later in
figures 1V.11b and IV.11¢) must result from two successive P-head waves. (i) A P-head
wave propagating along the first interface from the shot point region to the right hand
side of the basin is transmitted into the second medium. (ii) This wave is diffracted by
the right basin edge which generates the Rayleigh wave ) (well seen in figures IV.11b
and IV.11c) and the second P-head wave that backpropagates along the second
interface from the right side to the left side of the basin where it rises up as the phase .
In the cases of explosions B (figure IV.11b) and C (figure IV.11b), the phase 7y is
weaker but is followed by a stronger phase denoted y*. This late phase results from two
successive P-head waves. These two head waves both propagate along the second
interface before reaching the at the left side of the basin as the y* phase. The phase o is
the direct P-wave in the case of explosion C for which the phase } has a negligible
amplitude.
La suite du texie nc fait pas partie de
I’article. Nous voulons ici décrire plus finement

le comportement du champ de déplacement
suivant la forme du bassin . . .

1v.4 - Influence de la forme du bassin

Nous analysons les modifications du champ de déplacement & des distances
inférieures & 10 km qui sont dues a la forme des bassins sédimentaires. Deux vallées a
et b décrites figure IV.12 sont étudiées. Les pentes maximales du modele a sont 27° &
gauche et 38° a droite. Pour le modele b les pentes maximales de gauche a droite sont
38°, 15°, et 38°. Les variations du champ de déplacement induites par le changement de
forme du bassin sont étudiées pour 7 capteurs placés en surface. La source est une
explosion effectuée dans la partie gauche des bassins & 350 m de profondeur. Les
sismogrammes correspondants sont présentés figure IV.13. La configuration milieu-
stations y est donnée pour chaque modele avec en superposition une fenétre de 6 s dans
laquelle sont représentées les composantes horizontales et verticales des déplacements
enregistrés par chaque récepteur. Les amplitudes absolues sont données au dessus des

stations. La fonction source utilisée est un Ricker de fréquence centrale 2 Hz supérieure
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4 la fréquence de résonnance de ’onde P. En bas a gauche une légende résume les
notations utilisées dans la suite du texte. Pour mieux décrire les mouvements du sol,
chaque sismogramme est décomposé en deux parties. La partie 1 correspond aux
premiéres arrivées (i.e. & gauche du trait €pais coupant la fenétre en deux sous-fenétres).

La partie II correspond au reste des sismogrammes.

IV.4.1 - Description des sismogrammes .,

Trois régions sont définies dans le champ de déplacement présenté figure IV.13.
La premiere région a gauche du bassin concerne les capteurs I et 2. Les premiéres
arrivées y montrent un fort déplacement a composante verticale prédominante, précédé
par une phase émergente dans le cas du modéle a et par une phase horizontale plus forte
et impulsive dans le cas du modéle b. La partie II dans cette région montre, pour le
bassin a, un mouvement de plus faible amplitude que la partie 1. Pour le bassin b la
partie II domine globalement les sismogrammes. La deuxieéme région groupe les
récepteurs 6 et 7. La durée des sismogrammes y est plus longue. L’onde R, est
clairement générée aprés propagation dans le bassin a et visible au début des ondes de
surface des capteurs 6 et 7. Cette phase apparait moins clairement pour le modele b, du
moins apparait-elle avec une plus faible amplitude. Le déplacement maximum se situe
dans la troisieme région qui contient les capteurs 3, 4, et 5. Ce maximum apparait sur la
composante verticale du capteur 5 du modele a tandis qu’il est observé sur la
composante horizontale du récepteur 3 du modele b (figure IV.13). L’amplitude
maximale est observée pour les deux modeles dans les premieres arrivées des
sismogrammes. En résumé, si globalement la durée des signaux est allongée par la

propagation dans le bassin, les phases observées et leurs amplitudes sont fortement

influencées par la forme du milieu.

Nous allons donc décrire les mouvements de particules et comparer la nature des
champs de déplacements diffractés par les deux vallées sédimentaires. Les mouvements
de particules sont présentés figures IV.14 et IV.15 pour respectivement les parties I et II
des modeles a et b. Chaque dessin est composé de deux niveaux relatifs aux deux
-modélcs étudiés. La représentation orthonormale permet de corréler directement les

angles de polarisations avec les différentes pentes des bassins. Les angles de polarisation




sont mesurés entre I’axe horizontal et le grand axe des mouvements elliptiques.

