Geophysical Prospecting, 2003, 51, 99-115

PP amplitude bias caused by interface scattering: are diffracted waves

guilty?

Nathalie Favretto-Cristini'* and Fric de Bazelaire

1,2

YCentre National de la Recherche Scientifique, Laboratoire d’Imagerie Géophysique UMR 5831, Université de Pau et des Pays de I’Adour, BP
1155-64013 Pau Cedex, and *TotalFinaElf, CSTJE Avenue Larribau, 64018 Pau Cedex, France

Received November 2000, revision accepted November 2002

ABSTRACT

This paper is concerned with the problem of interpretation of anomalous seismic

amplitudes, induced by the amplitude-scattering phenomenon. This phenomenon

occurs in the vicinity of a crack distribution at the interface between elastic layers.

The purpose of this work is to obtain a better understanding of the physics of this

distinctive phenomenon, in order to interpret correctly the amplitudes of the re-

flected events. By analogy with studies in optics and in acoustics, we suggest that

diffraction is widely involved in the amplitude-scattering phenomenon. Analytical

evaluation of the amount of energy carried by the reflected and the diffracted waves

shows that neglecting diffraction in numerical models leads to local underestimation

of the amplitude of waves reflected at interfaces with gas-filled crack distribution.

INTRODUCTION

One of the open issues for the geophysical community is
amplitude-preserved imaging. Many geophysicists are inter-
ested in a better understanding and exploitation of true
amplitudes in depth migration and amplitude versus offset
(AVO) studies, in order to improve the estimation of the
physical properties of geological structures (Tygel 2001).
They concentrate mainly on the computation of the correct
weight functions that are required in the Kirchhoff migration
formalism. We address the issue of true amplitudes of seismic
events, in certain geological contexts, from another view-
point. Does elastic modelling really take into account all
the physical mechanisms arising in media? If not, what are
the effects of neglecting some physical phenomena?

The paper addresses the problem of interpretation of
anomalous seismic amplitudes. The problem under consider-
ation is shown in Figs 1 and 2.

Figure 1(a) illustrates a real data set recorded in the Niger
Delta, while Fig. 1(b) represents data obtained by conven-
tional, pure reflection modelling. Details of the velocities
Vp and Vs and the density are known from several wells
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where gas was detected. In Fig. 1(a), some distinctive events
arise at certain stratigraphic surfaces (transgressive and
downward-shift surfaces), and only on the left of the fault.
These real events have anomalous amplitudes compared with
the corresponding impedance contrasts recorded in wells.
The observed amplitudes are higher than expected from the
reflection coefficient (Fig. 1b).

Figure 2 illustrates a walkaway imaging with wave arrivals
at polarization angles of 0° to 90° with respect to a vertical
well. Only the energy associated with P-waves has been
represented in this figure. P-S wave conversions and very
weak amplitudes of the reflected P-waves are noted essen-
tially in two red areas in Fig. 2. These areas are water-
saturated zones. The anomalous amplitudes of the P-waves in
these areas can be compared with those of the P-waves
transmitted through the saturated zones, with traveltimes of
around 3.0 and 3.5s.

In short, the real amplitudes of the reflected events are
stronger (respectively, weaker) than expected when gas (re-
spectively, liquid) was detected at some erosional surfaces in
wells. Neither conventional, pure reflection modelling nor
any modelling based on homogenization of the interface
properties (Baik and Thompson 1984; Angel and Achenbach
19835; Nihei, Myer and Cook 1995; Liu, Hudson and Pointer
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Figure 1 (a) An illustration of the ‘gas amplitude-scattering’ phenomenon on a real data set recorded in the Niger Delta. (b) Comparison with

data obtained by pure reflection modelling. The log data are interpreted in terms of facies. The straight line represents a fault. (After Schulbaum
1996.)
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Figure 2 An illustration of the ‘liquid
amplitude-scattering’ phenomenon on a
walkaway imaging and polarization.
Only the P-wave energy is represented.
Blue areas represent P-P wave propaga-
tion, while red ones represent P-S wave
conversions. (After J. Blanco 2000, pers.
comm.)

