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Abstract. We review the methods of simulating elastic wave propagation in a bore-
hole. We considered two different approaches: a quasi-analytic approach using the
Discrete Wavenumber Summation Method, and the purely numerical Finite Difference
Method. We consider the special geometry of the borehole and discuss the problem in
cylindrical coordinates. We point out some numerical difficulties that are particularly
unique to this problem in cylindrical coordinates.
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1 Introduction

Full waveform acoustic logging is a method of obtaining the acoustic properties of the
subsurface by lowering a tool into the borehole. The tool generates an acoustic signal
inside the fluid-filled borehole. The acoustic wave then propagates in the earth formation
around the borehole and is recorded by an array of receivers located on the same tool a
short distance away. A schematic diagram of the acoustic logging process is shown in
Fig. 1. A detailed description of the process can be found in Tang and Cheng (2004).
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Figure 1: Schematic of the acoustic logging process, from Tang and Cheng (2004).

Because of the particular geometry of the logging process, and the frequencies in-
volved, modeling the acoustic wave propagation is a complex process. In this paper we
will describe two frequently used methods for modeling the wave propagation. One is
the quasi-analytic method known as the discrete wavenumber summation method, and
the other is the finite difference method. We will also discuss other approaches briefly,
and the advantages and disadvantages of each under different circumstances.

2 Theory

We will first briefly review the basic analytic formulation of elastic/acoustic wave prop-
agation in a borehole. Let us consider the simple example of a cylindrical borehole of
radius R, filled with fluid, in an infinite elastic formation.
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The equation of motion is given by:

PUi = 0ijj, (2.1)
where i is the displacement vector, p the density, and ¢ is the stress tensor. For an
isotropic, elastic solid, we have the generalized Hooke’s Law:

0ij = Ag;idij+2pej;, (2.2)

where A and p are the Lamé parameters. Assuming a harmonic dependence in time,
we can write the wave equation as, applying the relationship between the displacement
vector il and the strain tensor &:

(A+u)V (Vi) +uV2ii+pw?ii =0, (2.3)

where w is the angular frequency. The displacement vector can be expressed as a combi-
nation of a scalar and a vector potential,

H=VO+Vx(x2)+VxVx(I2) (2.4)

where @ is the compressional-wave potential, £ is the unit vector in the z-direction (depth),
I' is the SV-type shear-wave potential, and x is the SH-type shear-wave potential.
In cylindrical coordinates, the V2 operator is given by:

? 19 19 9

2—_ —_—— —_— _—
Vv - or? rar+r2862+822'

(2.5)

For a homogenous medium, Eq. (2.3) can be separated into three different equations, each
involving a separate potential:

VO 4k P =0,
V2ix+k2x =0, (2.6)
VI +KI'=0,

where k, =w/a and ks =w/ B are the compressional and shear wavenumbers, and & and

p are the compressional and shear velocity, respectively. The general solutions of Eq. (2.6)
in the wavenumber-domain are, following the convention of Tang and Cheng (2004):

N . 1 [ fro 2 (((Anlu(pr)+ByKy(pr))cos(n(0—¢)),
X :elkzﬁ <7> (CuLy(pr)+ DK, (sr))sin(n(0—¢)), (2.7)
r ’ (EnLy(pr)+F,Ky(sr))cos(n(0—¢)),

where r is a constant related to the source, f the radial wavenumber in the fluid, and
I,, K, are the modified Bessel functions, p = (kz—kpz)l/ 2 and s = (K2 —k?)/2 are the
compressional and shear radial wavenumbers, respectively. A, B, C, D, E, and F are



36 A. C. H. Cheng and J. O. Blanch / Commun. Comput. Phys., 3 (2008), pp. 33-51

arbitrary constants, and ¢ is an arbitrary reference phase for the source. For a fluid, only
the scalar potential exists.