Iv.4.2 - Mouvements des particules

IV.d.2.a - Partie I des sismogrammes

Le récepteur 3 modele a (figure IV.14) montre un mouvement de particule
elliptique incliné a 45°. Cette polarisation permet d’identifier la phase correspondante
comme une onde P réfléchie grand angle sur la pente gauche du bassin (Aki et Richards
1980). L’angle de réflexion est de 72,6° (angle critique de réflexion étant de 41°). La
réflexion s’est produite & 235 m de profondeur sur une pente de 27,6°. Dans le modele b
le récepteur 3 (figure IV.14b) montre un mouvement elliptique incliné a 28°
correspondant 2 une onde P inhomogéne rayonnée par l'interface a proximité du
récepteur 3 (Lapwood, 1949). Les contenus fréquentiels des déplacements enregistrés au
capteur 3 pour le modele a et pour le modele b sont décrits figure IV.16. Cette figure
résume les mouvements horizontaux et verticaux, les mouvements de particules et les
spectres de déplacements normalisés pour les deux fenétres étudices. Dans le modele a
la fréquence centrale de la partie I est voisine de 2 Hz, fréquence de la source, alors que
pour le modele b la fréquence centrale est 2,6 Hz. Ceci confirme la nature différente des

ondes observées.

Pour les deux modeles (figure IV.14) les récepteurs 5 ont des mouvements de
particules similaires présentant une ellipse inclinée & 70° précédée par un mouvement
elliptique de plus faible amplitude incliné & 49° qui peut correspondre a ’onde P
conique rayonnée dans la partie plate des deux bassins. Le mouvement elliptique majeur
est associé au rayonnement en onde S de I'onde P d’interface. Une ellipse de grande
amplitude inclinée a 52° décrit I'émergence simultanée de I’onde réfiéchie et de ’onde
P cénique qui suivent I’arrivée du champ direct au capteur 4 modele a. Pour le modele
b, cette station a un comportement différent avec un mouvement triangulaire horaire qui
suit immédiatement I’arrivée directe. Ce mouvement de particule est induit par la partie
creuse du bassin et entraine une augmentation importante de I’accélération aux instants
des points de rebroussement du mouvement de particule (capteur 4 figure IV.14b). Les

récepteurs 1, 2, 6, et 7 enregistrent Ja propagation d’une onde de Rayleigh caractérisée




par son mouvement elliptique. L’amplitude de cette onde de surface est importante

comparée a celle de I'onde directe pour le modele a (Voir les récepteurs I et 2 par
exemple). Par contre son amplitude est réduite pour devenir égale & I'amplitude du

champ direct pour le modgle b.

1v.4.2b - Partie Il des sismogrammes

Les mouvements de particules de la deuxieéme partie des sismogrammes sont
présentés figure TV.15 pour les modeles a et b. Les mouvements décrits par le sol sont
préférentiellement des ellipses verticales pour les deux modeles. Les formes de
polarisation sont similaires sauf pour le capteur 4. Les ellipses anti-horaires de grandes
amplitudes des capteurs 6 et 7 correspondent a 'onde R, observée figure IV.13a. Ces
ellipses se finissent par un mouvement quasi circulaire que ’on peut observer avec une
amplitude comparable pour les deux modeles. Le déplacement maximum apparait au
récepteur 3 du modgle b et vaut 1,5 fois celui du capteur 3 du modele a. Pour ce
capteur les fréquences prépondérantes sont 3,25 Hz et 2,4 Hz pour le bassin a et pour le

bassin b respectivement (figure IV.16).

Conclusion

Nous avons développé la méthode de discrétisation des nombres d’ondes, utilisée
ici pour la résolution des équations intégrales aux frontieres, pour le calcul de
sismogrammes en présence de vallées alluviales a stratifications’ multiples et irréguliéres.
La méthode matricielle de détermination du champ de forces est détaillée dans le cas
général d’un ensemble de sources ponctuelles de distribution quelconque. Dans les
applications traitées, I’influence du site environnant la source a été analysée jusqu’a des
distances d’une dizaine de kilométres. Suivant la configuration source vs. milieu de
propagation, différents effets de défocalisation, d’amplification et de dispersion des
ondes ont été mis en évidence. Nous avons montré comment des ondes rétropropagées
sous un bassin peuvent allonger la durée des mouvements du sol, nous avons également

détaillé les variations de ces mouvements avec les variations de la forme des bassins.
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Fig. IV.1 - Geometry of the medium and description of the different notations.
The medium is described by [ =1...L interfaces defining
m =1 ...L + 1 layers. The interface sampling step is Ax along the x axis.
The periodicity of the medium is X; (Explanations in text).
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Medium V
(km/s) | (km/s) | (g/cm?)
Source: Incident plane wave
1 2.000 1.100 2.200 0.28
2 5.000 2.800 2.800 0.27

Fig. IV.2 - Medium geometry for the first computation and location of the re-
ceiver area from the offset 0 to the offset 12 km. The medium is made up of a
thin and flat sedimentary valley whose elastic parameters are summarized in the
table. The medium I corresponds to the valley, and the medinm 2 to the under-
lying bedrock.
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Fig. IV3 - Contour map displays for the horizontal (Left) and the vertical
(Right) motions recorded by the receivers depicted figure IV.2. The source is a
vertically incident plane P-wave. The Ricker has a period of 1.16 s.
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Fig. IV.4 - Same as figure I'V.3 for a vertically incident plane SV-wave.
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Fig. IV.5 - Phase velccity vs. frequency diagram computed for a medium
equivalent to the medium given figure I'V.2 and made up of a layer having a
thickness of 05 km overlying a half space. The elastic characteristics of the
layer and of the half space are the same as the one described figure IV.2. We
have plotted the /.15 km/s and the 1.9 km/s phase velocity positions at 1.2 Hz
and .4 Hz that comrespond respectively to the fundamental and to the first
higher modes of the Rayleigh wave observed on both vertical contour maps of
the figures IV.3 and IV .4.




