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ABSTRACT

A simple asymptotic analysis, based on the smallness of the ratio of the borehole radius
to the wavelength, reveals the interaction between tube waves and seismic waves. The
pressure field in a tube wave acts as a secondary source of seismic waves and conversely
an incoming seismic wave excites a tube wave. The asymptotic analysis leads to a
characterization of these sources in terms of the solution to two-dimensional elastostatic
problems. These may be solved exactly when the borehole has an elliptical cross-section
even in an anisotropic formation. Also the borehole need not be straight provided that
its radius of curvature is large compared with a wavelength.

INTRODUCTION

The Aim of This Paper

This paper is concerned with acoustics in and around a narrow fluid-filled borehole in
an anisotropic or isotropic solid. An important wave mode here is the tube wave, which
is primarily a longitudinal vibration of the fluid. It propagates with a speed depending
upon the properties of the fluid and, because of some compliance of the borehole wall,
the geometry of the hole and the properties of the solid. If the solid were perfectly rigid
the tube wave speed would be the characteristic acoustic speed in the fluid.
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Because of the compliance of the borehole wall a tube wave may act as a source
of seismic waves in the surrounding solid. In a fast formation, where the tube wave is
slower than the S wave in the solid, a steadily moving tube wave produces a disturbance
which is confined to the neighborhood of the hole, but seismic waves are excited where
the tube wave behaves discontinuously, such as near the source and as the wave passes
through significant interfaces. In a slow formation, where the fluid wave speed is faster
than the S wave in the solid, in addition, a propagating tube wave will continuously
shed a conical shear wave as it travels.

Recently there has been much interest in cross-hole tomography in which sources
are placed in one borehole and receivers in another. One may think of the sources
acting on the solid only through a tube wave as an intermediary, and reciprocally, the
receivers reponding to the seismic wave only through intermediate tube waves excited
in the second well. Thus it is important to understand the interaction between the tube
wave and the seismic wave. Moreover, the recent emphasis on anisotropy requires that
the solid not be restricted to isotropy. Also, the existence of horizontal and deviated
wells means that we cannot assume that the borehole has any particularly symmetrical
orientation with respect to the symmetry planes of the anisotropic medium or that the
borehole has a circular cross-section, especially along highly curved sections.

Most previous related work has been confined to circular holes in isotropic solids
because wave problems in such a structure can be solved exactly in terms (of infinite
sums and integrals) of Bessel functions and exponentials. See, for instance, Lee and
Balch (1982), where the authors obtain an exact solution and then consider the low-
frequency régime, where the borehole radius is much less than a wavelength.

In view of the difficulty (perhaps impossibility) of solving analytically any but the
most symmetrical dynamical problems, and the difficulty at this time of obtaining three-
dimensional numerical solutions, we have developed a method of obtaining the low-
frequency (or narrow-borehole) approximation directly without first obtaining an exact
solution. The method consists of introducing the ratio of borehole radius to wavelength
¢ as a small parameter and then obtaining an asymptotic solution in ascending powers
of e. In this way we obtain a sequence of probiems which are solvable.

The first problem is a two-dimensional static elastic problem for the inflation of a
hote in an arbitrary anisotropic solid. The relevant theory was developed to study stress
concentrations around holes in plates under tension. See Lekhnitskii (1963) and Savin
(1961). In those works the solution is obtained in terms of stress functions. For variety,
in this paper, we present the theory in terms of displacement, since this relates more
closely to the physics under consideration. The next problem arising in the asymptotic
approach involves a one-dimensional hyperbolic system of equations for pressure and
longitudinal particle velocity in the fluid. The coefficients in this system involve the
solution to the static elastic problem just mentioned.
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The next and final step is to find a source of seismic waves in the solid, which is
equivalent to the traveling tube wave. That is, we replace the solid with a hole by an
intact solid and construct a moving system of body-force dipoles concentrated along the
location of the centerline of the hole, which generates the same seismic radiation as the
propagating tube wave in the actual hole. As final generalizations we allow the cross-
section of the borehole to be elliptical and allow the borehole centerline to be curved,
provided that the radius of curvature is long compared with a wavelength. We assume
the ratio is O(1/¢).

Other Previous Work

White and Sengbush (1963) computed the low-frequency far-field radiation from a point
source in a fluid-filled borehole by integrating the contribution from the pressure wave
propagating along the borehole at the tube wave speed. In doing this they used a result
obtained by Heelan (1953) who computed the far-field low-frequency displacements due
to a transient pressure applied to a short length of an empty cylindrical borehole. The
far-field low-frequency displacements thus obtained are a generalization of the results
obtained by Lee and Balch (1982) who derived them by a stationary phase approxi-
mation to the exact solution for a point source in a fluid-filled borehole. White and
Sengbush (1963) addressed also the case where the shear wave speed of the formation
was slower than the tube wave speed.

Based on the results of Lee and Balch (1982), Ben-Menahem and Kostek (1991)
recognized that under certain circumstances the far-field low-frequency radiation from
a point source in a fluid-filled borehole was equivalent to that generated by a suitable
combination of a monopole source and a vertical dipole source localized in the formation
in the absence of the borehole. Kurkjian et al. (1992) showed that the exact radiation
pattern was obtained if the mechanism above was allowed to move up and down the
borehole at the tube wave speed.

Outline of the Paper

In Section 2 we define borehole-centered coordinates, which are a curvilinear orthogonal
system in which one coordinate is arc-length s along the centerline of the hole and the
other two are cartesian coordinates in the plane perpendicular to the borehole at the
point specified by s. As s varies this system does not rotate around the centerline. The
system is singular at the center of curvature of the centerline. The acoustic equations in
the fluid, the elastodynamic equations in the solid, the appropriate interface conditions
on the surface of the borehole, and the conditions at infinity are stated first in cartesian
coordinates and then in the borehole centered coordinates.
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In Section 3 we introduce the small parameter €, assuming the radius of the hole is
0{1), the wavelength is O(1/e), and the radius of curvature of the borehole centerline
is O(1/€%). We then specify that the solution should depend on time ¢ and s only
through T = et and S = €s and assume an asymptotic power series in ¢ for each
dependent variable. The leading-order equations tell us that to this order the fluid
motion is longitudinal {along the well) and that the displacement in the solid is related
to the pressure in the fluid by a two-dimensional elastostatic problem. The equations
involving terms of the next order yield the one-dimensional acoustic system for pressure
and longitudinal particle velocity in the fluid, showing how the coefficients depend upon
the solution of the elastostatic problem which arose at the leading order. This one-
dimensional system is then solved for a volume-injection source concentrated at a point
in the borehole.

In Section 4 we derive the distribution of body force which, when acting in the
intact solid, would produce the same radiation as the tube wave in the borehole. This
turns out to be a line distribution of dipoles, concentrated along the borehole centerline,
which depends upon linear operators defined by the elastostatic problem. In Section 5
we use a complex variable technique to solve that elastostatic problem and so obtain
the linear operators which occur in the expression for the body force distribution. It is
interesting that the linear operator involves the product of three matrices, one depends
upon the elastic constants of the solid, one on the fluid pressure and any incident stress
field, and the third on the profile of the borehole cross-section. The calculations are
analytical except that a sextic equation has to be solved for an eigensystem.

In Section 6 the configuration is specialized so that a plane perpendicular to the
borehole axis is a plane of symmetry for the anisotropic medium. When this is so
the 3 x 3 elastostatic problem of Section 4 decouples into 2 2 x 2 and a 1 x 1 system
which may be solved analytically. Further specialization to transverse isotropy with axis
perallel or perpendicular to the borehole, and finally to isotropy, enables one to calculate
analytically the operators giving the coefficients in the one-dimensional acoustic system
and the body-force distribution.

In Section 7 we quote a form for the far-field Green’s function in an anisotropic
medium and then combine it with the body force distribution to calculate the far field.
Results are obtained for situations where the tube wave is either faster or slower than the
quasi-shear waves. The case of two boreholes with a source in one well and a recetver in
the other well is also analysed. The solution is obtained in a form which clearly exhibits
reciprocity.

In Section 8 the far field is specialized first to a circular borehole in an isotropic
medium, and shown to be identical to those of Lee and Balch (1982) and Ben-Menahem
and Kostek (1991). Then, the nontrivial case of a borehole in a transversely isotropic
medium is considered, where we show the radiation patterns and wavefront surfaces for
various situations involving media with symmetry axis parallel or perpendicular to the

i,
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borehole axis, and also with triplication of the quasi-shear wavefront.