2000; Myer 2000) could simulate these anomalous ampli-
tudes. A phenomenon, different from pure reflection, was
then neglected in such classical numerical models. We argue
that the amplitude-scattering (AS) phenomenon is widely
involved in such anomalous amplitudes. The aim of the
paper is to show that neglecting such a distinctive phenom-
enon may lead to erroneous interpretation of real data in
some cases, in particular when locating reflectors and
inverting amplitudes.

The paper begins with a discussion of the AS phenomenon.
What is it? Why can it not be modelled by classical numerical
schemes? What are the physical mechanisms responsible for
it? The second section briefly describes a way of modelling
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the AS phenomenon. Some numerical illustrations of the

influence of the AS phenomenon on reflected events are
also presented.

1 THE AMPLITUDE-SCATTERING (AS)
PHENOMENON

In Fig. 1(a), events with anomalous amplitudes occur at
certain stratigraphic surfaces. These surfaces result essentially
from tectonics and/or erosion processes. These erosional sur-
faces are generally characterized by a spatial distribution of
irregular geological contacts between layers. The cracks thus
created at interfaces are filled with gas, liquid or solid. They

© 2003 European Association of Geoscientists & Engineers, Geophysical Prospecting, 51, 99-115
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affect wave propagation, in particular elastic wave reflection,
by creating interface scattering. At this point, we have to
explain the meaning of the term ‘interface scattering’. We
consider interface scattering as scattering induced by a spatial
distribution of irregular contacts between layers. Usually,
both the phase and the amplitude of the incident wave may
be altered by interface scattering on passing through the
interface. In the special case when the amplitude but not
the phase of the incident wavefront is altered, we speak of
amplitude scattering, by analogy with optics (see Born and
Wolf 1999, p. 447). If the phase but not the amplitude is
altered, we speak of phase scattering. A well-known phase
scatterer in land seismics is the weathered zone. More gener-
ally, interface roughnesses are phase scatterers whose effect
on reflected signals has been studied extensively (Ogilvy
1991). Here, we are interested in the amplitude scattering
induced by lateral heterogeneities at interfaces. We want to
analyse the effects of a crack distribution at an interface on
the amplitude of reflected signals. By analogy with studies in
optics, in acoustics and in non-destructive testing (NDT) of
materials, the spatial distribution of gas-, liquid- or solid-
filled cracks may be viewed as diffraction gratings (Born
and Wolf 1999). We consider that amplitude scattering
results from the coherent or incoherent interference of the
diffractions caused by each crack. Figures 1 and 2 clearly
show that the effect of amplitude scattering on the ampli-
tudes of reflected signals depends on the crack filling. We
attempt to explain the physics behind these observations.

1.1 May interface waves (IW) be guilty?

The distribution of the welded contact areas and cracks
between layers of a stratified earth can act as ‘a comb trans-
ducer’ (Viktorov 1967; Biryukov et al. 1995). The comb
transducer is commonly used for excitation and detection of

surface waves (Fig. 3). An incident P-wave, generated by an

Transducer + comb

P-wave

Surface wave P-wave

Figure 3 Excitation and detection of surface waves using comb
transducers in acoustics and in NDT.

ultrasonic transducer, strikes the interface between the solid
comb and the solid material. The P-wave is transformed
into a surface wave (SW) at the end of the comb. The
SW propagates at the free solid surface, and it is then coher-
ently recombined by another comb into a P-wave. This
P-wave is detected by another ultrasonic transducer. The
incident wavelength determines the size of the active crack
distribution.

We believe that such a physical mechanism can occur in
the stratified earth, provided there is interaction between the
incident wavelength and the spatial wavelength of the crack
distribution. In future work, we will analyse in more detail
the interference between the P-wave, resulting from the re-
combination of the SW by the crack distribution, and the
bulk P-waves reflected at the interface.