1.0 1 23 45 6 7 8 910111213141516
1k 5 r vyt ¥y vy ry ¥ ¥ ¥ F % Y
0.5 Km :
Medium - B 3 V
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Source: Incident plane wave

1 1.400 0.700 2.000 53
2 6.062 3.500 3.300 .25

Fig. IV.6 - Medium geomefry and location of the 16 receivers. The medium is
made up of a sediment-filled valley whose elastic parameters are summarized in

the table. The notation are the same as in figure IV.2.




Time window: 23.50 sec. - Source frequency: 0.70 Hz
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Total Displacement Fleld

Fig. TV.7 - Blacknening representation of the horizontal / and vertical Z displacement components recorded at
the 76 receivers displayed figure JV.6. The time duration is 23.5 s long and the Ricker [requency equals 0.7 Hz.
See the explanations in the text concerning Lthe notation /1, 12, R/, and R2.
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|
2 4.570 } 2.640 2.500 0.25

Fig. IV.8 - Medium geometry and location of the 1] receivers considered for
the next calculation.
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Fig. IV.9 - Blacknening display of the horizontal H and vertical Z motions com-
puted at the 17 receivers. The time window lasts for 15 s. The Ricker frequency
is 0.75 Hz. For each explosion the seismograms are drawn with relative ampli-
tudes. The absolute ones are written for the explosions 4, B, and C.
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Medium A%
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Source: Explosion
1 2.600 2.000 2.000 0.28
2 4.200 2.500 2.300 0.28
3 5.717 3.300 2.600 6.25

Fig. IV.10 - Two layered medium geometry and location of the 34 receivers.
The three explosions considered are signed A, B, and C in the first, second and

third media.

FS




£
~ R s
"i’:;ﬁ'ﬁ\‘- 5

R o
D e I TRIER
SN AN
S AL R [ [ e T AR
R S I AR
JEARR "’JI"“\T{"'.Q'_ L
L SRRAE
AN Z
LS008
':;\e"o.' L

N,
L
AKX
o s
7 ‘;cf;q;"'ﬂ'm,
J’P“ﬁi .1,,:5"#;'
154 )
e
=

= B R I A A B I T S ) S ) R S N G S s S (N s S [ (R i SR | ™ rr e ———————— P B A [ ey T S o e B s A (e =
3 5 7 9 11 13185 17 19 21 23 25 27 28 31 33 3 3 7 9 11 1315 17 1% 21 23 25 27 29 31 33
Receivers Receivers

Horizontal component Vertical component

Fig. IV.11a - Time vs. distance horizontal and vertical dis-
placement nappes for the explosion A. The main phases pro-
longed by the o, B, v, 7%, %, and 1 arrows are described in
the text. The shot point is enhanced by the T arrow.

7

Cy L

BB
.’.

(A)




ubtlle

P At
TN

.’.’.r!'{;'ﬂ”"'h_!'z.

S T R R R T
$ 7 8 11 13131719

Receivers
Horizontal component

: B I R SR R O e R A
2% 23 28 27 29 31 33

L

L L L L R L R L) ) e R ICE SR i R K N ¢
7 9 11 13 1517 19 21 23 25 27 29 31 33

Receivers
Vertical component

Fig. IV.11b - Same as figure. IV.11a for the explosion B.
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Fig. IV.12 - Configuration des milieux a et b et positions des 7 capteurs.

e e e e




‘ t T 7 i | i f
we) pa o Jlut) uft uit) et Hurt w0t A A pe A“Mf
PAY W | | ; ! |

I 1 I 1 I i
1 2 3 4 6 7 a
0.5 Km
; :.'=0.13; ¢ r=0.1'r; FI.OOI ’ z="u.'52 [ r=0C. 4E M.llo :.=C.0'8
0] wrry wit) iwit) wit) LA . AMA)IWJ |
1.0 Km "‘_""%’? ?ﬂﬁ“" Y “Vb”“ W N "M‘ N_F‘ v ik b L LT : | ;
; uft) I Hutes AV'DWA"AUAVJRM” ! ul't, I | uft)  paafh z ;" dyt) ” I ” n% uft) T
1 ‘| 1 1 I | ‘ | 1
1 2 4 € 7 b
i
0.5 Km
Legend
wit) I
uft) +|
parc 1 |pase rr Ground displacements - Ricker frequency 2 Hz