EQUATIONS OF MOTION IN BOREHOLE-CENTERED
COORDINATES

Borehole-Centered Coordinates

Let x = (&1, 22, T3) be cartesian coordinates and let
x = X(s) (1)
be the equation of the borehole axis parametrized by arclength s. Then
es(s) = X/(s) (2)

is a unit tangent vector to this curve. We complete ez into an orthonormal triple
{e1,e2,e3} by requiring that as s varies, this frame does not rotate about es(s); that
is, the component of its angular velocity about e3(s) is zero. To do this we regard es(s)
and ej(s) as given and choose e;(s), ea(s) so that

&ifs) = —les(s)-er(s)lea(s) -
er(s) = —[es(s)-e2(s)les(s).
Then
ei(s) = —omes(s),
ep(s) = —azes(s), (4)
ef(s). = oiei(s)+ azeq(s),
where
a1 = ej(s)-ei(s), o = ejy(s)-ex(s). (5)
We set
x = X(s) + q1e1(s) + gzea(s). (6)
Then ¢1, g2, 5§ = g3 are borehole-centered coordinates.
dx = [X'(s) + qe}(s) + geeh(s)] ds + dgie(s) + dgoea(s)
= dgie; + dgzez + (1 — aaq1 — aag2) dgses, (7)
and s0
|dx[* = dgf + dgj + R*dd3, (8)
where
h(g1,q2,q3) = 1 — o1 (g3)q1 — o2(qa)ga. (9)

Thus {q1, g2, g3) form an orthogonal curvilinear coordinate system. We shall next state
the equations of motion in cartesian coordinates and then rewrite them in borehole-
centered coordinates.
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The Equations of Motion in Cartesian Coordinates

The momentum and constitutive equations in the borehole fluid are

P+ Vp=0, (10)
opr+V-v =G (11)

Here py and o are the density and bulk compliance of the fluid, p and v are the pressure
and velocity, respectively, and G is a source term representing the production of volume.
Let p be the density, u the particle displacement, w = u; the particle velocity, and T
the stress in the solid. Then the momentum and constitutive equations in the solid are

pw — V-1 =0, (12)
T=c:Vu, (13)

where ¢ is the fourth rank tensor of elastic constants (stiffnesses). Equation (13) may
be differentiated with respect to ¢ to obtain

Tt=c:Vw, (14)

Together with (12) they form the elastodynamic equations as a first-order hyperbolic
system.

On the interface between the fluid and the solid (the borehole wall) the normal
particle velocity and traction are continuous:

n-(w+wl) =nv, (15)

(r+70)n=—pn. {16)

Here n is the unit normal to the interface pointing into the solid; w/ and 7/ are the
particle velocity and stress fields due to an incident wave. They satisfy the homogeneous
elastodynamic equations outside the borehole and enter our equations only through the
interface conditions (15} and (16). To complete the specification of the problem we
require the boundary condition at infinity that u, w,and T tend to zero as the field
point recedes from the borehole.

The Equations of Motion in Borehole-Centered Coordinates

Using the formulae presented above we rewrite the equations of motion as follows.
Equation (10) becomes
pfU1e+D1 = 0,
PiU2t+ P2 0, (17)
pruae+hipg 0.
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Equation (11) becomes
ops + v + V22 + R sz — aavy — aovs) = Gy (18)
The interface equations (15) and (16} become
ne(wy + w}:) = NpVk, (19)

and
(5 + T)ng = —pms. (20)

The boundary condition at infinity becomes
u, w, T—0 as /g + 4% — oo. (21)

The momentum equation in the solid becomes

pwie = T+ Teng + A7 T + R ~anm — a1 + Gy 7as),

pwat = Tizq + 722+ A mans + AT (—auTiz — e + coTas), (22)
- -1

pwse = Tizy+ Teaz + A rass + 2h T (—aiTis — caTos).

The differentiated constitutive law becomes

Ti=¢C:Vw, (23)
where
Wi W2 w3 + caws)
Vw = wWa1 Wopo h_l(w2,3 + CEQ‘LU;;) . (24)

wa1 wae h N waz —aiwr — aawe)

Substituting (24) into (23) and writing the result in full, one obtains

Tijt = CijkéWhs + R Cijya(Wa,3 + ayws)
+h " eigza(ws, s — 1wy — cawa), (25)

where the repeated Greek subscripts are summed over the values 1,2.

ASYMPTOTIC ANALYSIS

The Small Parameter ¢

In this section we shall make some assumptions about the relative sizes of the borehole
radius, the wavelength, the radius of curvature of the centerline of the borehole, and
the length scale on which the material properties vary, in terms of a small parameter «.
We shall assume that, in the units of the coordinates g;, the borehole radius is O(1) as
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¢ — (. We shall assume that the wavelength is O(1/¢). The scale on which the medium
properties vary and the radius of curvature are both O{1/€?). Under these assumptions
ay and az are O(e?). So, let us write

o =26, Bi=0(1), (26)

and
R = (1~ €®Bia1 — €Paga) ™t = 1+ O(%). (27)

Let us introduce new “slow” variables T' and S defined by
T=¢t, S=es. (28)

Then
Oy = edr, 8, = eds. (29)

We shall suppose that all quantities depend upon ¢ and s only though 7" and 5. Thus
we may rewrite (17} to (20) as

Epf’uarT + p,& = 0’ (30)
prusr+ps = O(e).
erpr + evs,s + V1,1 +vz2 — G = O(e?), (31)
fia(Wa + wl) + ems(ws +wh) = nava + emavs, (32)
(Tap + TLg)ng + €ma(Tas + Tds) = —Pha,
7 {33)
(Tag + T3ﬁ)ng 4 em3Tss = —e€pma,

where the Greek subscripts range over 1,2 only. Because the equation of the borehole
wall depends upon g3 only through S, we have written

N3 = €2ma. (34)
Next (22} becormes
EQULT = Ti1,1 + Te12 +€T31,5 — €2 BaTar + 0(63),
EPWaT = Tiag +Toz2 + €Tae,s — €2 BaTaz + O(6%), (35)
€pwsT = Tia1+Tose +€Taas — 262BaTas + O(e%),
and (23) and (24) become
Ti=c¢: VW, (36)
and
w11 W2 wy,s + 62 f1ws
Vw = | wo; wyp Wy s + 62}32103 +- O(Es). (37)

wa1 Waz wis— efiw — e2Bows

Fan
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Then (25) yields
ETis,T = CijkéWh,s T €Cijk3Wk,5

+€20ijy38,Ws — €°CijasfaWa + O(Ea)- (38)

We shall assume that the field quantities can be expanded in powers of ¢. However,
they do not all start at the same power. Thus let

= v® 4 ev® 1 O(e?),

v
p = p9+ep® + 0O,
u = ul®4eul® 4+ 0(e2),
w = ew® 42wt L O, (39)
T = 1-(0) + ET(I) + 0(52)’
uw = uf@ 44 0P,
wl = ew!® 4 2wl 3 O(e?),
= 710 L e O(e?).
Also
u,w,7 —0 as /¢®+ 42 — co. (40)
The Leading Terms in ¢ and the Elastostatic Problem
We next write (30) to (38) to leading order in ¢, using (39):
(0}
. e = 0,
( (41)
vaé?:l)" +pfg) = 0
oL =0. (42)
0= na'l}c(!o). (43)
62 + s = O, »
(TégJ + 7';::(30) Jna = 0.
0
0 = Tcgck),o:' (45)
Tor = Cign i, (46)
which may be integrated in T to get
0
7':'(;?) = Cijk'rui:,lf- (47)

The boundary condition gives

u® 0 as g + g3 — oo (48)
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Equation (41) implies that p©) is independent of g; and go. Thus
p@ = pO(s,T). ' (49)

Assuming irrotational fluid motion,

V xv =0, (50)
equations (42) and (43) imply that
W9 =0, »{” =0. (51)
Equations (50) and (51) imply that
vha =0, (52)
so that |
vl = o0(S, 7). (53)

Equations (44), (45), (47), and (48) form a two-dimensional elastostatic problem for
u® and 7@ with forcing terms 7/© and p©® in (44). Thus

u and w epend linearly upon 75 +pr
© and w(® depend linearl 70 4 o001, (54)

Terms of the Next Order in ¢

We proceed to the next order in e in (31) and (32), making use of (39),

opD + v + o) + 0l - Gr =0 (55)
ncr(wgro) + wc{(o)) = no:'vc(zl)- (56)

Integrating (55) across the borehole, and using the two-dimensional divergence theorem
with (56), we get

aAp(o) +Av§0% —/G,TdA = —/ navi ds
’ = 8t

= - / T (WS + wl®) ds. (57)
8T
It follows from (54) that /E; nawfo) ds depends linearly upon T{}O) (U)I Thus
E L}

-[9271“”1(0) ds = ANiﬂpq(T;q(D) + 9 654), (58)
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say. Then
fa neuld) ds = AN(r1O 4 plO1), (59)
=

where N(T) = NaapgTpe. Also differentiating (59) with respect to 7" gives
]{; Enawg?) ds = AN (T'I:,(‘D) + pfg-)l). (60)

In (57) to (60) X is the right cross-section of the borehole at X(S), A is its area, and
g% its boundary. Hence we have

(o + NDPY +u = = f Crdd - f wl® dA — (1@, (61)
o)

Because TI(O) = CpgijU; ;  We may write (61) as

e+ N@DPP + ol = [): G dA — [6;5 — tit; + (Smn — tmtn) NemnpgCogiiltis oo (62)

The One-Dimensional Acoustic System in the Fluid

Equation (61) together with the third equation of (41):
pros% +pQ =0, (63)
form a one-dimensional hyperbolic system for ‘Uéo) and p(® . We should remember that
v(® p© w0 0 are related to v, p, w, T by (39), and that these are evaluated in the
coordinates qi, ¢z, ¢s, which have the same physical units as xi, zo, z3. Transforming
(61) and (63) back to the variables s, ¢ using (28) and (29) we get
1 1
(0 + NP +of) = 5 / Gedd=- [ulaa-Nal®),  (69)
Alx Als ™™ !

oS+ 09 = 0. (65)

The One-Dimensional Acoustic Solution

We restate the system (64}, (65):

sl +0@ =, (66)

o+ NP+ = f G, dA = Ag(t)é(s), (67)



290 Burridge et al.

specializing to a source concentrated at the origin and supplying accumulated volume
Vog(t) up to time ¢, and assuming that there is no incident stress field: 77(0) = 0. If
the coefficients vary slowly, as we assume, we may solve (66), (67) by the method of
generalized progressing waves and so we assume a solution in the form

ngJ =] i}n(s)
= fn(t ~7(s)) (68)
p® ) 35\ puls)

away from the source. Here each f, is one integration step smoother than the previous
one:

fn=Ff 1’1+1, {69)
and travel time 7(s), and coefficients 9, and Pp are to be determined.

