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ABSTRACT

Wave propagation simulations of cross-well configurations commonly neglect the in-
fluences of both the source well and the receiver well on the wavefield recordings. This
is due to the fact that the modeling methods can not resolve two boreholes within com-
plex subsurface structures. Recent developments in finite-difference seismic forward
modeling overcome these restrictions. Grid refinement techniques are applied in order
to combine two different scales, the scale related to the size of the boreholes and the
scale related to the wavelengths commonly present in cross-well experiments.
Our numerical study shows that for correct interpretation of cross-well recordings one
has to consider very complex phenomena of wave scattering due to the presence of the
boreholes. There are strong events related to tube wave scattering at the source well
as well as tube wave generation due to the scattering of body waves and guided waves
at the receiver well.

INTRODUCTION

Field data sets like cross-well measurements contain much more information than just
primaries used for cross-well tomography. The increasing interest of exploration geo-
physicists in full waveform analysis encourages the research on modeling tools which
are able to take into account subsurface models of high complexity. If we focus on full
waveform modeling of borehole environments, nowadays there are commonly two dif-
ferent approaches used, boundary element methods, e.g., Bouchon and Schmitt (1989),
Bouchon (1993), Dong et al. (1995a), Dong and Toks¨oz (1995b), and grid methods like
the finite-difference (FD) method, e.g., Yoon and McMechan (1992), Cheng (1994).
Grid methods generally resolve more complex subsurface structure models.
The FD methods are commonly based on equidistantly spaced staggered grids, e.g.,
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Virieux (1986). Because of the small scale of the borehole radius also the grid spac-
ing must be chosen at a small scale. This restricts the applicability of the FD method
based on equidistantly spaced grids to the modeling of high frequency borehole syn-
thetics (sonic log simulations). The method proposed here extends the conventional
FD method with respect to the applicability to the modeling of low frequency borehole
seismic data like synthetic cross-well sections or VSP sections. The limitations due
to the small scale in the borehole vicinity can be overcome by the application of grid
refinement techniques. We refer to Fornberg (1988) and Jastram and Tessmer (1994)
in order to explain the grid mapping method which has been used for our code in more
detail. Such techniques enable the variation of the grid spacing by large factors within
a transition zone between grid domains of fine and coarse regular spacing.
In the following we briefly review the grid mapping method. A 3-D modeling example
is discussed to explain the complex wave scattering phenomena occurring in cross-well
measurements even for very simple subsurface structures.

EXAMPLE

In the example we study the complex phenomena of wavefield scattering due to the
presence of fluid-filled cylindrical boreholes in cross-well configurations. The front
panel of the Figure 1 shows the model of a source well penetrating a thin dipping low-
velocity layer like a fault zone filled with fault gouge. The sketch is given in thex� z-
plane withy chosen at the borehole axes. The axes are aligned with thez-direction.
The receiver well is located at 24.5 m distance in the dip direction of the layer. The
layer thickness ish=2.4 m. The formation parameters arevp=3000 m/s,vs=1963 m/s
and�=2.7 g/cm3. The layer parameters arevpl=3000 m/s,vsl=1500 m/s and�l=1.6
g/cm3. Both wells are fluid-filled (vpf=1500 m/s,vsf=0 m/s and�f=1.0 g/cm3). The
radius isR=0.15 m for both wells, respectively. This yields a large difference in scale
between the borehole size and the wavelength of theS-wave in the embedding which is
of the order of approximately 10 m. The top panel of Figure 1 schematically outlines
the grid spacing in the horizontal directionsx andy, respectively. The grid spacing
has been refined towards the borehole locations in order to take into account the very
small scale. Grid spacing varies between�x=�y=0.9 m within the coarsely sampled
grid domains and�x=�y= 1