1.2 May diffracted waves (DW) be guilty?

In order to understand better and to quantify the AS effects
on seismic measurements, we consider a simple 2D propaga-
tion model, where the diffraction phenomena are clearly
visible. Figure 4 depicts the 2D situation of two homoge-
neous elastic, isotropic half-spaces separated by a horizontal
interface along which a periodic distribution of cracks exists.
We refer to the lower medium as solid B and to the upper
medium as solid A. We let K and A denote the spatial
wavenumber and period of the crack distribution, with
K =2n/A. Figure 4 also indicates the distance between
cracks, denoted by 2w. The quantity, A = Kw = n(2w/A),
will be seen in the later derivations to be a useful parameter
of the configuration.

We next consider an incident plane P-wave, characterized
by wavelength ;.. and time frequency w, that propagates in
solid B and strikes the interface below the incidence angle 6;,.
with respect to the surface normal. The corresponding unit

propagation vector is denoted uj,c = (sin Ojnc, cOS Oinc)-

4 X,
i SOLID A
______ »: Xl
i ————
. SOLID B
i [Qinc K = 21/A
A = Kw=1t(2w/A)

Figure 4 Periodic crack distribution at the boundary between Plexi-
glass® and Duraluminum® solids.
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Finally, the wave vector of the incident wave is denoted
Kinc = @/Sinc = (Pinc; ginc). Note that sj,c=(1/Vp)ujy. is the
slowness vector of the incident wave, where Vp is the
P-wave velocity of the lower half-space (solid B). Finally,
we assume that the incident horizontal wavenumber p;,.
satisfies the condition p;,. =7, with 0 <r<K.

After striking the cracked interface, the incident plane
wave excites many diffracted waves that propagate in differ-
ent directions. Diffractions with diffraction order n=0
correspond to specular P-P and P-S reflections and transmis-
sions. Diffractions with diffraction order 7 # 0 correspond
to non-specular reflections and transmissions, whose exist-
ence is due only to the presence of the crack distribution at
the interface (see e.g. Waterman 1975; Danicki 1999). Dif-
fraction is simply a generalization of reflection/transmission
phenomena. As stated above, our aim is to understand better
and to quantify the impact of the excited non-specular re-
flected and transmitted waves, compared with their specular
counterparts, which are the only ones considered in seismic
interpretations.

In the next section, we briefly indicate the wave propaga-
tion description from which the energy of the relevant re-
flected, transmitted and diffracted waves can be computed.
However, in order to design the modelling parameters that
are best suited to our needs, it is instructive to consider what
is to be expected.

When A = A;,,., where ;. denotes the incident wavelength
and A denotes the spatial wavelength of the crack distribu-
tion, many diffracted waves in both media are propagative.
For that reason, we consider the case A =, as one of our
modelling situations. The case A < i, is the usual assump-
tion in most theories and in that situation, diffracted waves
in both media are usually evanescent and, consequently, are
neglected in models. However, when the properties of media
in contact are very different, and under certain conditions on
the ratio A/4;,, diffracted waves can be propagative. To
check whether this is actually the case, we consider, as our
second modelling example, the condition A =(1/3);,.. The
results can be illustrated graphically by means of wavevector
diagrams, i.e. slowness diagrams drawn for the frequency
= Vpinc/Aine in Fig. 5. In such diagrams, the direction of
wave propagation and the relationships between the angles
of incidence, reflection and refraction are straightforward
(see Crandall 1970; Fokkema 1980; Helbig 1994, p. 372).

The elastic parameters of the two half-spaces in Fig. 4 were
®

(

chosen to be those of Plexiglass® (lower medium) and Dur-

aluminum® (upper medium). The reason for the above choice

is that these media will be used in future experiments under
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actual laboratory conditions. It should be noted that the
properties of Plexiglass® and Duraluminum® are quite simi-
lar to those of chalk and granite.