On substituting (68) into (66), (67), and then equating the coefficients of the suc-
cessive fn to zero, we get forn = —1

P -7 o 0
-7 o+ N(I) Do 0
and forn=10
pr =T % 2o 0
-’ o+ N(I) ] 73 0
Equation (70) implies
= +yr, (72)

where vz is the tube wave slowness given by

vr =4/ prle + N(I)). (73)

Po __

where ¢ is the characteristic impedance given by

_ [y )
C=ATFND (73)

g ic_%
= 0,0(3) 3 (76)
Po ¢

Then

So we may write

2
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where ag is a coefficient to be determined. Using (76) in (71) and multiplying on the
left by (£¢~% (7) we find that

ag(s) = 0. (77)
Thus, to a first approximation,
'ugo) £¢ -3
=ay | | -, (78)
p% ¢z
where a(f are constants and
Th = £r. (79)

We may now determine aj fi* by expressing (66) and (67) near the source as jump
conditions: ’

p(O)(_I'O:t) _p(D)(_O, t) = 0,
(80)
0 W
v (+0,) = v’ (=0,8) = 24'(1).
Since causality requires the waves to propagate away from the source, we shall assume
that the + or — sign in (78) is the same as the sign of s. Using (78) in (80) we see that

ag S (8) —ag f5 (8) =0,

3 ' (81)
13 0) = o fi () = 20,
so that . ’
@ﬁm=@rm=5%%%ﬂ (82)
Finally we get
v +(7(0)¢75(s) .
R glt—sen(s) [ wr(s)as). ()
0 ) O\ dade ;
Isolating p(® we have
p9(s,9) = DD g1t sgu(s) [an(s) as). (54)

This pressure distribution, which is a generalization of a standard result (White, 1983,
p. 147), radiates seismic waves into the formation and will be used later to calculate an
equivalent source body-force distribution in the formation.
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THE LINE DENSITY OF DIPOLES
Let us extend the definition of u and w to the interior of the borehole, defining them
$0 be zero there. Consider f; defined by
Quiee — (Cijketie,e) s = fi- (85)

Then f; will be an effective source field. To evaluate f;, let us introduce a vector test
function ¢; and integrate using the distributional definition of the derivatives:

I= f_+: dt / Vqéifi dx = /_J:o dt / V[P¢k,tt — (s ,5Ci5xe) ] ur dx. (86)

This is an ordinary integral since the integrand is finite everywhere. Also the integrand
vanishes inside the borehole. Thus

I = /::O dt]v ¢:fidx = ./::"’ dt./V [P¢k,tt - (Qsi,jCijkg),g]uk dx, (87)

where V; is the region exterior to the borehole.

Now let us use the divergence theorem in V¢ to get

+oo
I = f dt / . [—ppistit + @i,5Cikethh,e] dX

—

(88)
+oo
-I-f dt/ Gi jCijrettre dA,
—0 - 8V,

where 9V, is the boundary of V, unit normal n points towards the exterior of the
borehole, and dA indicates an element of area. Integrating once more by parts we get

+co
I = / dtfv G pus,ee — (Cijretin,e) 5] dx

—0

—+oo
-l—/ di/ $i,5CiskeUrTle — OiCijkeli e AA (89)
—co oV

+oo
= / di ] v @i,5CijreurTe — QiCijretr enj dA,
because u; satisfies the homogeneous equation (85) in V. Since the borehole is narrow

dA = dsds¢, (90)

to leading order in ¢, where s is arclength along the borehole and ' is arclength around
the circumference 8% of the right cross-section at s. Let us also write for x on the



Effective Sources 203

borehole wall

$i(x) = ¢:(X(5)) + [Tm — X (8)]dhi,m(X(s)) + O(€?), o
91
Cijee(x) = ¢ijre(X(s)) + O(9),

where ¢;jxe(X(8)) is defined by the elastic constants of the material drilled out to form
the borehole. Then to leading order

I = /““"’ dt/ ds[aza{qﬁi,m(}((s),t) [qugukng

—Cijkblkc,eTj(Lm — m(S))] - ¢i(X(SLt)6zjuuk,mj} ds’.

But
CijktUk,eNj = —PNi, (93)

where p is the pressure in the borehole fluid at X(s), which is independent of ¢/, p =
p{®(s,1), to leading order in e. Thus the last term in (92) vanishes and (92) becomes

= f: dt [ds [ um(X(s), Dlcimuetine + 9O (©m = Xm())mds, (90

where in the integrand ¢imke is taken to be ¢imre(X(s)).

Let
Gin(s,2) = [ lcomselX(@)un(X(s), Ore(s, )
+pO(X(8), ) (@m — Xm(8))ni(s, 8)] ds'. (95)
We now apply Stokes’s theorem to (95). But first we write
n=t' xt, ny=epgrtitr (96)

where t = e3 is the unit tangent to the borehole axis, and t/ is the unit tangent to 0Z,.
Then

PO [ (@n—Xn(Dmids' = pO [ (am = Xonl)eimty 45
9%, 8%,

= pOh, fz Egnp{(Tm — Xm(8)) neiprtg dA

= p(O)A(éqréni - 6qi6nr)trtq5mn
PO A(Sirm — titm). (97)
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The other term in (95) must be treated separately since u; is not continuous up to
the boundary in ¥,. Let us extend cijxe smoothly and define the fictitious displacement
field u}, inside the borehole so that

Cijketiy gy = 01n g, up = uy in 8%,. (98)

Thus u* satisfies the elastic equilibrium equations inside the borehole and has the same
displacement on the boundary as the external field. Hence using Stoke’s theorem we
have

/ Cimkeukne ds’ = f CimkeUkEtgrigty ds’
5%, 5%,

= .[)3 eqpncimkguz'pegm-tqtr dA

L3

= '/_; ) (89r6pe — bqtBpr) CimitUi ptatr AA

= f): ‘ (ErtrCimketty g — LelpCimpety p) A A

- fz ikl p (B~ tat) 44

= /2 ‘T,-:.n dA, (99)

where 7* is the stress field belonging to the displacement u* inside ;. We have used the
fact that the tangential s-derivative tpu}*c,p is O(e?) at most, and so the term tgtpcimuu;,p
does not contribute. When the borehole is elliptical in cross-section 7* is constant and
we may write

/ CimkeUfneds’ = AT, (100)
8%,
Thus, using (97) and (100) in (95) we obtain

gim = Altin+ p(OJ(5im ~ titm)]
= Ap(o}[cimqupqrs(fSrs - trts) + Sm — titm]
APON, (101)
say. Notice the similarities between the terms in square brackets in (62) and (101). In

the Appendix it is shown that Npgrs = Nygpe, and so the square bracketed expressions
are indeed identical. Comparing (86) and (94) using (95) and (101) we find that

f‘f’ifi dx = f¢i,m(x(5)gim ds
= [ ax [ $um(x, )60k = X()gims, 1) ds

f dx / — G5(%, )6 m(% — X(5))gim(s, ) ds, (102)

o,
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and since ¢; is an arbitrary test function we have

H58) = = [Gim(,06m(x - X(s)) ds
- / A(S) N2 ()00 (5, 8)6,m(x — X(5)) ds. (103)

The integrand above is a superposition of nine body force dipoles of differing strengths
9im(8, t) depending on position and time. In symmetrical configurations the off diagonal
terms are zero, thus reducing the force system to three mutually orthogonal dipoles
moving along the borehole (see Figure 1}. As will be shown later, these dipoles move
away from the source at the tube wave speed.