60
0.9 m = 1.5 cm in the finely sampled grid domains

where the boreholes are defined. The vertical grid spacing is�z=0.6 m throughout the
grid. Using such a Cartesian grid obviously results in some staircase approximation of
the borehole wall which is still accurate if the radius is approximated by a sufficient
number of grid points. The entire mesh consists ofNX�NY �NZ = 166�72�121
grid points. A single force point source is clamped at the borehole wall 9.6 m above the
layer. Receivers record the pressure at the center of the receiver well. Computations
are performed by a staggered grid FD scheme which is 6th order accurate in space
and 2nd order in time. Within the finely sampled grid domain we reduce the spatial
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approximation to 2nd order. The time step size counts�t=2�10�6 s. A maximum
propagation time oft=0.05 s then requires 25000 iteration cycles. The computations
have been performed on a Cray J90 vector machine using a single CPU. One run
took about 50 hours CPU-time. The computational effort can be reduced drastically
to about 33 percent by the application of locally adjustable time step sizes Falk et al.
(1998b). Figure 2 shows 4 snapshots of the vertical displacement component for a 2-D
plane in thex-z-plane fory chosen at the center of the boreholes. We can observe a
high energetic tube wave propagating downwards in the source well. The tube wave
becomes partly scattered and transmitted at the low-velocity layer. The transmitted
tube wave becomes partly reflected and scattered at the bottom of the source well.
The reflected part is partly scattered again at the low-velocity layer. This results (at
least) in three strong secondary wavefields radiated from the source well. In particular
we observe tube wave to shear wave scattering. These shear wave events denoted
by a,b andc are partly guided in the dipping layer. They become again scattered at
the point of intersection of the layer and the receiver well. Three tube wave events
related to this “re-scattering” (denoted byA, B, C) are generated in the receiver well
disturbing the recordings of the body waves (Figure 3). The interpretation of the wave
scattering phenomena is sketched in Figure 4. More complex subsurface structure
models, containing more then two boreholes for instance, certainly result in much
more complex wave scattering phenomena in cross-well configurations.

Figure 1: Simple cross-well con-
figuration with a receiver well in
direction of the dip of a thin low-
velocity layer (e.g., a fault). The
front panel shows thex-z-plane
wherebyy is taken as the well axes.
The top panel outlines schemati-
cally that the horizontal grid spac-
ing is variable in order to combine
different scales related to the wave-
lengths (large scale) and related to
the borehole radius (small scale).
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CONCLUSIONS

We have presented a 3-D seismic modeling scheme based on the staggered grid FD
approximation. The method enables the use of variable grid spacing to bridge the gap
between different scales related to the borehole size and to the wavelengths present in
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Figure 2: Four snapshots of the vertical displacement component. Three different sec-
ondary wavefields (S-waves) denoted bya,b andc are clearly observed. These events
have been generated by tube wave scattering at the source well.a andc originate at
the intersection of the borehole with the low-velocity layer butb is originated at the
bottom of the source well. The snapshots have been re-sampled to equidistant spacings
(�x=38 cm ;�z=40 cm).
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Figure 3: The secondary wavefields generated by tube wave scattering at the source
well generate tube waves in the receiver well interfering with recordings of the body
waves. Primaries are not observable at this amplitude scaling.

low frequency borehole seismics. An example of a synthetic cross-well configuration
shows that complex phenomena of tube wave scattering and tube wave generation
related to the presence of the boreholes have to be considered in the interpretation of
cross-well data.
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Figure 4: Tube wave generation at the receiver well (schematically).a,b andc denote
S-waves generated by tube wave scattering at the source well.a: tube wave in the
source well is partly scattered at the intersection with the layer. This yields a shear-
wave propagating towards the receiver well. It becomes “re-scattered” at the receiver
well inducing a tube waveA. b: shear wave generated by the tube wave scattering at
the bottom of the source well. This shear wave becomes scattered at the receiver well
generating the tube waveB. c: shear wave generated by scattering of the upwards trav-
eling tube wave at the intersection with the layer. This shear wave becomes scattered
at the receiver well generating the tube waveC.
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