Wavevector diagrams of the two examples under consider-
ation, in which only propagative waves are represented, are
shown in Fig. 5. In Fig. 5(a), the case A = /;,. is represented,
while Fig. 5(b) depicts the corresponding diagram when
A =(1/3)2ine. Note in both cases the four slowness circles

a .
() Duraluminum

A=A\

inc
: T =Kpj SINO;
I = Kpine : | me

o +1
| dell'f

Keir )
Sdiff ! -
! i Kgrer Plexiglass
( ) Duraluminum T
r—3Kpine r=Kpjpe SIN O,

Plexiglass Ksrer
Figure 5 Wavevector diagrams illustrating diffraction (of order 0 and
—1) of a P-wave incident on the Plexiglass®/Duraluminum®
interface, for the cases (a) A = 4;,c and (b) A=(1/3)4ne, A being the
spatial wavelength of the gap distribution and 7;,. the incident
P-wavelength. k is the wave vector. Only propagative waves are
represented. The characteristics of the media are assumed to be:
Vp=2670m/s and Vs=1120m/s (Plexiglass®), Vp=6440m/s and
Vs=23170m/s (Duraluminum®).
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for the given frequency f with radius @/Vps, where Vps is the
P- or S-wave velocity and w =f/2x is the angular frequency.
Following Brillouin and Parodi (1956), the wave vectors,
kpgifs and kegigr, of the diffracted P- and S-waves are fixed
by the requirement that their horizontal components, ppgist
and psgisr, satisfy the condition ppgir = psaisr = 7 + 1K, where
n is an integer that characterizes the so-called diffraction
order. The value #=0 corresponds to the specular reflected
and transmitted waves. Note that for A <(1/3)2j,e, in the
Plexiglass®/Duraluminum® configuration, only evanescent
waves propagate at the interface, as the modulus of the
horizontal components ppgirr and psqire of the wave vectors
is such that ppggir=7 + nK > kps.

1.3 The physical mechanisms involved in the AS

phenomenon

As shown above, diffracted waves can arise from the crack
distribution at the interface, provided there is interaction
between the incident wavelength and the spatial wavelength
of the crack distribution. In accordance with the energy
conservation law, the energy carried by diffracted waves is
not distributed to the other waves, in particular to the specu-
lar reflected P-waves. Neglecting diffraction phenomena,
which is the case of interest here, leads to an incorrect energy
balance, giving rise to an inaccurate estimation of the ampli-
tudes of seismic reflections. As a consequence, the amplitudes
of the specular reflected P-waves are generally overestimated
in those numerical models that do not take into account the
crack distribution at the interfaces. This is also true for the
methods based on homogenization of the interface properties
(Baik and Thompson 1984).

However, this result must be elaborated further, so as to
take into account the situation in which the crack filling is
either liquid or gas. The explanation is that the reflection
coefficients in numerical models are calculated using only the
impedances of the media in contact, without taking into
account the crack distribution that produces diffraction
effects. We consider such reflection coefficients as our refer-
ence reflection coefficients. The real reflection coefficient,
‘measured’ in situ, involves the effect of cracks. The real
reflection coefficient is essentially a function of the imped-
ance contrast between the crack filling and the first medium
illuminated by the wave. The implicit condition is that the
cracks are saturated. Consider first the case of water-
saturated media in contact. The cracks at the interface are
generally water-filled. The impedances of media and cracks

are then quite similar. Replacing only the impedance of the

medium into which waves are transmitted by the impedance
of the crack filling does not modify the real reflection coeffi-
cient. Consequently, the amplitudes of the specular reflected
P-waves are still overestimated in numerical models. Con-
sider now the case of media in contact with gas-filled cracks.
The impedances of media and cracks are very different, and
the real reflection coefficient is greatly modified by this
strong impedance contrast. The energy loss of the specular
reflected P-waves, due to the presence of the diffracted
waves, is then much weaker than the strong increase in the
reflection coefficient. In this case, the amplitudes of the
specular reflected P-waves may be underestimated in numer-

ical models, as is shown in Fig. 1.

2 MODELLING OF THE AS PHENOMENON

It is clear that one of the key problems encountered in the
modelling of the AS phenomenon is the difficulty in consider-
ing the crack distribution at interfaces in numerical schemes.
Another difficulty is that of describing its effect on the wave
propagation in the vicinity of the interface between layers.
Previously, we suggested that the diffracted waves arising
from the crack distribution were widely involved in the AS
phenomenon. How can we model the diffraction effects?
How can we quantify the diffracted and the specular re-
flected energies? How can we model the impact that the AS
phenomenon has on seismic images? We propose to answer
these questions by modelling the AS phenomenon in the
simple 2D situation described in the previous section. As
the present paper is concerned mainly with the interpretation
of the modelling results and the relationship they have with
conventional seismic interpretation, the analytical formula-
tion of the wave-propagation problem will be presented
briefly in the Appendix. Here, we give only the most relevant

equations that are necessary for the calculations.