THE BOREHOLE COMPLIANCE: THE ELASTOSTATIC
PROBLEM

The Complex Variable Method

In this section we set up the machinery for calculating the operator N and N, of (59)
and (103). Thus we must solve the elastostatic problem (44), (45) and (46), which we
restate using the displacement u(?) instead of the particle velocity w(®). The constitutive
equation is
i) 0
Tz’(j) = nghu](c',?f. (104)
The equilibrium equation is
7 =0, (108)

tor,ex

where to this order of approximation the solution is (locally) independent of 3, the
coordinate parallel to the borehole axis. The boundary condition on the borehole wall
is

e = —(1 na + o), (106)

where n is normal to the borehole wall and ng = 0. In equations (104), (103), (106}
Roman subscripts range over 1,2,3, whereas Greek subscripts range over 1,2 only, and the
summation convention applies. In solving this system of equations we use the complex
variable method of Lekhnitskii (1963), Savin (1961) and Muskhelishvili (1953). These
authors set up their equations in terms of stress functions, which leads naturally to the
use of elastic compliances, and this is most direct when one is concerned primarily with
stress concentration. But we are concerned primarily with displacements, and in the
following development we take the elastic stiffnesses and displacement components as
basic. However, a form of stress function will play a minor role in imposing the boundary
conditions. This complex-variable method is also known as the Stroh formalism and was
used by Stroh (1958) and (1962). See also Ting (1990) for a modern review.
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The method requires that we seek the displacement as an analytic function of the
combination
x) + nTa. (107}

Substituting (104) into (105) we get
CiakpUk,ag = 0, (108)

where we have dropped the superscript (9 on u; we shall continue to drop it on u,
and p in this section. Then, setting

up = ur(2) = up(z) + n22), (109)
equation (108) leads to
P(qu” =0, (110)
where
Pue(m) = cirga + (Ciez + Cioka )7 + iz (111)
Thus
det(P(n)) = 0. (112)

But this is a sextic in 77 with real coefficients. So the roots are real or occur as complex
conjugate pairs. Actually it follows from energy considerations that there are no real
roots. Let the six roots be

Ty Ty S{mn} >0, n=123. (113)

From (110) it follows that u” is a null vector of P(7,) , and therefore a multiple of
a standard null vector U,,.
uf = An(22)Ukn, (114)

where Up, is a function only of the ¢;j.s and not of the coordinates, and An(zn) is a
scalar coefficient depending on z;,z; through

Zn = T1+ T2, M=1,23, (115)
on which it depends analytically. Because uy is real, we seek u; as the real part of a
superposition of such solutions
3
we = R Ukndalzn)}, u=R{UA}. (116)
ne=}

Here A is the column vector with components An(zn), n = 1,2,3 and U is the matrix
whose columns are the null vectors Uy, n = 1,2,3. A,(z,) is an analytic function of

o,
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its argument. Since 7, and U, are independent of z; and z:, depending only on the
elastic constants ¢iakg, (104) and (118) give

3
15 = R{D (Ciskr + Cisramn)UknAp(20)}. (117)

n=1

Before imposing the boundary conditions (106) we shall introduce the stress func-

tions T; such that
i1 = =132, Tio =151, (118)

which exist by virtue of (105). Let us now consider the xjzo-plane. The cylindrical
borehole wall cuts this plane in a curve, which we shall call the borehocle profile, with
tangent t related to x4 and ngy by

Zys =t = =Ny, o=ty =ny, (119)

where 21, and x2, are the derivatives of x; and zo with respect to arclength s along
the borehole profile. Then using (118), (119) in the left member of {(106) we get

TiaTa = Ti1la — Tzl = =T a%0 s — 15121, = — 15, (120)

and in the right member

—(‘f;c,na +pn1) = —1iiEe,+ 'rljzml,s — Py,
~(ToaNa +pn2) = —72!1:32,3 + T3oT1,s + PT1,s, (121)
‘“T:{ana = _T§r1m2,s + 7':{2331,8-

Using (120), (121) in (106), with the fact that the Ti{,,- are constant, we obtain

n = “T{le + (7'1]1 + p)z2,
Ty = —(13 +D)a1 + 73,22, (122)
T3 = ""7-3[233]_ + Taflm2.
Let us summarize (122} as
T; = (7} + Pbik)ekaTar (123)
where
0 10
e=| -1 0 0 (124)
0 00
From (117) and (118) we have
3
Tio = Ti1 = R{D_(Ciok1 + CiokaTn) Ukn AL (2a)}, (125)

n=1
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and so integrating and using (123) we get
3
%{Z(C&kl + ci2k2rfn)UknAn(zn)} = (TiIk + péik)ﬁkcxza (126)
n=1
on the borehole profile. Let us define the matrices Kz, Ko», and A as follows:
(Ko1)ik = ciok1, (Ko2)ik = cioke, A = diag{m,n2, m}. (127)
Then (126) may be rewritten
R{(K21U + KpuUA)A} = (77 4 pl)ex (128)

on the borehole profile.

The Elliptical Borehole

Before proceeding further we shall specialize to a borehole having elliptical profile, with
major semi-axis r, minor semi-axis 72, and whose major axis makes an angle a with
the 1-axis. Then the elliptical profile may be parameterized by 1, ro, and angle 8 where

z=z)+iry; = e(rjcosf+irzsing)
= %ei"‘[(rl + )6 + (rp — ro)e™ ). (129)

Setting ¢ = €', (129) becomes
z=x +izy = §[(r1 +7r2)¢+ (1 —72)}] on [l=1. (130)

But if we allow |¢] > 1, (130) is a conformal mapping of the exterior of the unit circle
in the ¢ plane onto the exterior of the ellipse in the z plane, and, because S{n,} > 0,
the exterior of the unit circle in ¢ plane is mapped onto the exteriors of ellipses in the
zn~planes. Thus the An{2,(¢)) may be regarded as functions of ¢ analytic outside the
unit circle, constrained by (126) on the unit circle. So, rewriting (126)

3
R{Y (cizkr +Ci2k2n)UknAn (20 (C))} = (T +Pis) €11 (C) + (73 -+ pBis) eroza(¢), (131)

n=1

where from {129}

z1(¢)

2(ry cos o + irgsin )¢ + (r1 cos @ — irg sin a)%],
(132)
22(¢) = 3[(risina—irpcos @)+ (risina + irzcos a)gl.

and [{| = 1.

o

-
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We may now use the Schwartz formula for a function F'({), analytic outside the unit
circle, whose real part is given on the unit circle:

F(O) = —5z § RIF() T4

o—¢( o’

(133)

where the integral is once around the unit circle |o} = 1, |[¢| > 1, and F(¢) is analytic
in || > 1. Applying this to the function in braces on the left of (131) we obtain

3 ] 1 d
n};}(cmkl + Cioran) UknAn(za(€)) = *%}((‘DW + Ei;)z i_ g"gz
- ?.? (134)

where D; and E; are the coefficients of { and % on the right of (131) after (132) is
used for z;(¢) and 22(¢). From (134) we see that An(2,(¢)) is proportional to 1, and
referring back to (128), we have

2
A=(KyU-+ KngA)"lEE. (135)
Explicitly
ricosa —irgsino
2E = (! +pDe| risina+irgcosa
0
r18ina + irs cos o
= (7 4+pI)| ricosa—irzsina |. (136)
0
Then from {116)
2
u=R{UA} = R{(Kqo + KQQUAU“l)—lEE}, (137)
or
u = R{2(Ko; + Ko UAU )" E(cos§ — isin )} (138)

at the point with pararneter 8 according to (129), i.e.,
u = %{2(1(21 +KpUAUYHYIE

cosa  isineg i i
[ﬁ( n )_i_m(sma__mosa)”. (139)
ry o 1 ra

Thus, using (136), we may write the displacement gradient as

Vu* = R{L(+! + pI)M]}, (140)
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with corresponding strain
et = %(Vu* +u'V) = R{L(+! + ph)M + M7 (7 + p1)TLT}, (141)

where
L = (Ko + KppUAUH) L (142)

and, from (136) and (139), we see that

1 i(rf sin® a + 73 cos® ) riry —i(rf —r3)sinacosa 0
M =~ | —ryrp —i(r? —r)sinacosa  i(rfcos’a+risina) 0 |. (143)
Rk 0 0 0

Equaﬁion (141) may also be written as
&ij = Nijre(Tiy + Pbie), (144}

where )
Nijke = §R{L,-kMej + ijMg,;}. (145)

The three matrix factors in (140) depend respectively on, the elastic constants of the
material, the incident stress fleld (including the pressure p), and the geometry of the
borehole profile. The constant tensor Vu* is the uniform displacement gradient belong-
ing to the interior problem mentioned after (99). The corresponding stress 7j; is given
by

Tii = Cighoy Uy (146)

Thus the operator N of (59) is given by
N(r) = R{(LTM)aa}, (147)

and
N(I) = R{LayMya} = R{tr(LM)}. (148)
Taking the borehole axis parallel to the 3-direction, we may now also write down the
operator N, of (101) and (103). Thus
i + B (Gim — S2:83m) = Cimby U + P (81 — 63i63m)
PO cimpy LikeMany + Sim — 63i63m), (149)

and s0
Nim = R{cimiyLkaMay + 8im — 83:03m }. (150)
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SPECIAL EXPLICITLY SOLVABLE CASES

Orthorhombic Symmetry with the Borehole Parallel to an Axis

The matrix (Ka; + KooUAU1)7! is generally too complicated to evaluate in a per-
spicuous form as a function of the elastic constants. However, when the coordinate
planes are planes of material symmetry, the 3 x 3 matrices split intoa 2x2and al x1
diagonal block so that us decouples from u; and us. The calculation is then manageabie
analytically. The ¢, are zero if any index appears an odd number of times. Thus P
of (111) reduces to

a+en? {(e+dnq 0

Pn)=1 (c+dm c+bnp? 0 . (151)
0 0 e+ fn?
where
e =ci, b=co, ¢=crag;
(152)
d=c1122, e=ciz313, [ = Ca3z3.
We see that det(P(n)) factors as
det(P(n)) = Q(mR(n), (153)
where
Q(m) = (a+cnP)(c+br?) — (c+d)*r?,
(154)
R(n) = e+ fr’
We may set
—{et+dm —(c+d)ym 0
U= a + cn? at+ep 0 |, (155)

0 0 1

where n; and 72 are the zeros of @, and 73 the zero of R, having positive imaginary

parts. Thus
. [€
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We shall not need the explicit forms of 7 and 7. Inverting (155) we get

a(m + n2) (c+d)mm 0
a — CMTe @ —cmne
UAU ' = | (a+ei){a+ep) —emm(m+mn) 0 (157)
(e +d)(a — emme) a —cnimne
0 0 3

Since the matrix splits it is advantageous to deal separately with the 2 x2 and the 1 x 1
blocks.

