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ABSTRACT

Almost all marine sediments possess enough rigidity to transmit shear waves. Shear waves are important
in underwater sound propagation because compressional waves can be partially converted to shear waves
or Stoneley waves at reflection boundaries. An equivalent-seabed model is an approximate method to sim-
plify the mathematical analysis and reduce the calculational expense in modelling water-bome shallow-water
sound propagation, taking seabed shear-wave effects into account. According to this method, the seabed with
rigidity is treated as an equivalent fluid. However, seabed shear-wave effects are included in the adjustable
parameters of the equivalent fluid. The objective of this work was to develop and evaluate equivalent-fluid
seabed models. Existing equivalent-fluid seabeds have been evaluated by calculating the reflection coefficient
of the bottom. Meanwhile, shear-wave effects on reflection and on the total impedance of seabeds have been
studied. A new effective-seabed model is proposed from the calculation of the effective impedance of the
seabed. Comparison of the new model with the existing model shows that the new model agrees better with
the solid seabed at low grazing angles. Furthermore, grazing-angle-dependent parameters of the equivalent-
fluid seabed are proposed.

RESUME

La réflexion du son sur le fond de mer est trés importante dans des études de la propagation acoustique
sous-marine. Comme la rigidité de la plupart des fonds permet la propagation des ondes de compression
et de cisaillement, le probéme de la détermination de I’amplitude et de la phase du coefficient de réflexion
devient plus compliqué et les effets dlis a la propagation de ces ondes ne peuvent étre négligés. Une méthode
approchée consiste a remplacer le fond solide par un “fluide équivalent” en faisant un choix des paramétres
qui prennent en compte I’effet des ondes de compression et de cisaillement. L’objet de ce travail est d’évaluer
et de developer les modéles de fluides équivalents de la littérature en les utilisantpour calculer le coefficient de
réflexion du fond. Les effets des ondes de cisaillement sont analysés. Un nouveau modeéle de fluide equivalent
(“fond effectif’) est proposeé a partir de I’expression de I’impédance effective du fond. La comparaison entre
ce nouveau modéle et les modéles existants montre que celui-ci fournitune meilleure prédiction du coefficient
de refléxion. On propose également un modéle qui comporte des parametres permettant de prendre en compte
les effets de I’incidence rasante. 1l est montré que I’utilisation de ces paramétres donne un meilleur agrément
avec les valeurs des fonds marins réels pour la prévision de leurs coefficients de réflexion.
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1. INTRODUCTION

Sound reflection from the seabed is very important in the
study of sound propagation in shallow water. As most seabeds
support both compressional and shear waves, seabed rigidity
affects the reflection loss and phase shift of the bottom re-
flection [1], In this case, the problem of modelling sound
reflection from the seabed becomes more complicated. An

approximate method is to replace the solid with a fluid by
choosing suitable seabed parameters. This replacement fluid
is termed the equivalent-fluid seabed. An equivalent-seabed
model is an approximate method to simplify the mathematical
analysis and reduce the calculational expense in modelling
water-bome shallow-water sound propagation, taking seabed
shear-wave effects into account.



Effective-seabed models have been developed by several au-
thors. Bucker [2] described a systematic technique for gen-
erating an equivalent bottom for use with the split-step al-
gorithm. In Bucker’s model, the equivalent bottom is a set
of absorbing liquid-sediment layers. Tappert [3] described
a technique to replace the solid seabed by an equivalent-fluid
seabed with additional attenuation due to the shear wave. This
treatment allows the continued use of alayered fluid-sediment
geoacoustic bottom model as contained in the standard PE
propagation model. Williams and Eby [4] noticed that the
effects of shear waves on the phase speed are roughly equiva-
lent to that of decreasing the density of the sea bed. Frisk and
Lynch [5] used this idea to model the effect of shear waves,
and obtained the reduced density. Tindle and Zhang [6] de-
veloped an equivalent-fluid model for a low-shear sea bottom
and gave an equivalent seabed with real parameters. Then
they developed a complex-density model [7].

The objective of the work reported here was to develop and
evaluate equivalent-fluid seabed models. First, shear-wave
effects on the reflection coefficient and the total impedance
of the seabed have been studied. Second, existing effective-
seabed models are examined and evaluated numerically in
the second section. Then a new effective-seabed model is
proposed from the calculation of the effective impedance of
the seabed. Comparison of the new model with the existing
model shows that the new model agrees better with the solid
seabed. Furthermore, grazing-angle-dependent parameters of
the equivalent-fluid seabed are proposed. It is shown that one
can obtain better prediction of the reflection coefficient of the
equivalent fluid by adjusting the grazing angle in the param-
eters of the equivalent fluid.