2.1 Numerical results

We are interested in the partitioning of the incident energy
among the specular and non-specular reflected and transmit-
ted waves in the solids A and B (see Fig. 4). The energy
balance can be evaluated by determining the elastic Poynting
vector, i.e. the time-averaged energy flux IT in the direction of
x, for each diffraction order # (Auld 1990):

(I x) = %%(TQ’B*  (joUp®) -x), (1)

where the displacement vector U2Band the traction force
vector T® characterize the nth diffracted wavefield at the

© 2003 European Association of Geoscientists & Engineers, Geophysical Prospecting, 51, 99-115



interface (see Appendix), and the asterisk denotes complex-
conjugate quantities. Usually, only the component IT, of II
along the x,-axis is considered in theoretical studies, as IT; is
equal to zero for inhomogeneous waves that carry energy
along the interfaces. However, rigorous characterization of
the near-field wave propagation requires the evaluation of
both components, I1; and I1,, of the elastic Poynting vector.
Here, we calculate only the component IT, associated with the
specular (n=0) and non-specular (n = —1) reflected and trans-
mitted P- and S-waves in each medium. With the help of (1)
and (A4) (see Appendix), we find for =0 (Danicki 1999):

3
AB _ Pap®’ AB[Z AB
Oy = B %(‘ Cps ’ dps ) ) )

where the variables C?_f are expressed as a function of the

traction force vector components

Gl i [ 2waad), kK -222] [(TH)
G maDa [~k - 2p2)  2pu(a}), ] L(T2):
al_ i [waa, @ -2p][an,] O
Co]  meDs [ kP —2p2 2pa(a%), | (T2

The energy conservation law implies that

Z <H$’B : X2> = <Hinc . X2>, (4)

n

that is, for 7=0:
(Mine - x2) =TI + II§ + TIp + II¢, (5)
and for n # 0 (here, n=—-1)

(Wi - X2) = (ITp + 18 + II§ + II¢)
+ (Thaigs + Megsgs + Mpgige + M) - (6)

I1;,. is the time-averaged energy flux associated with the
incident wave.

Figures 6,7, 8 and 9 illustrate the changes in the calculated
ratio of the energy scattered by the P- and S-waves in the
Plexiglass® and Duraluminum® solids to the incident energy,
ie. <H9§3 X2)/(Ilipe - x2) for n=0 and (Hﬁfdiff -x3)/
(e ~x2> for n=—1, as a function of the incidence angle
O, The influence of the ratio 2w/A (see Fig. 4) on the
energy scattered is also shown. The ratio 2w/A =0.01 repre-
sents the case in which the interface is almost completely
disbonded, and the ratio 2w/A =0.99 represents the case of
a quasi-perfectly welded interface, hereafter referred to as the
reference case. The incident P-wavelength i, in Plexiglass®
is greater than the spatial wavelength A of the crack distribu-
tion at the interface (A = (1/3)Ainc)-

PP amplitude bias caused by interface scattering 105

In Figs 6,7, 8 and 9, we can observe the different critical
angles corresponding to the refraction, along the interface, of
the P- and S-waves in Duraluminum®:
®PDural = arc Sin(VPPlexi/VPDural) = 2507
®SDural = arc Sin(VPPlexi/VSDural) =57°.