Fig. IV.13 - Représentation composite de la configuration du milieu défini
figure IV.12 et des composantes horizontales et verticales des déplacements
enregistrés aux 7 capteurs. La fréquence de la source est 2,0 Hz. Le trait
vertical épais scinde les sismogrammes en deux parties I et II (voir texte)
correspondants aux premiéres arrivées et aux arrivées plus tardives.
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Fig. IV.14 - Représentation des mouvements de particules correspondants
aux premiéres arrivées pour les modeles a et b définis figure IV.12. La
représentation est orthonormale. Les échelles sont données 4 gauche de
chaque représentation. Les amplitudes correspondent au déplacement
radial maximum enregistré par chaque capteur.
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Far-field effeets due to geological structures located in the vicinity of

buried explosions.
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Résumé

Nous avons construit les sismogrammes synthétiques en champ lointain et
déterminé un ordre de grandeur des variations sur I’estimation de I’énergie des tirs en
fonction de leurs positions. Les tirs considérés ont été effectués dans la partie centrale
du bassin de Yucca Flat au Nevada et ont été enregistrés par le réseau sismique du L.
D. G. Les signaux ont €€ calculés en utilisant le théoréme de réciprocité et la méthode
de discrétisation des nombres d’ondes pour résoudre de fagon exacte le probleme des
intégrales aux frontieres intervenant pour la construction des signaux dans le bassin
irrégulier de Yucca Flat. Nous avons mis en évidence différents effets qui portent sur la
forme des signaux calculés et sur I’estimation des magnitudes. Ces effets ont été
corrélés d’une part aux hétérogénéités structurales présentes dans le milieu de tir et
d’autre  part au fonctionnement de la source elle-méme. Malheureusement, la
comparaison directe entre les signaux calculés et les signaux observés n’a pas été faite

car le calcul sur le modele complet de Yucca Flat n’a pas encore pu étre entre OIS,
P !

v.1 - Introduction

Many works have started to study the displacement amplitude variations observed
at teleseismic distances. These variations have been correlated to scattering by the
structure heterogeneities in the vicinity of the source region (Cleary er al., 1975;
Bouchon, 1976; McLaughlin et al., 1987; Ferguson, 1988; McLaughlin and Jih, 1988).
They also have been attributed to the physical properties (e.g. density, porosity, water or
oil saturation, etc.) of the source medium taken into account in the source function
modelling (Werth and Herbst, 1963; Boardman er al., 1964; IHasegawa, 1971, 1972;
Mueller and Murphy, 1971, 1972; Power, 1974). The purpose of this paper is to
balance the structure heterogeneity and the source medium property contributions to the
farfield displacement using synthetic models. The discrete wavenumber-boundary
integral equation method (Bouchon and Aki, 1977: Bouchon et al. 1989) is used to
study these effects on the radial farfield response of geological structures. We study here
the source region effects that we have to take into account when we analyse Yucca Flat

nuclear detonations, Nevada Test Site, recorded {rom the French L.D.G. network.

n




v.2 - Method of computation

Ft) =s(1) * p(r) * c(t) * a(r)

(i) the reduced displacement potential

WO =) | T—e™ 1+ ke +ay(ke)? + ay(ke) + as(ke)*

et al., 1974), and k should be related to the yield as w173,

explosions in tuff with various free porosities and water densities.

formulation. Thus in the frequency domain the path is modeled by

o0 &

The farfield displacement is assumed to result from the convolution of the source
function, i.e. s(t), by the propagation path response, i.e. p(t), by the receiver and source

site functions, i.e. ¢(t), and by the recording system response, i.e. a(t). Thus

Different formulations of the source function s(t) have been derivated in term of

where a; =1/2, ay = 1/6, a3 =B in the Haskel] model (1967) inducing a w™ high-
frequency dependency. Two modified forms have been proposed by von Seggern and
Blandford (1972) with ¢, = -B and dy=az=0 and a w2 high-frequency behaviour,
and by Helmberger and Hadley (1981) with ay=172, a,=-B,
corresponding to an intermediate shape between the Haskell and the von Seggern and

Blandford models. The B constant is related to the spallation effect (Viecelli, 1973 ; Aki

(if) Another source formulation is the one given by Mueller and Murphy (1971).
This model takes into account both the yield and the detonation depth. The model
scaling factors depending on the medium of burial are empirically determined for
different source environments (Murphy, 1977). Power (1974) modified the Mueller and

Murphy (1971) scaling theory using i computer code that simulate underground nuclear
Y £

The first few seconds of the teleseismic observations at distances of approximately
80° essentially consists of the paths (e.g. P or pP) that take place in the mantle. The

attenuation of these paths are described with the Futterman (1962) inelastic attenuation

p(f)=exp|-nfr*(1- exp}—f )| exp | =2infr*(Q - -T][—Loge Tg—) exp [ZZfI*Logef]




~1
where ¢* is defined as 1" = J path o ds and represents the ray path-integrated effect
v

of the mantle quality factor Q, f, is the frequency above which dispersion occurs in the
mantle (f, > 0), and € is the Euler constant. In the 0.2 - 5 Hz frequency band the 7
value is estimated in the 0./ - 0.8 range (Frasier and Filson, 1972; Cormier, 1982; Der
and Lees, 1985). In the time domain the mantle transfert function is for each frequency
f = f, equal to the convolution of 3 terms, i.e.