The 2 x 2 Block

We rewrite the 2 x 2 of (157) as

. a{m ~+ n2) (c+ dymme
UAU e — — (158)
a—Ccmme (a +cnf)(a + cnd)
- e d —emm2{m + )
Let us reduce the 21 entry by setting
a+en? =¢. (159)
Then Q(n) = 0 implies
I DU a)
The product of the roots of this quadratic equation in £ is
a(c + d)?
616 = (a+ erf)(a+ enf) = 2T (161
Thus (158) may be rewritten
. alm+m2) (c+dmm
- 2
' T —emna(m + m2)
From (127)
0 ¢ O c 0 O
Kauy=]d 0 0}, Koo=| 0 & 0 |. {(163)

e

om
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Then, retaining only the 2 x 2 block,

. a{m + ) a+dmmne
K21 -+ K22UAU_1 = a—_'g-———— . (164)
M2\ —(a+dmm) —bmna(m + m)

To eliminate m;, and 72 we need the symmetric functions m +72 and 711,. But these
are easily obtained from the equation

Qn) =0 (165)
satisfied by 71, and n,. Thus
4
nm =3 (166)

and so, because 7, and 72 have positive imaginary parts,

a
Mt = —\/;- (167)

Also
Hence
(m+m)P = nf+ng+2mm
ab-d2 2 . [a (169)
= IR
Again, because of the disposition of 7, and 7, in the complex plane,
i fab—d?
Frp = — 2(Vab — d). 170
M + 72 \/5\/ — ( ) (170)
Thus, after some reduction,
Ko + K UAU Y = ! X
aT e Vab+ ¢
iv/acy/ Vab — dy/Vab + 2¢ +d e(vab — d) (171)

—c(v/ab - d) ivbey/vab — dy/vab + 2 + d
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and
1
L = (Kg; + K UAU-1)-1 = x
( 21 22 ) \/CE-l— d
[vVab+2¢c+d
¢ Vab—d
1 “i\/g Vab+2c+d
c Vab-d
The 1 x 1 Block
The calculation for the 1 x 1 block is trivial:
UAU  =n3 = i\/? (173)
K21 + KUAU™! = fnz = iv/ef, (174)
and
e i
(Ko1 + KppUAU D! = ~ 77 (175)
Thus finally
—i b(v/ab -+ 2¢ + d) 1 0
Vab+d\  e(vVab—d) Vab+d
L= —1 —i a(vab+ 2¢ + d) o |- ame
vab+d Vab+d\  e(vab— d)
0 0 ;1
vef

The Body-Force Dipoles

Since we now have both M and L explicitly from (143) and (176) we may calculate N(I)
and N;,,. From (148) and (150) we see that these depend on L. and M only through
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the matrix product #{LM]}, which we easily find to be

1 10
R{LM} = ——— |- +
{ ) vab+d 0 1
\/5 r?sin® ¢ +rZcos o _\/‘E (rf —rf)sinacosa
vab+2c+d ¢ T1T2 ¢ T
- T ?
vab—d _ [a{r{—r3)sinacosa \/Er%cos%r—}—r%siﬂa
c ™72 C T17e

(177)
where we have presented the leading 2 x 2 block only. Equation (148) gives N (I} as the
trace of this:

1
ND = o [—2+

. Vab+2c+d (var? + vor3) cos? o + (/ar3 + vbri) sin o
vab—d verirs '

The expression for N, in (150) involves contractions of tensors rather than multi-
plication of matrices and so, as a preliminary, we shall write the components of R{LM}
as a 4-vector in the order 11, 12, 21, 22 and the components of ¢;miy as a 6 x 4 matrix,
and then form the matrix product of these. The order of the components in the matrix
will be

(178)

ci111  €1112 C1121 Cii22
Ca211  Coo12  Cagzy 02022
C3311 ©3312 C€3321 Ca322 ] (179)
Cz311 2312 C2321 C2322
€3111 €3112 C€312r C3122
Cizil  Ci212 C1221 Ci222

Now we use (152) and the fact that the ¢;mi~ vanish if any subscript appears an odd
nurnber of times to reduce the matrix to

2]
Al
b
(]
[
O oo oo

0

0]

0 cooaz

. . (180)
0]

(4]
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Using (176) and (180) in (150) we find the only non-zero components of N are

1 Vab+2c+d
NE = _ Vab+2+d
. m_i_d':\/a_ o YBEELL,

(181)
(dv/ar? + avbr3) cos® a + (aVbr? + dy/ars) sin’ o
Verire
Vab+2c+d
N3, = Vab— b+ "
2 \/_ d [ V" Vab-d
(182)
(bv/ar} + dvbrg) cos® a + (dvVbri + by/ar3) sin? @
Verire ’
1 2¢+ d
N3 Jab+d [—(01133 + coo33) + *\/ \/T/i 7
(183)
(coos3v/ar -+ e1133vVbr3) cos® o + (€1133V0r} + conss/arg) sin? o
verirs '
and

. . a+vh) [Vab+2e+d(rf~r sin e cos &
N12:N21=—‘/_\/\/_—+d 0./ N (m 2217”2 (184)

Transverse Isotropy, Axis in the 1-Direction
The only simplification is that
e=¢, crias=d, and comz=0b—2f, (185)
Transverse Isotropy, Axis Parallel to the 3-Direction
Here the only relationships between the constants are
a=b, e=f, d=a—-2¢ and cos3=cras=g. (186)
Isotropy

When the medium is isotropic with Lamé constants A, g

a=b=A+2u, c=e=f=pn emum=crz=d=A (187)
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Then
Vab = A+ 2, Vab —d =24,
(188)
Vab+2c+d =20\ +2u) Vab+d=2(\+p),
leading to
1 M2 rd4rd
NI)=———|-1 . 189
(D A+ + 2u T1T2 (189)
and
. A+2u ‘[,\rf+(A+2,u)7'§]0052a+[()\+2p.)r1?—;—)\rg]singa (190)
BT 2u(A +p) rir2 ’
. M2u [(A+2u)r? + M2lcos® o+ [ArF + (A + 2u)r2] sin? o
3, = _ , (191)
2u( X+ 1) rire
A A+2ure + r2
¥ A e e 2
and s
. . A2 ri—rs
Np,=Nj = - )\_'_:b- 11~17~22 sin acos ov. (193)
Circular Borehole
When r; = rg, (178) and (181) to {184) reduce to
MO =L [ oy \/(E+2c+d‘\/5+\/5? (14)
Vab+d Vab—d Ve
and
1 [ Vab+2c+d dva+avh) _
NYy = |Vab—a+4/ - : 195
11 \/E—!—d I m_d \/E ] ( )
1 Vab+2e+d by/a+dvh]
N3y = ———|Vab—a+ : , 196
2= Jrd) V" Var—4 v (196)

. 1 vab+2c+4d 02233\/C_l+61133\/5
N = — + Cna - 197
% \/a_b+d[ (enss + ez2s) 4 =22 Ve 9D

and Ny, and N3, vanish.
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The N(I) and N* for the Isotropic, Circular Case

Specializing (189) to (193) by setting r) = ro we get
1

NI = n (198}
A -LZ,LL 0 0
2
N=| o ’\J;“ 0 |, (199)
0 o 2
7
which may be written as
2
Q
7z 0 0
o2
N*=| 0 7 0 , (200)
2
o'
0 0 2 2

where & and f are the compressional and shear wave speeds in the isotropic medium.
They are given by
A+2u 7
2 2
, 5 (201)
Equations (198)-(200) agree with the results of previous authors [White (1983}, Lee and
Balch (1982)].

THE FAR-FIELD RADIATION PATTERN

In this section we shall calculate the seismic far field generated by the pressure field
calculated in Section 3.5 for an acoustic volume source in the borehole. We shali need
N, from (150) and the equivalent source distribution of body-force dipoles given in
(103), we shall also need the far field Green’s function in the anisotropic medium, and
finally we shall integrate the Green’s function against the source distribution to obtain
the far field.

o
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The Green’s Function

We shall now calculate the seismic field radiated by the source distribution of equation
(103). The far-field Green’s function for a uniform anisotropic medium is given in
Burridge (1967). In order to understand that result we shall need some background.
‘We shall consider plane waves of the form

u=P)f(t-£ x), (202)

where the constant vectors & and P(&) are the wave slowness and the polarization,
respectively. For (202) to satisfy the elastic wave equation, £ must be restricted to
lie on a 3-sheeted surface & called the slowness surface. Each of the three sheets of &
surrounds the origin. The vector P must be an eigenvector of a certain symmetric matrix
whose entries are quadratic polynomials in &€ with elastic constants as coefficients. We
shall normalize P to be a unit vector. Then in the far field (Burridge 1967, Section 6),
the Green’s function G(x,t;x',t') is given by

(xtx 1) = F(&)P(8)E  (x—x) i (x—%
Gij(x, ;%) % i C@ Bz STl (203

For fixed x, ¥/, £ and with ¢ increasing from #, each of the planes

E-(x—xN=t-¢ (204)
in é-space is orthogonal to x — x’ and its distance from the origin is
t—t
JE— 2015
x| (205)

When t = ¢’ the plane (204) passes through the origin and intersects all the sheets of
S. For large t — t' the plane is outside S and does not intersect it. For certain values
of t the plane is tangent to S at certain points £ (see Figure 2). These are the points
& over which the sum is taken in (203). If these points £ are points where S is smooth
then they may be characterized as the points where the outward normal to S is parallel
to x — x’. For each such point &, {203) yields a singular wavefield arrival with time
dependence

&=t —&-(x—x1)), (206)
where
b, if 5 is convex outward at £;
& =< —H6, if S is saddle shaped at &; (207)
—6,  if .S is concave outward at £.