For a borehole, we have a fluid column inside an elastic formation. There are three
sets of boundary conditions for wave propagation relating to the acoustic logging envi-
ronment: 1) the displacements must remain finite at the center of the borehole; 2) there are
no incoming waves from infinity; and 3) the stress and displacement continuity across the
solid-fluid borehole boundary. In particular for a so-called open borehole, the shear mod-
ulus of the fluid inside the borehole vanishes. These conditions put constraints on the
type of solutions available. For the Modified Bessel Functions, I, and K,,, they represent
incoming and outgoing waves in cylindrical coordinates, respectively. Thus condition 1
implies that we only have I, in the inner fluid column, and condition 2 implies that we
only have K, in the outer formation. In addition, we note that K, is singular at the center
(r=0, Abramowitz and Stegun, 1964). This, it turns out, will present numerical problems
for the Finite Difference Method discussed in a later section. Condition 3 implies that the
normal displacement and stress across the borehole boundary are continuous, and the
shear stress is zero at the boundary:

u= uf,

Orr =0rrfs _

T (atr=R) 2.8)
Ur(?:O/

where u is the radial component of displacement in the formation, and us the radial
displacement in the fluid.

3 Synthetic microseismogram and the discrete wavenumber sum-
mation method

With the above basic equations, we can calculate the response inside the borehole from
a point source excitation. In general, the response can be written as (Tang and Cheng,
2004):

P(zt) = / 5(w)DO (w)e e+ / / S(w) Al (kw)ee “idkdw,  (3.1)

where P is the pressure response at a distance z along the borehole axis from the source
and S(w) is the source spectrum. The first integral relates to the direct signature of the
source, and the second integral is the response of the borehole to the source excitation.
The first term can easily be calculated using a standard analytic solution of wave prop-
agating in a homogeneous fluid. It is the second term that we will need to focus our
attention on.

We can calculate the second integral, specifically the wavenumber integral inside the
frequency integral, using the discrete wavenumber summation method (Bouchon and
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Aki, 1977, Cheng and Toks6z, 1981). There are two issues involved in the numerical eval-
uation of the wavenumber integral. The first one is that the summation is along the real
wavenumber k axis. The response term A( has singularities lying along the real k axis.
These are branch points corresponding to the compressional and shear head wave ar-
rivals, and poles corresponding to the guided (pseudo-Rayleigh and Stoneley, or trapped
waves and interface waves for orders higher than zero) wave arrivals (Tsang and Radar,
1979; Cheng and Toksoz, 1981, Paillet and Cheng, 1991). The second issue involves the
discretization interval for the numerical integration over the wavenumber.

The solution to the first part is to distort the path of integration by the use of complex
frequencies, adding in a small imagery part w; to the real frequencies (Bouchon and Aki,
1977, Cheng and Toksoz, 1981). This has the effect of moving the singularities off the
real k axis in the complex k plane. This also has an effect of attenuating later arrivals.
This attenuating effect is reversed by multiplying the calculated response by exp(wi;t).
It is useful to note at this point that one should not use a large value of w;, otherwise
numerical noise in the late part of the waveform will be magnified. An additional method
of moving the singularities off the real k axis is the use of attenuation in the formation and
fluid velocities. Attenuation is usually formulated by using a complex velocity instead of
a purely real velocity formulation (Aki and Richards, 1980). It is also necessary to ensure
that the complex velocity follows the Kramer-Kronig's relation, such that the wavefield
is causal and hence realistic.

For the discretization of the wavenumber integral, it is observed that analogous to the
time-frequency pair in the Fourier Transform, space-wavenumber also form a Fourier
Transform pair. Thus a discretization in wavenumber implies a periodicity in space.
Specifically,

Ak=27/L, (3.2)

where L is the periodicity in space. We will have to choose a Ak such that L is large
enough that arrivals from the nearest periodic sources will not interfere with our calcu-
lated waveform.

The above is the description of the application of the discrete wavenumber summa-
tion method to model elastic wave propagation in a borehole. This technique can be
generalized to calculate the response in a borehole with radial layers (Tubman et al,,
1984, Schmitt et al., 1988), a transversely isotropic borehole with the axis of symmetry
coinciding with the axis of the borehole (Schmitt, 1989), a permeable borehole (Schmitt
et al., 1988), a borehole with an irregular boundary (Bouchon and Schmitt, 1989), and the
responses of off-centered sources and receivers (Byun and Toks6z, 2006). It is limited to
situations where the formation properties are homogeneous in the z and 6 directions. For
more complex formations, we need to use the finite difference technique to model the
response.
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Figure 2: A red star denotes the source and the receivers are denoted by green triangles. The blue area
corresponds to mud, and red the formation. Note that the scale is very different between the radial distance
and depth /vertical distance. The receiver configuration is similar to a typical wireline acoustic tool, except that
two of the receiver arrays are located within the formation. The scales are in number of grid points.