2. EFFECTS OF SHEAR WAVES

The equivalent-fluid seabed can be derived from the calcula-
tion of the reflection coefficient at fluid and solid interfaces
[3, 6, 7], In this section the reflection coefficient of the bot-
tom is given. Then the shear-wave effects are studied using
the expression for the reflection coefficient. This study will
guide the modelling of the equivalent-fluid seabed.

2.1 Reflection Coefficient of the Bottom

Consider the case of homogeneous water of density pi and
sound speed ci lying over a homogeneous seabed of density
p2, compressional- and shear-wave speeds cp and c,, and at-
tenuation coefficients of the compressional and shear waves
ap and a, (in dB/wavelength), respectively. The attenuation
in the water is neglected. The bottom reflection coefficient is
written as [10]:

U Zb+ZV @)

where Z\ = pici/sin8i is the normal impedance of the
fluid. Zb= Zpsin220, + Z, cos2 20, is the total impedance
of the bottom. Zp = P.CP/ sin6Pand Z, = p2C,/ sin0, are
the impedances of the compressional and shear waves in the
bottom, respectively. Oi is the grazing angle. OP and 0, are
the refraction angles of the compressional and shear waves,
respectively. Cp and C, are the complex sound speeds of
the compressional and shear waves. If the attenuation coeffi-
cientsap and a, (in dB/wavelength) are used, Cp and C, are
expressed, respectively, as:

CP = cp/(l + i(ap), C, =c,/(l +i(a,), (2)

where £ = 1/(40-7rlog10e), e = 2.7183. Snell’s law at the
fluid/solid interface is:

_Ci Cv Ct
cos 01 cos dp cos 6, (3)

By the use of Snell’s law at the fluid/solid interface, the reflec-
tion coefficient of the bottom can be written in the following
form:

R _ p2CpP(0i)/sinep -~ci/sinfli 4
f’ p2CpP(d1)/ siadp + piCi/smOx ' ( )

where P{0\) is the shear-wave factor, written as:
Q .
P{9\) —co0s220, + 4-~-sin0, cos20, sin OP
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with ¢ = ci/ cos 0i. The shear-wave factor P(0i) represents
shear-wave effects in the bottom. It is obviously that when
¢, = 0, P = 1 and that at normal incidence, 01 = «/2,
P=1

The normal impedance at the interface relating to the shear-
wave factor is thus given by:

Zt = P2CpP(01)/sin= pfp P~ . (6)

Table 1shows datasets of typical seabed parameters. The ref-
erence from which the data was taken is indicated beside the
data-set designation. Fig. 1 shows the effects seabed attenu-
ation and rigidity on the reflection coefficient for data sets B
and E. Itis shown that: (i) When c, is small (see seabed B, for
example), there is no big difference between the bottom loss
due to the compressional-wave attenuation and that due to the
shear waves. Thus, the bottom losses due to the excitation of



Table 1. - Data sets oftypical seabedparameters
DATA p2/p1 cl cp c, o a

SET (mfs) (mis) (mfs) (dB/Ap) (dB/A)
A7l 15 15087 1605 340 0.1814 638
B[7] 19 15000 2000 450 04 0225
C[6] 20 15090 1750 600 0.6 15
D[§] 20 15000 2150 650 032 0.2
E[9] 22 15000 2250 1000 04 1.0

low-speed shear waves can be simulated by a fluid with in-
creased attenuation of the bottom [3]; (ii) When ¢, is large
(see seabed E), the bottom losses are mainly due to the exci-
tation of the shear waves. One cannot obtain the bottom loss
of a solid seabed by increasing the attenuation without tak-
ing account of the shear waves; (iii) The excitation of shear
waves in the seabed causes large reflection losses, because
of the transformation of the water-borne energy into the en-
ergy of shear-wave propagation in the seabed; (iv) Phase shift
of the reflection occurs when the grazing angle Oi is less than

Data Set B

Data Set E

Figure 1. - Reflection coefficient versus grazing anglefor data sets
B andE using Eq. (1). (- ) solid seabedwith shear attenuations;
(***)c, = 0,ap= 0anda, = 0; .—.—/¢c, —0
anda, = 0,ap”™ 0; (0 oo)c, » O,ap= 0Oanda, = 0.