Here H is the Hilbert transform. The quantity C(£) in (203) is the Gaussian curvature
of S at £. It is respectively positive, negative, and positive in the three cases of {207).
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Formula (203) does not apply when C(£) = 0 at any of the §&. Then a further more
complicated expression for that particular term is required, which we shall not describe.
It corresponds to a cuspidal edge on the wavefront and is akin to the expression for the
wavefield near a caustic. Such points arise when the sheets of § fail to be convex.

Notice that each term of (203} has the form
Gij(x, 4% t") = Fi;(, x)o[t —t' — & - (x = %)}, (208)

where Fj; is a smooth function of x,x’ away from x = x’, which never holds in the far
field. If the medium is not homogeneous then G;; has a similar structure in the ray
theoretical approximation when no ray focussing occurs:

Gij(x, 4%, t') = Fi(x, xX)6ft — ' — T(x,x")], (209)

where Fi; and T are smooth functions, T" being the characteristic travel time along the
ray joining x and x/. Since (103) is a distribution of dipoles we shall need the gradient
of G with respect to x':

Gijat, (%, 1%, ) = By Gij(x, 1%, t') = —Fyi(x, %) T 8'ft =t/ — T(x,%)).  (210)
But '“T,m;c is just the wave slowness for the ray at x'. Let us write
e =T (211)
Then
Gijap = Fij€i6'[t — 1" — T(x, %)), (212)

The Far Field

The far field radiated by the source of (103) may be written as a sum of terms like

wE(x,t) = f / F(%, 1) Giga (x, 5, ¥') dx! A
- ] / / AN (8)9O(s, V)8 mlX — X(5)]ds G (%, £, ¢') dx’ ¥

= [ [AN;(s1O s, ) sl X(s)egud'lt — ¥ = Tlox, X(s))] do
(213)
where we have performed the x' integration and used (212). Now the superscript &
labels the different ray contributions. Performing the ¢ integral we obtain

uf (68) = [ANGA(IPOs,t = Tlx X Pyl X(G)eds,  (214)
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and then using (84) we get

VoA(S) ,.a 1001
2A(0) ij(s)gz(O)CZ(s)

)
xg"[t ~ sgn(s)fo yr(s) ds’ — T(x, X(s))] Fi;[x, X(s)]é0, ds.  (215)
It is convenient to write this integral in the form

+oo +oo
[ G@'tt-selds = [ G(s)elt - ¢ dsxe g0
= I(t) % g" (%), (216)

say. We shall now investigate I(t), which appears to represent the response to ¢"(t) =
6(t), i.e., g{t) = tH(t), where H is the Heaviside step function. However, because of
the restriction to slow time variation, (216) is only relevant when g varies slowly and
smoothly in time. Because of the occurrence of § in 7 we may evaliate the integral

f G(s)8[t — ¢(s)] ds

G(s)
[ (217)
{5|¢%=t} |¢'(s)}

uf (x,1)

I(2)

|

where the sum extends over all values of s for which ¢(s) = t. We shall assume for
simplicity that ¢{s)} has only one local minimum s;. We shall distinguish two cases:
so = 0, and sg # 0, in which case we shall assume for definiteness that sg > 0. In fast
formations, for which 7 > ¢’ -t, so = 0. In slow formations this inequality may fail for
some positions of the receiver, and at s = 0 we may have vr < &' -t. We shall consider
these two cases separately. We shall see that when so = 0 the only geometrical wave
arrival emanates from the source point s = 0. When sg > 0 there are two arrivals,
one of which emanates from the source, but there is an earlier “conical” wave arrival
corresponding to the point sg.

Let us now examine the function ¢

#s) = sgnls) [ () ds' + Tx, X(s))
0 (218)

= ‘351(3) + ¢2(3)7
say. Thus
¢1(s) = sgn(s)yr(s), ¢a(s) = —¢ -t. (219)

For a fast formation 4 > £ -t at s = 0, so that ¢ = ¢; + ¢ has the form shown in
Figure 3. In this case ¢(s) has a unique minimum at s = 0 with

¢’(_0) = —[AfT + El ) t}s:O < O;
(220)

¢'(+0) [y — & - t]s=0 > C.

fl
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Thus for ¢t < @(0) there are no terms in the sum (217) and I(t) = 0. When > ¢(0)
there are two values, s; < 0 and s9 > 0, of s for which ¢(s) = ¢, and from (217) we may

write ) — G(s1) G(s2) (221)
yr(s) -+ &(s1) - t(s1)  yrs2) — &(s2) - t(s2)
Att=@(0)+0
Ity = G(0) ( ! + = ) ,
(0} + £(QY - £(0) ~ yr(0) — £(0) - £(0) (222}

2G(0)yr(0)
¥r(0)2 — (£(0) - £(0))%’

and so I(t) jumps by this amount at ¢t = ¢(0) and is smooth elsewhere. I(t) therefore
has a graph as shown in Figure 4. In a slow formation, let us suppose that for the field
point under consideration 8y > 0. The graph of ¢ is as in Figure 5. Then ¢(sg) < ¢{0)
and for ¢ < ¢(sp) there are no s for which ¢(s) = ¢, and so the sum (217) is vacuous.
For t > ¢(sp) there are two such s, s; < sg and sz > sg. When ¢ — ¢(sg) > 0 is small
then ]s; - sol, ¢ = 1,2, are both small and we have approximately

B(s:) — dlso) = 1¢"(s0)(si — s0)?,
$'(si) = @"(s0}(si — o)

(223)

Then approximately for i = 1,2
&/(s:) = sgn(s: — 50)1/2¢"(s0)[8(s:) — B(s0)}. (224)

Thus for ¢ > ¢(so), I(¢) has a reciprocal square-root singularity

2 1

It) = \/ T = o) + Ol — 8l ). (225)

At £t =¢(0) — 0, s =40 and
|¢/(-+0)] = £(0)" - £(0) — ¥r(0). (226)

Att=¢(0)+0, s= -0 and
|¢'(~0)] = £(0)' - t(0) + ¥r(0). (227)

Thus at t = ¢(0), I(z) jumps by
1 1
H6(0)+0) = 160 -0 = 60) (5 Sz70 * e )
(228)
2G(0)yr

R GOREO)
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The graph of I{¢) is now as shown in Figure 6.

We notice that formulae (222) and {228) are identical. Thus in all cases there is an
arrival corresponding to the jump discontinuity, which seems to emanate from the source
point. On referring back to (215) we identify G(0) and then, interpreting convolution
with a step function as integration, we obtain

* . !
wioet) = Yl ) = LT mON S O, pic o)), (22

For a uniform medium we may identify Fj;£,, by comparing (208) and (203). Thus

P(€)P;(£)¢ - x
47 p|C(&)[7]x2’

Fij(x,0) = & = &m; (230)

and so the wave arrival which emanates from the source is

i x’ = 1 t - T ] 0 . 231
ui(x, 1) % Al xR — & 07 gt~ T 0)] (231)

In addition, in slow formations and at certain positions of the source, there will
be an arrival corresponding to the stationary point $; with a pulse shape which is the
fractional derivative of order  of the ¢’ appearing in (231). This pulse shape arises by
convolution of g” with the reciprocal square root. In the isotropic case this arrival has
a circular conical wave front. Explicitly we may write this contribution in the form

1 1
g = VoA(s0) N (80)¢2(0)¢ 2 (50) P(§) PH{E)E - xém [ 2
e % 8mpA(O)IC(E)I I #{so0)

(232)

1
X g'(tydt".
fft -t - ¢(30)]%

The slowness £ must be evaluated at the point s = sp and the quantity ¢"(sq) may be
evaluated explicitly for isotropic media and will then be proportional to |x}~*. The sum
in (232) is over only those & for which £(0) - t(0) — vr(0} > 0. Typically this will only
happen for the (quasi-)S waves.