4 The finite difference method

When one wants to simulate the wave propagation in a borehole with no cylindrical sym-
metry or with variations in the vertical (z) direction, it is no longer possible to efficiently
use the discrete wavenumber method, but necessary to use the Finite Difference method
or another method which can solve a general system of partial differential equations. For
a completely heterogeneous borehole, the most efficient method is to do the simulation
in three dimensions and in Cartesian coordinates. Cheng et al. (1995) describes the pro-
cedure of such a simulation. There are obvious limitations to such an approach, and the
approximation of the curved surface of the borehole in a Cartesian coordinate system is
one. These limitations are quite well understood and beyond the scope of this paper.

In this paper, we would like to address a different problem, namely, a radially and
vertically heterogeneous borehole when we can apply the Finite Difference method in
2 dimensions in cylindrical coordinates (r and z). The angular dependence can be pre-
scribed by deriving the 2D cylindrical equation using a function, which is the product
of one function depending on both r and z, and another depending only on the angle,
u=u(r,z)O(0). To maintain consistency in angular behavior the solutions for the angular
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behavior are the well-known discrete spectra sinusoids. It is, however, not possible to
eliminate one set of solutions as outlined above in the discussion about boundary condi-
tions.

For the Finite Difference Method, we used a different approach to solving the elastic
wave equation (2.1). Instead of the use of potentials, and looking for a time harmonic
solution, the elastic wave equation is obtained by first deriving the strain in cylindrical
coordinates and then using the constitutive relation for linear elasticity to express the
stress using the derivatives of the displacement. The slight complication in the derivation
is that care has to be taken of the non-constant coordinate direction vectors, which are
dependent on the angle (see Eq. (2.5)). Adding Newton’s second law to the stress and
using the particle velocity 7=ii; instead of the displacement ii completes the derivation.

( 1 1
Tt = (/\+2V)Ur1r+/\< vr+nr09+7)212>
1 1
g, = (A+2p) ( Or+n— Ue) + MO +02,2),

1 1
Ozzit = ()\-"_2]’!)’02/2 +)\ <vr17+;vr+1’l;vﬂ>/

Opzst = V(vr/z +0z,, )/

1 1
Orgst=H | Og,r —N— UV - ;UG 4.1)

0ozt = U <U(9/z n— Uz>

1 1 1
Orpt= ;ar‘i‘arr/r‘i‘n;o're_;(769"1‘0'1’212 s

2 1
Vg, = ( Ur6+0r9/r_n;(769+09212 ,

'blH‘bl»—\

1
Uzpt=— 0 <7’ Urz+0'rz/r+n;0'62+0'zz/z .

The angular dependencies are simple sinusoids with frequency n. There is a phase shift
between the different components, such that if the angular dependence for the vy, oy,
and oy, is sin(nf), the angular dependence for the others are cos(n). Note that if the
order of the solutions n is equal to zero (1 =0 < monopole), the equations decouple,
such that the angular components, which would correspond to an SH wave in Cartesian
coordinate system, decouple from the other radial and axial/depth (z) components.

The system of equations (4.1) can, as mentioned above, be solved using the Finite Dif-
ference method. However, due to the existence of a singular solution in the fluid column,
the problem is not well posed (Gustafsson et al., 1995). Thus, if small round-off errors
in the Finite Difference solution correspond to the solution K,,, which is singular at the
center of the borehole, this solution will be picked up and cause uncontrollable growth of
the computed solution. This situation does not exist for the Discrete Wavenumber Sum-
mation method above since we can analytically eliminate that solution. Still, there are
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Figure 3: The source wavelet used in all simulations, which is a Ricker wavelet (i.e., second derivative of a
Gaussian) with a center frequency of 8 kHz.

cases where a useful solution can be obtained. In the following sections we will show
examples where the Finite Difference Method produces a useful solution and where it
fails. The Finite Difference employed here is second order accurate in time and fourth
order accurate in space (Robertsson et al., 1994). The source is a pure pressure source in
the fluid column of the borehole, and field is measured as pressure both in the fluid and
the formation (the trace of the stress tensor).