2" 1 '

i f)= - * 5|t —(0Q - —Log,—)t* | * 8|t +-—Log,
pt;f) A Q ——Log fo) o Log.S

~ . ~ . . . " . *
Where the first time ¢ function is an amplitude scaling depending on ¢, the second term
corresponds to a delay pulse, and the last term represents the frequency dispersion

function with a phase advance for f> I Hz and a delay phase for f < 1 Hz.

The French L.D.G. network short period recording system response is mainly a
function of the seismometer response for the other different recording filters (i.e. the
third order Bessel filter frequency modulator and the anti-aliasing Chebychev filter) have
flat and linear responses in the studied frequency band 0.2 Hz <€ f < 5 Hz. Thus the

recording system displacement response in the frequency domain is

—f3
(F2=fD +2Bfof

a(f)=

where [, is the characteristic frequency of the seismometer, and B =1/ V2 the damping

factor .

Different numerical methods have been investigated to study the influences of the
near source site heterogeneities on the teleseismic P-wave seismograms. If the lateral
heterogeneities in the source region have effects at teleseismic distances on the
magnitude my, estimates that can be averaged or canceled indeed by a network of
stations at multiple azimuths, these source site structure are of great importance for thin
aperture observations (McLaughlin er al., 1987, McLaughlin and Jih, 1988). Hasegawa

(1971 and 1972) using a composite method connects the recorded seismograms shape to

the geological complexity of the source environments. Bouchon (1976) links the

—_—
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Thomson-Haskell method (Thomson, 1950; Haskell, 1953) with the reciprocity theorem
and shows the great influence of the source depth and of the burying medium on the my,
estimates for events in layered media. Aki-Larner (1970) calculations for Yucea Flats
explosions (Ferguson, 1988), and other empirical or data analysis methods (Taylor, |

1983; Lay and Welc, 1987; Lay 1987a and 1987b) have been processed to emphasize

the near source structure effect on the farfield displacement records. !

The near source structure effects are hereafter computed using the discrete
wavenumber-boundary integral equation method associated to the reciprocity theorem.
This discrete wavenumber method has been previously described and developped in the
P, SV, and SH cases to study the effect of laterally varying media onto the field
diffracted at a few tens of kilometers of the source (Bouchon and Aki, 1977; Bouchon
et al, 1989; Gaffet and Bouchon, 1989, 1990). We study the farfield source
environment influence and therefore ignore the receiver structures for such a problem
had been the subject of a great deal of works which give prominence and describe the
wave diffraction effects observed on teleseismic recordings that are due to the
topography (Key, 1967; Bouchon, 1973; Sdnchez-Sesma and Rosenblueth, 1979; Bard,
1982; Kawase and Aki, 1988, 1989, and 1990) or to underground structures (Bard and

Bouchon, 1980 and 1985) located near the seismometer.

v.3 - Numerical experiment

S

A profile turned toward the French L. D. G. network has been infered from the
Paleozoic basement depths obtained by Taylor (1983), Ferguson et al. (1988) and ;
McLaughlin et al. (1987) for the Yucca flat valley. In the aim to determine the influence |
of the different layers, the basin was firstly made up of a wet tuff rocks filling (model
a), and then with a wet tuff volcanic rocks underlying a dry alluvium filling (model b).
A third model should take into account the dry tuff level (i.e. the water table) but hasn’t
been yet processed for computation long duration. The model b and the elastic
parameters are depicted figure V.1. The crosses indicate the true depths of the two

interfaces considered. The horizontal scale gives the distance in kilometer from an

arbitrary origin. 1] detonations are studied and described in the table V.1. The map

figure V.2 displays their repartition nearly SW-NE along the prolile given figure V.1.




Table V.1

No Event names Dale Time °N W Depth my
1 PYRAMID 16 Apr 1980 20 00 00.1 37 06 04 116 01 50 579 m 53 '&
2 JORNADA 28 Jan 1982 16 00 00.1 370529 116 03 04 640 m 59 %
3 TURQUOISE 14 Apr 1983 19 05 00.1 3704 22 116 02 45 533 m 5.7 |
4 MUNDO 01 May 1984 19 05 00.1 37 06 22 116 01 21 567 m 53
5 CAPROCK 31 May 1984 13 04 00.1 3706 11 116 02 53 600 m 5.8
6 BRETON 13 Sep 1984 14 00 00.0 3705 12 116 04 16 483 m 5.0
7 HERMOSA 02 Apr 1985 20 00 00.1 37 05 41 116 01 56 640 m 5.7 |
& GLENCOE 22 Mar 1986 16 15 00.1 37 04 59 116 03 58 600 m 5.1
9 TAJO 05 Jun 1986 15 04 00.1 37 05 54 116 00 56 500 53
10 GASCON 14 Nov 1986 16 00 00.1 37 06 02 116 02 53 600 m 5.8
11 BULLFROG 30 Aug 1988 18 00 00.1 3705 09 116 04 07 500 m 5.0