the critical angle 0C= cos 1cl/cp. This means that the re-
flection coefficient depends strongly on the grazing angle at
0i < Oc

2.2 Total Impedance of the Seabed

The total impedance of the seabed was calculated using Eq.
(6) for data sets B and E. The impedance with shear waves
neglected was also calculated. The results are shown in Fig.
2. The comparisons between the exact impedance and that
without shear waves show that: (i) The excitation of shear
waves in the seabed causes a decrease of the amplitude of the
total impedance of the seabed; (ii) The phase shift of the total
impedance occurs when 0i < 6C= cos_1ci/cp; (iii) When
cs is large, the decrease and phase shift of the total impedance
of the seabed become very large. The maximum decrease in
magnitude and phase shift occur at the critical grazing angle
9¢G, (iv) Atlow grazing angle it may be possible to treat a solid
bottom with a low shear-wave speed as a fluid by decreasing
the total impedance of the bottom [4, 5],

Figure 2. - Bottom impedance versus grazing anglefor data sets B
andg: (------ ) solid seabedwith shearwaves; (* * *) without shear
waves.



3. EVALUATION OF EXISTING EFFECTIVE-
SEABED MODELS

An equivalent-seabed model is an approximate method to sim-
plify the mathematical analysis and reduce the calculational
expense in modelling water-borne shallow-water sound prop-
agation, taking seabed shear-wave effects into account. Ac-
cording to this method, the seabed with rigidity is treated
as an equivalent fluid. However, seabed shear-wave effects
which cannot be neglected are included in the adjustable pa-
rameters of the equivalent fluid, such as the density and the
attenuation, which are related to the geoacoustic parameters
of the solid seabed.

Three methods were considered in the early studies of the
effective seabeds, considering the effects of shear waves in
seabed on the sound field in shallow water: (i) Regard the ex-
citation of low-speed shear waves as a loss mechanism and
model this effect by increased attenuation parameters [2, 3,

13,14]. Forexample, Ingenito and Wolf [13]modelled normal-

mode attenuation in shallow water over a consolidated bot-
tom by assuming a fluid bottom and adjusting the boundary
condition to allow for attenuation due to shear-wave losses.
This method was used by Jensen and Kuperman [9] to in-
clude the effect of low-velocity shear waves on propagation
in the modal computation. Tunnel and Tango [14] modelled
the shear-wave effects by increasing the bottom attenuation.
They computed the plane-wave reflection coefficients for mul-
tilayered bottoms; the bottom loss from a shear-supporting
bottom was matched with that from a bottom with no shear
waves but with a compressional-wave attenuation increased
by a factor of 1.25. However, when the mode number ex-
ceeded 5, the overall transmission-loss levels were well re-
produced, but not the phase features. Tappert [3] derived a
formula for the effective attenuation coefficient of a seabed.
He treated a solid seabed as a fluid sediment, the attenuation
of which was replaced by an additional attenuation caused by
shear waves; (ii) A slow viscoelastic solid seabed is roughly
equivalent to a fluid seabed of reduced density [4], Seabed
rigidity also decreases the bottom impedance and increases
the phase shift associated with each bottom bounce. Williams
and Eby [4] considered mode propagation over a viscoelastic
solid seabed and noted that, as far as mode phase speeds are
concerned, a slow viscoelastic solid seabed isroughly equiva-
lent to a fluid seabed of reduced density. This result was used
by Frisk and Lynch [5] to model the effect of shear waves;
(iii) Thick unconsolidated sediments that support shear waves
can be modelled as equivalent seabeds with adjusted parame-
ters [6, 7].

In this section, the existing equivalent-fluid-seabed models
will be reviewed and evaluated, including Tappert’s model
[3], Frisk and Lynch’s model [5] and Tindle and Zhang’s
models [6, 7],

3.1 Tappert’s Model [3]

Tappert derived a simple technique for including in the PE
model the loss due to conversion of compressional waves into
shear waves at the water/bottom interface. In this technique,
the conversion of compressional waves into shear waves can
be treated simply as a loss mechanism when modelling the
propagation of sound waves in shallow water at frequencies
above approximately 10 Hz. Thus the effects of shear waves
are included by calculating the additional loss due to shear-
wave conversion. By the use of this technique, the solid bot-
tom supporting shear waves can be replaced by a layered-
fluid sediment geoacoustical bottom model as contained in
the standard PE propagation model.