5 Open borehole example

Fig. 2 shows an open borehole scenario with fluid and a formation and positions of
sources and receivers. The spatial step is 5 mm in both the radial direction and depth,
and the time step is 0.5 us. The borehole is filled with mud (200 us/ft) and the formation
has a compressional slowness of 100 us/ft and a shear slowness of 170 us/ft. The density
is 1.1 gcm? in the mud and 2.2 g/cm? in the formation. For all simulations in this paper,
we use a Ricker wavelet with a center frequency of 8 kHz (see Fig. 3). The upper, lower,
and right sides of the model contain absorbing sponge boundaries (Robertsson et al.,
1994). For reference, at a center frequency of 8 kHz, a compressional wave wavelength is
approximately 400 mm in the formation.

Figs. 4-10 show the solution for n=0,1,2, commonly known as monopole, dipole, and
quadrupole source pattern, with the receiver array in the fluid. The source is an 8 kHz
Ricker wavelet displayed in Fig. 3. Fig. 4 shows the eight receiver waveforms for the
n =0 monopole source, the spectra for the receivers, the energy stack, the slowness-time
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Time series, N =0, open borehole
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Figure 5: The response from channel 3 for a monopole source shows that most of the energy is carried in
the Stoneley wave, there is a hint of the compressional (marked) and shear wave arrival. The time scale is in
milliseconds.

semblance coherence (Kimball and Marzetta, 1986), and the slowness dispersion from
frequency semblance across the receiver array. We can see the refracted compressional
and shear arrivals, in addition to the interface guided (pseudo-Rayleigh and Stoneley)
waves (see, e.g., Tang and Cheng, 2004, for a complete description of these waves, as well
as the flexural and screw modes, generated by the dipole and quadrupole excitations,
respectively). Fig. 5 shows a close up view of one of the waveforms. As can be seen from
the figure, most of the energy is carried in the interface waves, with only a hint visible of
the refracted compressional and shear head wave arrivals.

Figs. 6 and 7 show the response for an n =1, or dipole source. There are refracted
compressional and shear wave arrivals, in addition to the flexural interface wave. The
dipole source pattern clearly excites more high frequencies than the monopole source.
This is because of the low frequency cutoff for the flexural mode. Figs. 8 and 9 show
the results for a quadrupole (n = 2) source. As predicted by the theory, the quadrupole
mode contains higher frequencies than both the Stoneley and the flexural mode. The
refracted compressional head wave is more visible because of the reduced amplitude of
the interface modes when compared to the monopole and dipole excitations.

Fig. 10 shows the same waveform as Fig. 9, except on an extended time axis. This is
to demonstrate that the finite difference simulations in these cases appear to be stable,
despite the theoretical presence of the singular solution in the fluid.
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Figure 7: The response from channel 3 for a dipole source shows that most of the energy is carried in the
flexural wave, there is a hint of the compressional arrival (marked) but the shear wave carries a significant part
of the energy as well. The time scale is in milliseconds.

6 Borehole with logging tool

We will now examine a more realistic situation, namely, one with a logging tool in the
middle of the borehole. We simulate the logging tool by placing a steel body at the center
of the borehole, with high attenuation streaks corresponding to similar material in an
actual tool, whose purpose is to damp out the direct arrival of the acoustic wave through
the tool body. Fig. 11 is a schematic of the simulation grid.

Figs. 12 and 13 show the waveform from a monopole simulation. The results are
similar to those in Fig. 4, without a steel tool, in that the pseudo-Rayleigh and Stoneley
waves dominate the waveform, but the effect of the steel tool is evident. The solution is
still stable within the time frame of the simulation.

Fig. 14 shows the waveform from channel 3 of the wavefield under dipole source
excitation. In this case the singular solution, K, is picked up, and the simulation be-
comes unstable. When we look further into the waveforms and analyze them using the
slowness-time semblance correlation (Kimball and Marzetta, 1986) shown in Fig. 15, we
can detected that there is some time before the solution is corrupted and overtaken by
the singular solution. Part of the compressional wave has arrived and is visible in the
slowness-time coherence plot. We can attempt to eliminate the singular solution by set-
ting the fields around the origin to zero, thus delaying the time for the singular solution
to develop. Fig. 16 shows the slowness-time coherence plot shows that this approach
works to some extent, and we do pick up the dipole flexural wave arrival.