at the same location and different depths (i.e. Breton (483 m), Bullfrog (500 m),
Turquoise (533 m), and Glencoe (600 m)) and a set of 7 events from west to east (resp.
Jornada, Gascon, Caprock, Hermosa, Pyramid, Tajo, and Mundo). The signals averaged
on the L. D. G. network are presented figure V.3 in the 0.5 - 2.5 Hz frequency band.
The averaging allows us to minimize the noise and to obtain the signals for a receiver
having a flat frequency response (but an unknown magnification constant). The flatness
has been verified by comparing the average events with the signals recorded at stations
having known flat responses in the considered frequency band (i.e., MFF, LFF, LPO;

Lemenager, 1982).

of incidence from the source region of 10.95° (Pho and Behe, 1972). Synthetic

Vv.3.1 - Medium

shape ef fect

—_—

The explosions have been projected onto the profile and the layout shows 4 events

The mean observing distance is 80° from Yucca Flat and corresponds to an angle




seismograms have been computed over a /0 s duration window at such a distance for

the simple basin ¢ and for the two layered basin h. The results are respectively
presented on the left and right columns of the figure V.4. The farfield basin impulsive
response has been convolved with the non frequency dispersive Ricker function at I Hz.
The time domain maximum displacement amplitude increases with the depth of burial
for the both models (See Breton, Bullfrog, Turquoise, and Glencoe). The general
feature observed is the amplitude increase from west and from east up to Pyramid in
connection with the depth of the basin bottomn, This shape effect is magnified by the
presence of the alluvium layer for which the maximum displacement location always
remains at Pyramid location. The seismograms are all the more broadened because the
alluvium deposit thickens. Tajo and Mundo don’t show significant variations between

the two models for the too thin alluvium coverage above them.

V.32 - Influence of the vyield

We now compute the seismograms that should be recorded in France for the 11
assumed fully coupled detonations and for yields of 20 kt and 120 kt. The Mueller-
Murphy source (1971) is used with the parameters corresponding to the wet tuff-rhyolite
medium of burial (Murphy, 1977). The ¢* value is 0.7 (Cormier, 1982). The frequency
responses are presented figure V.5 and the resulting signals (i.e. s (1) * p() * a(r) are
displayed in the two bottom boxes for an infinite space having the characteristics of the
wet tuff layer. The main frequencies are 7 Hz and 0.7 Hz for respectively the 20 kt and
the 720 kt shots at 500 m depth. These two source functions have then been convolved
with the Yucca ‘Flat farfield response of the model b to obtain the seismograms
displayed figure V.6. The solutions for a half space source medium are superimposed in
dotted lines. Besides the computed seismograms of Tajo and Mundo which are scarcely
modified in comparison with the half space  solution, the common feature is an
enlargement of the pP-wave. For the both yields, the amplitude increases while the
depth of the Paleozoic basement decreases, the maximum amplitude being recorded in
the camber region in the eastern part of the valley. If the amplitude seems to be
correlative to the external shape of Yucca Flat, it appears that the frequency of the

maximum amplitude has to be related to the thickness of the alluvium. The figure V.7
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sums up these results. This display depicts the Am,, predicted by the synthetic data. The

Amy, values correspond 10 Log 1y (Agens 1 /' T) — [Log 10 Aeyee g 1 T) ]mx, difference
between the magnitude of each detonation k& with a reference event R which predicts the
maximum magnitude. The general behaviour of the maximum amplitude is similar for
the two yields with a Amy, variation well correlated to the Paleozoic basement shape and
a regular decrease of the period of the maximum amplitude with the thinning of the
alluvium. - A source effect is clearly shown for the explosions 6 (Breton), 11 (Bullfrog),
3 (Turquoise), and 8 (Glencoe) for which the Amy, behaviour is reversed when the yield
increases. Thus for small yields (e.g. around 20 kt) the displacement amplitude

decreases with the depth of burial while it increases for big yields (e.g. around 120 kt).

We can apply these synthetic Amy, variations to estimate the correlative yield
miss-estimation. Different formulas may be used to estimate the yield in the Yucca Flat

test region, i.e.
my =379 + 0.85 Log ;o W (Murphy, 1977) (D)
my, =371 +0.89 Log o W (Bache, 1982) (2)

These two relations can be summarized by m, =a + b Logqy W. Thus on the one
band, if the observed magnitude my ., is smaller than the magnitude /T —
corresponding to the true value of the yield W,,,,, the miss-estimated percentage of the

yield is

= Amy |

IAW |/ Wy =1=10 °

For instance, if Amy, = -0.25 the underestimated yield is half times the true yield. On the
other hand, if the observed magnitude my, . ops 1S greater than the magnitude My e the

miss-estimated percentage of the yield is given by

| Arng |
AW L /W, =10 » -

true

Thus for Amy, = +0.25, the estimated yield is almost 2 times the true yield. The b values




TR

proposed in the relations 1 and 2 are close together so that the predictive yield

estimation effects are similar for both magnitude vs. energy relations.