For A =(1/3)Aine, the diffracted S-wave of order —1 is propa-
gative for the incident angles ©;,. > 38°. For ®;,. < 38°, the
sum of the reflected and transmitted energy must be unity.
This is not perfectly true in Figs 6(a), 7(a), 8(a) and 9(a),
because the number of space harmonics retained in the field
expansion (see Appendix), that determines the accuracy of
the amplitude of the individual diffracted orders, was inten-
tionally taken small, for simplicity of calculation. Above 38°,
the diffracted energy must be taken into account in the
energy balance. In Fig. 6(a), a Rayleigh wave that propagates
at the free surface of the Duraluminum® material is gener-
ated at the incident angle ®;,.=64°. This result appears
consistent with the assumption of Section 1.1, that the
crack distribution at the interface acts as a ‘comb trans-
ducer’. The most important and new result, illustrated in
Figs 6,7 and 8, is the evaluation of the amount of energy
associated with the diffracted wave. For the case of the quasi-
disbonded interface, i.e. for 2w/A =0.01 and for 2w/A =0.5,
the amount of energy is on average about 15% (Figs 6b and
7b). This amount decreases with increasing ratios,
2w/A=0.75 and 2w/A=0.99. For the reference case, the
amount of energy is equal to zero, as no diffracted wave is
generated (Fig. 9b). These results confirm the statement that
neglecting the crack distribution at the interface, and the
diffracted waves arising from this diffraction grating, leads
to overestimation of the amplitude of the reflected events.
In the case of the quasi-disbonded interface, i.e. for
2w/A =0.01, the amplitude of the reflected P-wave is higher
than its counterpart in the reference case, as the incident P-
wave is fully reflected by the interface (Fig. 6a).

It should be noted that the curve describing the variation
of the reflected P-wave energy for the incident angle
®inc <25° is similar to that obtained in classical amplitude
versus angle (AVA) images. For a weak impedance contrast
between materials, the critical angle is generally about 70°.

2.2 Modelling of seismic images

The purpose of this section is to illustrate the consequences
of the previous theoretical results on seismic images.

Figures 10, 11, 12 and 13 show the modelling of the
reflected P-wave AVO in the Plexiglass®/Duraluminum® con-

figuration. Figures 10(a), 11(a), 12(a) and 13(a) represent the

© 2003 European Association of Geoscientists & Engineers, Geophysical Prospecting, 51, 99-115
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Figure 6 Energy of (a) the reflected and transmitted P- and S-waves, and (b) the diffracted S-wave as a function of the incident angle ©;,, in the
Plexiglass®/Duraluminum® configuration. The characteristics of the gap distribution at the interface are: A =(1/3)/nc and 2w/A =0.01.

AVO in 3D and Figs 10(b), 11(b), 12(b) and 13(b) represent CMP gather in a horizontal layer of thickness 1000 m and
the synthetic seismograms. The amplitude is calculated, for with P-wave velocity of 2670 m/s. The source signal (second-
different crack distribution properties, from the theoretical order Ricker) is modulated in AVO by the square root of the
analysis described in the previous section, by considering the P-wave energy calculated analytically. The CMP gather is

© 2003 European Association of Geoscientists & Engineers, Geophysical Prospecting, 51, 99-115



PP amplitude bias caused by interface scattering 107

(a) T T T T T T T T
09 i
OgDural
08 r A \ I \ " .
07 | i " Rayleigh ]
§ 06 | / B
2
& 05 | Prefl |
ks ©pDural _ - Srefl
N 04 L Propagative Ptrans 1
g ' bW Strans
o
Z 03 i
.,
0.2 |+ ! " B
0.1 I "_ ."r-_-"""-q..,_‘_ T
= o o — 1‘. L
0 - e S S — .
_01 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
Incident angle (degrees)
(b) 02 T T T T T T T T
0.15 f | i
01 b
>
>
(0]
[
(0]
e} |
2 0.05 / B
C_“ 1
E
[e]
2
0 - -
Sdiffr
-0.05 i
_01 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Incident angle (degrees)

Figure 7 As Fig. 6 with the characteristic 2w/A =0.5.

assumed to have been processed with dynamic correction and First, compare the traces corresponding to a small aperture
geometrical amplitude compensation. As previously, Fig. 10 (i.e. 0 < @i < 38°). The reflected P-wave stacking energy in-
corresponds to the almost completely disbonded interface creases with decreasing ratio 2w/A, which agrees with the usual
and Fig. 13 to the welded interface (reference image). theoretical considerations. For these small offsets, a theory
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Figure 8 As Fig. 6 with the characteristic 2w/A =0.75.