The Two-Borehole Problem

We consider now the problem of a source in one well and a receiver in another well. The
source is of a volume injection type, supplying accumulated volume Vag(t) up to time ¢,
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and the receiver is sensitive to pressure. For simplicity, we will assume that the medium
surrounding the boreholes is homogeneous but anisotropic. The boreholes need not
be straight, and the distance between them is O(1/€2). The one-dimensional acoustic
system in the receiver borehole follows from (62), (64}, and (65), with the source term
G set to zero. This leads to

(oF + NED)PD + 00 = —[65; = tit; + (6un — tmtn) NErpgCogislutog,  (233)

o2 +p@ =0, (234)

where s is the arclength along the receiver borehole, and the superscript R indicates
quantities related to the receiver as opposed to the source. We will use the superseript S
in relation to the source. The incident field u{(o) (x(s},t) in the case of a fast formation
{with respect to the source borehole) is as given by (231), which we repeat here

FVONS(0)P(E(s)) Pi(£(5)4(s) - x(8)ém(s)

(0} B} = It — Ty (x(s),0)],
R g) smplC(ED R ORI — (e(s) e5) ° OO

(235)
where £(s) is such that £(s)-x(s) = ¢, and T1(x(s), 0) is the travel time from the source
to the point x(s) which is along the receiver borehole.

Following (101) and the reciprocity relation (A.10) from the Appendix, equation
(233) can be rewritten as

(0% + NRD)PY + o = —NR(s)u] Sh(x(s), 2). (236)

The solution of (234) and (236) follows from the results of Section 3. The pressure is
thus given by

P (s,t) =

. Z PEVONEE (NG Pi6(5)) PuE(s)6m( 565 ()8(s) - X(5)CH ()¢ (5]
8rolC(E(s)) I3 (s PI(1)? — (&(s) - 57

x 8(t — Ty (x(s"),0) — Ta(s,5")) * g" () ds', (237)

where T2(s, 8') is the tube wave travel time from &' to s in the receiver borehole. Using
the result obtained in {216} and (217) for the integral over s/, we finally obtain

Ost) = 3 p3 pEVo NS (0)NSE(8) Py (£(5)) Pe(£(8))Em(5)E5(5)E(8) - x(5)
’ 3 drplCE(s)) 2 |x(8)PI(vE)2 — (&(s) - t5))[(vE)? — (£(s) - tR)?]

xg"(t ~ Ti(x(s), 0)). (238)

o,
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If the tube wave in either borehole is faster than the body wave under consideration,
then there will be additional “conical” wave arrivals which we shall not treat here. If

the slowness surface is not convex at &, however, we may replace ¢" by ¢*” where, in
keeping with (207),
g, if S is convex outward at §;
g* = —Hg, if S is saddle shaped at &; (239)
—g, if S is concave outward at &.

SOME EXAMPLES

In this section we shall illustrate the results obtained in the previous sections with
~ examples of boreholes in isotropic and transversely isotropic homogeneous formations.

Circular Borehole in a Homogeneous Isotropic Medium

We consider a straight borehole of circular cross section of radius 7o penetrating a
homogeneous isotropic formation characterized by a volume density of mass p and Lamé
parameters A and g. The compressional and shear wave speeds in the solid are o and
B, as given in (201). The density of the fluid in the borehole is p; and its wave speed
oy is given by

= (240)
a% = Pra; &
[see (10} and (11)]. Under these conditions, the expression for the equivalent body force
system [equation (103)] reduces to

Fil,8) = = ANy [ (a5, )8 m(x — X(25))dah, (241)

where A = frrg, the borehole axis is taken as X(za) = (0,0,z3), and the tensor N* is
given in {200), which we repeat here:

o?/B% 0o 0
N* = 0 o?/p? 0 : (242)
0 0 /5% -2

The far-field displacements can be computed from (231). We first notice that due
to the homogeneity of the medium we have £ = ¢ . Furthermore, due to isotropy
there are only two £ vectors, namely §, = x/ofx| and €5 = x/8|x|. The Gaussian
curvatures associated with these vectors are C(£,) = 1/a? and C(és) =1/, and the
polarization vectors are P{£,) = x/|x| and P(£3) = y/ly| where y = x x {e3 x x).
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The third polarization corresponding to SH waves is not excited due to the circular
symmetry of the borehole. Finally from (73), (198), and (240) we have 7r = 1l/ar =

\/ 1 /a?, + pr/pB%. The far-field displacements are then given by

_piVaw |1 (e%/B% —2cos’ ) ¢t —|x]/e)

ui(x,t)

irp | leopla?=1/c3) Tl
| 1 ( *'—' 2/62‘5‘2008290) g(t_lxl/ﬁ)
s (cos2 ©/B% —1/a2) x| ] (243)

where the summation convention is suppressed for underlined indices, and v = x-e; (i =
1,2,3) with 73 = cosy. The far-field displacements in terms of spherical coordinates
(R, @, 0) can be computed from

uUug = Yl (244)

up = yful+uf 3 ~usy/l -3, (245)

resulting in the following expressions

prozVo (1— 2ﬁ2 cos® p/o?) ¢'(t - R/a)

= 2
ur(R,¢,0,t) dmpaff? (1 — a4 cos? p/a?) R (246)
_ o3V sinpcosy  g'(t— R/B)
u&?(R: (10! 81 t) - 27(',0,63 (1 . Of% COS2 (,0/,62) R (247)

where R = {x-x)!/2. These expressions agree with the ones given by Lee and Balch
(1982), who derived them by using a stationary phase approximation to the exact in-
tegral expression for the displacements induced by a point source inside a fluid-filled
borehole.

Distributed Versus Localized Sources Along the Borehole

The equivalent force system given by (241) consists of three mutually orthogonal dipoles
moving along the borehole axis at the tube wave speed. Carrying out the integration
indicated in (241) we obtain

N7y pO (23, )6 (21)6(z2)
E(x,2) = ~mrg | Nao pO{2s,)6(z1)¢ (m2) | . (248)
Ny p(o) (z3,)0(z1)6(x2)

The pressure field p® (x3,t) can be further expanded in terms of multipoles by testing
it with a scalar function ¢{x3} and using the distributional definition of the derivatives

-+
I = [ 5O, )¢(zs) das

arm,

i~
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= f_ 7% (zs, 1) (Zcb(")(ﬂ) )dma. (249)

n=0

From (84) we obtain

(23, £) = PfOfTVE) it — ixsl), (250)
which substituted into (249) gives
s pf;t;Vo )3 0¢(n)(0)f rt._%) dzs
- LR 5 gemio) [ g% o't - 2) doy
= %ﬁéa%m“aﬁ‘m(o) fom % g'(t~y) dy. (251)

The first term in the above expansion corresponding to m = 0 is simply given by
2
10 = 7% 40))

f+ pfaTVOQ(f)5($3)¢(ﬂ33) dzs, (252)

which when compared to (249) gives the following approximation for p(® (x3, t)
P (as,1) ~ 22 g(1)5(c). (253)

Similarly, a multipole expansion of 'p( )(m3, t) can be carried out resulting in the following
approximation

59 (w0,1) ~ 22228 )5 (0). (254)
Under these approximations, the force system in (241} has been localized at the origin. It
consists of three mutually orthogonal dipoles, or equivalently, a monopole with moment
Mo = pratVoo?/B% and a dipole in the zs-direction with moment M = —2(3%/a?) Mq.
This same result was obtained by Ben-Menahem and Kostek (1991), whose analysis
assumed from the outset that a point monopole source in a fluid-filled borehole could
be replaced by a localized mechanism in an infinite homogeneous medium.

To investigate the consequences of this approximation we compute, as before, the far-
field displacements induced by such a localized force system. The far-field displacements
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can be computed as in (231) giving the following displacements
prog Vo | (@%/8% —2cos? ) g'(t—|x|/)
dmp a’ x|
+(N£ —a?/B% +2cos? @) g'(t —|x|/B)
7 .
14 |}

Using expressions (244) and (245) we can express the far-field displacements in terms
of spherical coordinates as

ui(x,t) =

(255)

a2Vy (1 —28%cos?p/a?) ¢'(t— R/«
o2V, sinpcosy g'(t — R/B
w(Rop,b,0) = Lk Sese g R (257)

Comparing these expressions with the ones derived earlier we notice that the bracketed
term in the denominator of (246) and (247) is missing in both of these expressions.
That term in the radiation pattern originates from the motion of the three mutually
orthogonal dipole sources, as pointed out by Kurkjian et al. (1992). The numerical
results in Ben-Menahem and Kostek (1991), for both the point source in a fluid-filled
borehole and the above localized mechanism in an infinite solid medium, are in good
agreement because their particular choice of parameters was such that /4 < ¢ < 37/4
and ar < f.

Borehole in a Transversely Isotropic Medium

We consider now a circular borehole in a transversely isotropic medium with symmetry
axis along the x3-direction, i.e., the borehole axis. The particular medium has the elas-
tic properties of Cotton-Valley shale (Thomsen, 1986), and if we take a local reference
system with the xz-direction along the symmetry axis of the medium, the elastic con-
stants are: e1p = T4.73; c12 = 14.75; c13 = 25.29; ¢33 = 58.84; 44 = 22.05; c56 = 29.99,
in units of GPa. The volume density of mass of this material is p == 2640.0 kg/m®%. The
borehole fluid density is p; = 1000.0 kg/m?, its wave speed is oy = 1500.0 m/s, and
the borehole radius is taken as 7o = 0.1 m.