Conclusion

We have implemented the discrete wavenumber-boundary integral equation
method to compute the radial farfield response of structure heterogeneities in the source
region. The computation have been processed using the reciprocity theorem to simulate
11 underground explosions occured in the central region of the Yucca Flat valley,
Nevada, and recorded in France. We have shown the strong influence of the nature and
of the shape of the basin filling. On the one hand, the maximum displacement
amplitudes are connected together with the shape of the valley while on the other hand
the corresponding frequency is correlative to the thickness of the alluvium deposit. The
my, anomalies determined in this work would be used to reduced the uncertainty in the
yield estimations made with data obtained from a thin aperture network. The complete
model which hasn’t yet been implemented (i.e. the model ¢) should increase the model b
amplitude behaviour and should lengthen the first arrivals registered for the events

occured in the eastern part of the valley where the dry tuff level is the thickest.

71



-SW- 42

43

44 45 46 47 48 439 50 51 52 53 54 (km) -NE-

0.0

Medium configuration

~0.5

T1.0 (k=)
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Medium vV
(km/s) | (km/s) | (g/cm?)
AL 1.340 0.640 1.500 0.35
wT 3.000 1.500 1.800 0.30
a b
Pz 4.570 2.640 2.500 0.25

Fig. V.1 - Geometry of the Yucca Flat valley infered from the model given by
Ferguson et al. (1988). The basin a is assumed to be formed with a wet tuff
layer (WT) overlying a semi infinite space made up of Paleozoic sediments (PZ).
The elastic parameters are sumed up in table with the bracket a. The model b
takes into account the alluvial deposits (AL) and corresponds to the bracket b.
The explosions numbered from / to II in the table IV.l are depicted by the
black circles in the tuff level. The horizontal scale is given in kilometers from
an arbitrary origin.
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Fig. V.2 - Simplified map of the studied events. The gray ellipse is ploned to
emphasize the global distribution of the events roughly turned toward the
France.
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Yucca Flat events stack ... Band-pass filter: 0.5 - 2.5 Hz

September, 13 1984 (6 - 5.0)
0-C 138 A

August, 30 1988 (11 - 5.0) BULLFROG

April,
0-C 663 A

14 1983 (3 - 5.7) TURQUOISE

March, 22 1986 (8 - 5.
0-c 219 A

GLENCOE

January, 28 1982 (2 - 5.9)
0-C 1000 A

JORNADA

November, 14 1986 (10
0-C 581 A

GASCON

May, 31 1984 (5 - 5.8) CAPROCK
0-C 581 A

April, 2 1985 (7 - 5.7) HERMOSA

0-C 506 A

April, 16 1980 (1 - 5.3)

0-C 313 A

June, 5 1986 (9 - 5.3) A
0-C 206 A

May, 1 1984 (4 - 5.3) MUNDO
0-C 269 A
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Ricker at 1 Hz - Tuff + Alluvium

Radial
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Fig. V.4 - Displays of the synthetic modellings obtained for the model a (lelt) and b
(right) for the 17 studicd detonations. The source is for both cases a Ricker having a 1
Hz ceniral frequency in displacement. The relative amplitudes are written in the left side

of each seismogram.
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Fig. V.5 - The shapes ol the Mueller-Murphy (1971) source that should be recorded at
teleseismic distance in an jnfinite homogencous space arc given for the yields 20 kt and
120 kt in the two bottom boxes. In these boxes, the middle vertical thin line shows the
arrival of the I Hz frequency. The transfert functions of the Mucller-Murphy (1971)
source function (i.e. modulus IMM(f)I, phase ©[MM(A]), of the Fulterman (1962) manlle
allenuation (i.e. modulus [Fu()l), of the recording system (i.e. modulus IS(f)l, phase
D[S(N]), and of the far field displacement recording (i.e. modulus I1Sis(/)l) are depicted in

the top part of the display.
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Fig. V.6 - Scismograms obtained for -the Mueller-Murphy source (1971) and for the two
yields 20 kt (left) and 120 ki (right). The relative amplitudes and -their corresponding fre-
quencies are wrilten at the lelt of each seismogram. The seismograms are the ones calculat-
ed for the model b. The solutions obtained in a half space are given in slight superimposed

dotted lines.
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Perspectives

Au cours de ce travail, nous nous sommes attachés i présenter sur un ensemble de
modeles simples, comment différentes altérations peuvent modifier les signaux sismiques
en fonction des structures présentes dans les milieux de propagation. Le passage & des
milieux plus complexes ne pose aucun probléeme théorique. Il faut cependant en explorer
progressivement les structures si ’on veut continuer 2 expliquer les modifications des
signaux en fonction de celles des modeles. Nous ne rappellerons pas ici de fagon
systématique les résultats obtenus, préférant définir un plan plus général, composé de

deux parties, plan dans le déroulement duquel vient s’insérer cette these .