based on homogenization of the interface properties can de-
scribe very well the behaviour of the real physical mechanisms,
as no diffraction phenomena are involved. By contrast, for a
greater aperture (say, 0 < ©;,. < 60°), diffraction phenomena

are involved in the far traces (38° < ®;,. < 60°), and homogen-
ization of the interface properties can no longer be applied. In
this case, classical numerical models that do not take diffract-
ion phenomena into account underestimate the amplitude of
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Figure 9 As Fig. 6 with the characteristic 2w/A =0.99.

the reflected P-wave, as is suggested by comparison of the traces initially increases with decreasing ratio 2w/A, reaching a max-
in Figs 10(b) and 13(b). These results appear consistent with the imum value for 2w/A = 0.5; it then decreases with decreasing
discussion in Section 1.3 and with Fig. 1. Finally, let us examine ratio 2w/A. At the moment we do not have a full explanation for
the amount of the reflected P-wave energy in the far traces these striking characteristics, also observed in Figs 6(a)—9(a).

(38° < O, < 60°) in Figs 10(b)—13(b). The amount of energy They will be analysed in future work.
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Figure 10 Modelling of the reflected P-wave AVO in the Plexiglass®/Duraluminum® configuration. (a)
The characteristics of the gap distribution at the interface are: A =(1/3)2;c and 2w/A =0.01.

) AVO in 3D; (b) synthetic seismograms.

scattering (AS) phenomenon. This phenomenon, which alters

CONCLUSION . o
the amplitude of the incident wavefronts, results from coherent
This study was concerned with the problem of interpretation of ~ and incoherent interference of diffractions caused by each elem-

anomalous seismic amplitudes induced by the amplitude-  entofa crack distribution at the interface between elastic layers.
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Figure 11 As Fig. 10 with the characteristic 2w/A =0.5.

Analysis of real seismic data has suggested that the effect of AS
on the amplitudes of reflected signals depends on the crack
filling (gas or liquid). The aim of the paper was to obtain a
better understanding of the physics behind these observations.

Analogy with studies in optics, in non-destructive testing
and in acoustics has suggested that diffraction phenomena
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arising from the crack distribution are widely involved in the
anomalous amplitudes of reflected events. Analytical evalu-
ation of the amount of energy carried by the reflected and the
diffracted waves has shown that neglecting diffraction phe-
nomena leads to local underestimation of the amplitude
of waves reflected at interfaces with gas-filled cracks.
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Figure 12 As Fig. 10 with the characteristic 2w/A =0.75.

Consequently, classical numerical modelling of seismic data
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APPENDIX

We derive expressions for the diffracted wavefield induced by
a crack distribution at the interface between two different
solids. These expressions are necessary for the evaluation of
the amount of energy carried by each diffracted wave (see
Section 2.1).

As described in Section 1.2, we consider a time-harmonic

plane P-wave propagating in the solid B, at an angle O,

with respect to the normal to the solid B/solid A interface,
towards the solid A (Fig. 4). The associated incident displace-
ment vector Uj,. in the solid B can be written as

Uine (%1, %25 ) = Winc (%1, %2) eXp(—]qincX2) €Xp(—jpincx1) exp(jwrt),

where tjyc = (sin Ojyc, cos Oinc) is the unit propagation vector
of the incident P-wave, Kine = (Pinc, Ginc) = kI]? is the incident
P-wavenumber and w is the angular frequency.