A.C. H. Cheng and J. O. Blanch / Commun. Comput. Phys., 3 (2008), pp. 33-51

ch3

chd

chd

chb

ch?

chid

00

60

200

150

slowness fus/it)

100

a0

300

250

[ ]
=
=

i
=

slowness (,s/t)

=
=

a0

Time series

B

N =2, open borehole

2% :
100% ]
o 0.5 1.5 z z5 2
time (ms)
Energy of stack (trace correlation)

o 1 2 3 4 g

time (ms)

Fraguency semblance for 8 channels

5 10 15
frequency (kHz)

25

Fregquency response

frequency (kHz)

Semblance for 8 channels

time {ms)

Figure 8: The response for n =2, quadrupole
shows the refracted compressional and shear
wave, in addition to the quadrupole interface
wave. The frequency response is cut around 4
kHz and in general higher than for the dipole
source pattern. The dispersion estimate shows
the dispersion for the quadrupole wave, as well
as both the shear and compressional wave in dif-
ferent frequency bands. The quadrupole source
pattern clearly carries no energy below a clear
cutoff frequency.

45



46 A. C. H. Cheng and J. O. Blanch / Commun. Comput. Phys., 3 (2008), pp. 33-51

Time series, N =2, open borehole
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Figure 9: The response from channel 3 for a quadrupole source shows that about an equal amount of energy is
carried in the shear and quadrupole wave. The compressional arrival (marked) is clearly visible. The time scale
is in milliseconds.
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Figure 10: The same data as in Fig. 9, but with an extended time axis. The FD solution seems to be stable
(as well as good absorbing boundaries). The time scale is in milliseconds.
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Figure 11: A red star denotes the source and the receivers are denoted by green triangles. Note that the scale is
very different between the radial distance and depth/vertical distance. The blue color represents borehole fluid,
the red formation, and the cyan the steel tool body. The yellow stripes are section with high attenuation. The
receiver configuration is the same as in Fig. 2. The scales are in number of grid points.

Even, though the simulation is unstable for all cases since the formulation is not well-
posed as pointed out above it is worth spending some time trying to understand why
the stability problem starts to appear earlier with the dipole excitation combined with a
steel tool in the center of the borehole. There are a number of reasons why this is so. In
a fluid, we only have the scalar potential, and the singular solution associated with that
is Ko. Even though for the higher order excitation, the solution involves derivatives of
Ko, Ko is a logarithmic singularity at the center of the borehole, and thus the unstable
solution grows slowly. In a steel tool body, we have both the scalar and vector potential
as discussed above, the solution associated with the vector potential, the shear wave
solution, is of the order K;, 1, where n is the order of excitation of the source. Thus for
dipole or n =1 excitation, the singular solution is proportional to K. K, approaches
infinity as 1/z2 as z approaches 0, much faster than logarithmically (Abramowitz and
Stegun, 1964). Thus we have problems when we do simulations of a borehole with a
solid steel tool body in the center, with a dipole and higher order sources.

7 Summary

We have presented a brief review of two standard methods of numerical simulation of
elastic wave propagation in a borehole. The Discrete Wavenumber Summation Method
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Figure 13: The response from channel 3 for a monopole source and a steel tool shows that most of the energy
is carried in the Stoneley wave. The polarity of the Stoneley wave is different compared to the open borehole
case due to different dispersion and source coupling. The time scale is in milliseconds.
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Figure 14: The response from channel 3 for a dipole source and a steel tool shows that the simulation is
unstable. In this case the singular solution is picked up. The time scale is in milliseconds.
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Slowness

Time

Figure 15: The semblance for the steel tool, n =1, data shows that there is some time before the solution is
overtaken by the singular solution. Part of the compressional wave has arrived before the solution is corrupted.
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Figure 16: In an attempt to force the solution to not become corrupted by setting the fields around the origin
to zero, the time for the singular solution to develop is delayed. The semblance for the steel tool, n=1, data
shows that there is some time before the solution is overtaken by the singular solution. Here it is possible to
conclude that the n=1, dipole source pattern suppresses the tool mode.

is quasi-analytic, but is limited to situations with radial symmetry and homogeneous
formation in the vertical direction. The 2D Finite Difference Method offers a solution for
a radially and vertically heterogeneous borehole, but is limited by numerical instabilities
when high order excitation is introduced together with a solid logging tool in the center
of the borehole.
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