Using (228) we computed the radiation patterns of quasi-P (qP) and quasi-SV
(aSV) waves generated by the tube wave in the borehole. These are shown in Figures
7 and 11, while their corresponding wavefront surfaces are shown in Figures 8 and 12.
For comparison we also show the radiation patterns of P and SV waves in an isotropic
medium (Figures 9 and 13, respectively), with the same density as the transversely
isotropic medium defined above but with compressional and shear wave speeds given
by o = ¢a3/p and 8% = e44/p, respectively. The corresponding wavefront surfaces are
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shown in Figures 10 and 14. These radiation patterns could have also been obtained by
the same technique as employed by Lee and Balch (1982), since the problem is amenable
to analytical calculations due to the symmetry.

A case which cannot be analyzed by their technique is, for instance, that of a trans-
versely isotropic medium with symmetry axis perpendicular to the borehole axis. We
take the symmetry axis along the z)-direction. In Figures 15 and 19 we show the qP
and qSV wave radiation patterns. The corresponding wavefront surfaces are shown in
Figures 16 and 20. Here, the gSV polarization is such that the particle motion is in
planes containing the z;-axis. For comparison, we also show the P and SV radiation
patterns for the isotropic medium defined above (Figures 17 and 21, respectively). The
P-wave radiation patterns shown in Figures 13 and 17 are the same, but the SV radi-
ation patterns in Figures 13 and 21 are different because of the different definitions of
the SV polarization in both cases. The wavefront surfaces for the P and SV waves in
the isotropic medium are shown in Figures 18 and 22, respectively. Finally, we show
the SH radiation pattern in Figure 23 with the corresponding wavefront surface shown
in Figure 24. We also show in Figures 25 and 26 the radiation pattern and wavefron-
t surface for the isotropic medium, with the definition that the polarization vector is
perpendicular to planes containing the xj-axis.

CONCLUSIONS

We have set up a formalism for calculating the seismie radiation from a borehole asymp-
totically in the limit as the ratio of the borehole diameter to wavelength goes to zero.
In this limit an acoustic source in the borehole acts indirectly as a seismic source. The
source first generates a tube wave, which is an acoustic wave in the fiuid filling the
borehole, and the pressure field of the tube wave, by distorting the borehole wall, in
turn generates the seismic wave. The action of the tube wave is equivalent in the narrow
borehole approximation to a line distribution of body force along the borehole centerline
and acting in the intact elastic solid, i.e., the solid with no hole bored in it. We have
found expressions for this source distribution, which turns out to be a distribution of
dipoles.

In previous work the asymptotic limit of a narrow hole was calculated by taking the
low frequency approximation to an exact solution for a circular cylindrical hole in an
isotropic medium. By directly calculating the asymptotic limit one is able to find these
body-force equivalents and other aspects of the solution in quite general circumnstances,
without the need for exact solutions. In fact we have found the asymptotic solution
for a curved hole with elliptic cross-section in an arbitrary anisotropic medium. When
these results are specialized to right circularly cylindrical holes in an isotropic medium
they agree with previously appearing work in the literature.
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We have also considered the radiation problem from the equivalent source distribu-
tion in both fast and slow formations, and have provided far-field expressions for the
displacements. In slow {anisotropic) formations there can be either one or two “conical”
waves arriving earlier than the direct wave from source to receiver. We have illustrat-
ed our results by plotting radiation patterns for quasi-P, quasi-SV, and SH waves in
isotropic and tramsversely isotropic media and the corresponding wavefront surfaces.
We illustrate the cases where the borehole axis and the T'J axis are parallel, and also
when they are perpendicular. These two cases can be completely solved analytically.
More general situations may require the numerical solution of sextic equations. It is
interesting that the expression for the body-force distribution in the equivalent source
is obtained as a product of two matrices, one a function of the material properties of the
(anisotropic) medium, including its orientation relative to the borehole, and the other
a function of the parameters of the elliptical cross-section of the borehole.

Finally, we considered the problem of computing the pressure field in one borehole
induced by a volume injection source in another borehole. The far-field solution is
obtained in closed form, and in particular it clearly shows the reciprocal nature of the
problem.

APPENDIX: A RECIPROCITY RELATION

Consider a borehole of elliptic cross-section with axis in the direction t, |t| = 1. Suppose
that the surface of the borehole is acted on by a traction - n derivable from a constant
stress 7. Suppose, moreover, that there is no extension in the direction t. (This is the
anisotropic equivalent of plane strain.) Then it is known that the displacement u on
the borehole wall is, up to a rigid body motion, a linear function of position:

Ui = D (Al)
Here the matrix ¢ may be taken to be such that
We shall consider reciprocity between two such stress states {u®), o1 7(1} and

{ul®, o) (A} for the same borehole in the same anisotropic elastic medium. Betti’s
reciprocity theorem {Love, 1927, p. 173) implies that, in the notation of Section 4,

1)_(2 2)_(1
fazug )Tfj)nj ds’ = ];Eug )1;-(3,- 'n; ds, (A.3)

where 82 is the perimeter of a right cross-section X of the borehole, n is the unit normal
to the borehoie wall, and ds’ is the element of arclength along 8%. Let the constant
stress fields ) and 7 be extended as constant functions of position into the interior
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of the borehole, and the displacement fields uf!) and u(? as the linear functions of {A.1).

Using equation (96):
nj = Eipglply (A.4)

in the left member of (A.3), and then applying Stokes’s theorem we get
1) (2 1)_(2
'[Eug )T,;(j)nj ds' = /azug )Ti(j)équt;tq ds’
1)_(2
= /‘; 2empu,(‘,,z1-i(_?-)emtqtr dA
1)_(2
= LE (bgrbnj — 5qj5nr)°'§n)7'ij )tqtr dA

= Ao (6 — tats)r)

= AJS)TS)'), (A.5)

by (A.2). Applying a similar calculation to the right member of (A.3) and equating the

two we obtain
oD = D), (4.6)

if
But o is a linear function of 7, say
ij = NijpgTpg- (A.T)
Then using (A.7) in (A.6) we obtain

2 1
Niqufgg,f,)ﬁ(j ) = Niqufp(g)f,-g- ), (A.R)

The tensors 1 and 7(?) are symmetric but otherwise arbitrary, and so

‘Nijpg = Npgi, (A.9)
and we may assume IN has the symmetries
Nijpg = Njipg = Nijop- (A.10)
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Figure 1: Symmetrical distribution of dipoles for a straight borehole, corresponding to
the integrand in equation {103).
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Figure 2: qP and qSV slowness surfaces for a TI medium with symmetry axis along
the zs-direction. The indicated points on the two slowness sheets (touched by the
planes perpendicular to x} give the most singular contribution at x in the far field.
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Figure 3: Phase function ¢{s) = ¢1(s) + ¢2(s) for a fast formation. At s =0, ¢{s) has
a finite jump discontinuity in its first derivative.
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Figure 4: Graph of I(t) for a fast formation. The arrow indicates the arrival time of a
ray emanating directly from the source.
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Figure 5: Phase function ¢{s) = ¢1(s) + ¢2(s) for a slow formation. At s = 0, ¢(s) has
a finite jump discontinuity in its first derivative. The stationary point {(a minimum)
is shown at s = sg.
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Figure 6: Graph of I(¢t) for a slow formation. The first arrow indicates the arrival time of
the “conical” wave. The second arrow indicates the arrival time of a ray emanating
directly from the source.



Effective Sources 329

Figure 7: Radiation pattern of the qP-wave for symmetry axis along the z3-direction
(parallel to borehole axis).

Figure 8: Wavefront surface of the qP-wave for symmetry axis along the za-direction
(parallel to borehole axis).
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Figure 9: Radiation pattern of the P-wave for isotropic medium with a? = ¢33/p
and 8% = ca4/p.

Figure 10: Wavefront surface of the P-wave for isotropic medium with o? = e33/p
and 3% = cua/p.
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Figure 11: Radiation pattern of the qSV-wave for symmetry axis along the zs-
direction (parallel to borehole axis).

Figure 12: Wavefront surface of the qSV-wave for symmetry axis along the z3-
direction (parallel to borehole axis).
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s

Figure 13: Radiation pattern of the SV-wave for isotropic medium with o = cs3/p

and BZ = 644/p.

Figure 14: Wavefront surface of the P-wave for isotropic medium with o® = ¢33/p

and ﬁ? - C44/p.
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Radiation pattern of the qP-wave for symmetry axis along the z;-

direction (perpendicular to borehole axis).

Figure 15

Wavefront surface of the qP-wave for symmetry ax

direction {perpendicular to borehole axis).
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Figure 19: Radiation pattern of the qSV-wave for symmetry axis along the z;-
direction (perpendicular to borehole axis).

Figure 20: Wavefront surface of the qSV-wave for symmetry axis along the z;-
direction (perpendicular to borehole axis).
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Figure 21: Radiation pattern of the SV-wave for isotropic medium with a? = ca3/p
and B2 = cq/p.

Figure 22: Wavefront surface of the SV-wave for isotropic medium with o = cz3/p
and B% = cy4/p.
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Figure 23: Radiation pattern of the SH-wave for symmetry axis along the z;-
direction (perpendicular to borehole axis).

Figure 24: Wavefront surface of the SH-wave for symmetry axis along the z;-
direction (perpendicular to borehole axis).
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Figure 25: Radiation pattern of the S H-wave for isotropic medium with o® = cs3/p
and 3% = cy4/p.

Figure 26: Wavefront surface of the S H-wave for isotropic medium with o® = cz3/p
and ﬁ? = 644/,0.
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