At the interface, the full wavefield (displacement U%P and
stress TY) in each medium, governed by known equations
of motion, is expressed in the form:

In the solid A:

T2 =The

tot — +diff

and in the solid B:
Ug)t = Uinc + Uglff ) (AZ)
To =T, + Ty

UdAi’f]? and Tgi‘f];’ characterize the diffracted fields in the solids
A and B. At the interface, they are formulated as an infinite

series of Bloch waves, as required by Floquet’s theorem (see
Waterman 1975; Auld 1990, vol. 2, p. 119):

TA-’B 400 TAAB
DY Z,B}e"pUpnxl)exp(jwt), (A3)
Udiff n=-00 U”

where p,,=pinc + nK is the Bloch wavenumber, 7 is the
diffraction order and K=2n/A is the spatial wavenumber of
the crack distribution defined from the spatial wavelength A.
The diffracted fields represent the specular (#=0) and
non-specular (7 # 0) reflected and transmitted fields. The
wavefield in each medium is a superposition of the diffracted
P- and S-waves components, with the general form,

exp(—ipu1) exp(£j(ahd ) x2) expjor),
where
AB AB? 2 AB2\1/2
<qp.s )n: (kp,s - Pi) =-J (Pi — kp3s )
with P- and S-wavenumbers kf)\"SB.
At the interface, the coefficients U2 and T2®of the infin-

ite series, and the incident displacement Uj,. and traction-
force Tj,. vectors (Auld 1990), are related by

USTB = GQB T:;\’B7 Uinc = G,inc Tinm (A4)

where the matrices Gﬁ‘B and G'j,. are defined from the

known equations of motion.

© 2003 European Association of Geoscientists & Engineers, Geophysical Prospecting, 51, 99-115



The full wavefields (UAP and TAP) must satisfy different

boundary conditions at the interface:

on cracks
T2, =T, =0, (ASa)
between cracks
AU = UdAiff - Ugiff =0 (Asb)
Tﬁ)t = Tg)t 7

where the function AU denotes the particle displacement
discontinuity at the interface. These boundary conditions
cannot be exploited in a trivial way to analyse the wave
diffraction problem. An efficient way of solving such a prob-
lem can be found in Danicki (1999). The paper presents a
method of analysis of the generation of surface waves by
comb transducers. This work is concerned with a crack
distribution embedded in an isotropic elastic body. As the
objectives of our work are different, we need to derive equa-
tions for the case of two different elastic media in contact.
We then adapted the original work to our configuration.
Referring the reader for details to the original paper
(Danicki 1999), we give only the most relevant equations
that are necessary for our work. Danicki (1999) assumed a
finite series expansion for TS in the form,
Na+1
Ty =Y th Pum(cosA), (A6)
m=N,

in which P,, denotes Legendre functions of the first kind, and
the variable A = Kw describes the relative width of perfect
contact between cracks (Fig. 4). Some interesting properties
of Legendre functions allow the diffracted fields to satisfy the
boundary conditions and the square-root singularities at the
crack edges.

After some long but straightforward calculations (see
Danicki 1999),
periodic systems of in-plane cracks can be achieved by solv-
ing the system of (N2 — Nj + 2) equations in (N2 — Ny +2)

analysis of the wave diffraction by
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unknowns t? . resulting from the boundary conditions
(AS):

N2+1 — P p—
(S"_m ggc - g) tﬁm Pn_m(COS A) = - ginc Tinc 5710
e for n € [N, Na],
No+1
Z (—1)mg'§0 tﬁm mefr/k(_ cos A) =0
m=N,
where
W00 e G e
SV - _1(‘) < O) and Sinc = —)Pinc (G inc + G mc)-

The matrix g” is the asymptotic limit of the matrix

8 = —ira(G) - G}). ie.

lim g,(px) = Sp, 8- (A7)

[pn|—o0

For an interface between two elastic media with different
properties, @ is different from the matrix g_, reported in
Danicki (1999) and determined for an interface between
identical media. In the case of two different media, it is

defined by

o [ X Y
B T2 |-y X|°

where

X=j (zAkg‘z + ZBk§2> Y=, (zAk{}Z - ZBk}?),

AB?

kg’

AB? AB?)’
PA,B(ks' — kp )

pap denoting the density of the solids A and B.

Zap =

The summation limits 72 = N; and 72 =N, + 1 of the finite
series of the system are defined by considering the degree of
accuracy that is chosen for the approximation (A7) of g,. In
the present study, we considered N; = —1 and N, = 0. Know-
ing T, UQ‘B and T‘;“'B are then recovered from the solutions
t? and the relationships (A1)-(A6).
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