Applications e Nous avons vu combien I’estimation de I’énergie des tirs peut étre
faussée si I'on ne prend pas en compte I’influence a des distances télésismiques des
structures environnant ces sources (¢f. chapitre V). Il faut, de la méme maniére, tenir
compte des sites de réception qui, eux aussi, peuvent amplifier ou atténuer les ondes
regues (¢f. chapitre II). Pour corriger ces estimations, on pourra calculer les réponses
d’une série de stations a des ondes planes qui viendraient de zones de tirs particuliéres.
Pour chaque tir dont on connaitra la géologie alentour, on pourra €valuer la réponse du
site vue par chacune des stations. On disposera alors de tous les éléments pour analyser
les variations de la source explosive réelle par rapport a la source ponctuelle isotrope
utilisée pour le calcul. Le principe de ce traitement n’est pas nouveau, puisqu’il s’agit
simplement de déconvoluer du signal toutes les informations que 'on peut connaftre,

mais les outils développés ici permettront d’effectuer ce traitement dans les milieux tres

hétérogenes.

Recherches e Les méthodes de calcul développées nous permettent d&s maintenant
d’envisager D’installation d’une génération de programmes bien adaptés au calcul de
sismogrammes en champs proches et lointains pour des régions sources et réceptrices
dont les structures 2D peuvent étre trés complexes et pour lesquelles on pourra tenir
compte simultanément de la topographie et des structures sous-jacentes. Les études

présentées jusqu’ici se sont limitées a 1’utilisation de sources de type explosion ou onde

‘plane. Nous avons pu ainsi par la simplicité de leurs diagrammes de radiations en

distinguer les effets pour mieux analyser les champs diffractés sur les hétérogénéités.

= —




Les méthodes développées ne sont pas pour autant limitées a ces seules sources. Ainsi,
aprés avoir analysé pour des sources ponctuelles les différentes corrélations entre la
forme des champs de déplacement (resp. de vitesses et d’accélérations), la position des
sources et la géométrie des bassins, nous pouvons maintenant aborder la modélisation de
sources étendues dans des milieux hétérogénes. Des lors, les problemes peuvent étre
classés en deux catégories: Iinversion des sources sismiques dont nous venons de
décrire le principe et I'analyse du milieu de propagation pour en prédire la réponse

lorsqu’il est sollicité par un champ d’onde donné.

La modélisation ne peut se priver de I’observation géophysique du terrain. Que ce
soit pour I’étude du fonctionnement des sources qui impose de s’affranchir de la
propagation ou que ce soit pour I'analyse et la prédiction des effets de sites: il faut donc
absolument connaitre et ce le plus précisément possible la structure des milieux de
propagation. Nous soulignerons enfin I'apport essentiel de la simulation numérique qui

permet d’expliquer les phénomenes induits sur les champs d’ondes par la diffraction tout

en ayant le controle des modeles de propagation.
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RESUME

Une formulation détaillée de la méthode de
représentation des champs d’ondes sismiques, est donnée
dans les cas P, §V, et SH, pour des milicux 2D dont la
stratification est formée de couches latéralement irrégulicres.
Cette représentation cst basée sur 1'échantillonnage de
I’espace des nombres d’onde ¢t sur la résolution des
conditions aux limites des champs de contraintes et de
déplacements aux dilférentes interfaces. Cette méthode est
appliquée au calcul des mouvements du sol i des distances
de quelques kilométres de Ia source et, 4 aide du théoréme
de réciprocité, 2 la simulation de ces mouvements pour des
distances 1€lésismiques.

L’influence des dillérentes structures géologiques (e.g.
topographies irrégulitres, bassing sédimentaires) cst mise en
évidence sur les amplifications et Ies atténuations des
déplacements du sol. Les effets produits sur les champs de
déplacements sont analysés en fonction de la position de la
source par rapport aux irrégularités du milieu de propagation.
Les variations de ces cffets sont également éludiées lorsque
I’on change 1a forme des hétérogénéilds.

Sont ¢tudiés a distances régionales; un mécanisme de
délocalisation de D'énergic sur une structure anticlinale,
Iallongement de la durée des mouvements du sol par
réiropropagation des champs d’ondes dans un  bassin
sédimentaire, I'influcnce” de la raideur des relicls ¢t de la
profondeur de la source sur les chamnps d’ondes dillractés par
un explosion. A distances télésismiques, une étude est menée
qui précise I’incidence des structures hétérogénes se trouvant
dans la région de la source, sur I'estimation de la magnitude.
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