The additional loss due to shear waves in the bottom is ob-
tained by comparing the amplitude of the reflection coeffi-
cient R ff atan interface between a low-loss fluid and a lossy
fluid and that at an interface between a low-loss fluid and a
low-loss elastic solid R fa. This comparison is based on the
mathematical approximation to the reflection coefficient with
the following hypotheses: (i) cp > ci; (ii) 9X « 8C =
cos_1lcilcp; (iii)yap « w/cp; (iv) ¢, << ci < cp. Then
the loss for the effective fluid is given by:

where cos6C = ci/cp, sin6C= y'l —(ci/cp)2. If the bot-
tom is lossy, complex sound speeds of the compressional and
shear waves Cp and C, are used. Then the attenuation coef-
ficient becomes complex. However, Im{ae} << Re{ae},
aeé& Re{«e}. For small angles of incidence, the loss due to
shear-wave conversion may be simulated by means of a fluid
bottom by adding to the volume loss of the effective-fluid bot-
tom. An effective-fluid bottom with loss a e given by Eq. (7)
will cause the same reflection loss to plane waves incident at
small angles as a lossy elastic bottom. The reflection coeffi-
cient at the interface of the fluid and the bottom is calculated
using Tappert’s model for data set C. The results are shown
in Fig. 3.

3.2 Model of Reduced Density [4,5]

Williams and Eby [4] noticed that the effects of shear waves
on the phase speed are roughly equivalent to that of decreas-
ing the density contrast P2IP\- Frisk and Lynch [5] used this
idea to model the effect of shear waves, and obtained the re-
duced density in the case ofc, « c¢i < cP:

Pe = P2(I - 2r)2, with r = c]/c\. (8)
The reflection coefficient using the reduced-density model is
shown in Fig. 3 for data set C. The reflection coefficient at



Figure 3 Amplitude andphase ofthe reflection coefficientfor data set
C. (-—--) solidseabedwith shearwaves; (* * *) Tappert’s model;
(+ ++) model of reduced impedance.

a fluid/solid interface with shear waves is also shown in Fig.
3. It is noted from the comparisons of the results shown in
Fig. 3 that: (i) In the case of low shear-wave speed, the
model of increased attenuation gives better results than the
model of reduced impedance in the prediction of the ampli-
tude of the reflection coefficient. This is because the attenua-
tion coefficient Eq. (7) was derived when only the amplitude
of the reflection coefficient was being considered. However,
the model of reduced impedance gives better results than the
model of increased attenuation in predicting the phase of the
reflection coefficient; (ii) From the previous discussions, it
can be concluded that shear waves in seabeds cause increased
attenuation of the amplitude and phase shift of the reflection
coefficient. The effects of the increased attenuation coeffi-
cientresult in greater seabed losses, whereas the effect of the
reduced impedance results in phase shifts of the reflection co-
efficient.

3.3 Tindle and Zhang’s Models [6,7]

The basic relationship used to derive Tindle and Zhang’s two
types of equivalent-fluid approximations is obtained by mak-
ing the reflection coefficient at the fluid/solid interface equal
to the reflection coefficient at the fluid/equivalent-fluid inter-
face [6]:

Pe/Vc = P2-P(01)/i72, (9)

where

Cl . C2 .
v2 i—\ 1- y €0s20i, —+} cos2 &,

with Ce — ce/(l + ifae). The equivalent-fluid parameters
are the set of values of sound speed ce, density pe and atten-
uation coefficient a e that gives the best approximation to the
solid-seabed reflection coefficient. Three types of equivalent-

seabed models were obtained from the relationship (9) using
the hypothesesaP « u/cpanda, << u/c,.

The sound speed of the equivalent fluid for the three types is
given by:

ce —QOp, ()
in order for the two bottom reflection coefficients to have the

same critical angle and the same number of discrete normal
modes in a waveguide.

Type 1: Equivalent Fluid with Real Parameters
The other two parameters are determined approximately from
Eqg. (9) using the hypotheses ap « u>fcpanda, « u/c,,
expanding the terms in Eq. (9) and retaining only the terms
of lower order, then equating real and imaginary parts in the
resulting expansion.

The attenuation coefficient of the equivalent fluid with real
parameters is given by:

8a,r(l - q 4r3/2(1 - g)3/2(1 - r)1'2
e p+ q(1- 2r) + {«(1- 2r)2 “( }

Tindle and Zhang gave two expressions for the density of the
equivalent fluid. The firstone is solved from Eq. (9) by taking
the lowest order of the Taylor’s expansion for Eq. (9):

pe= p2(1- 2r)2. (12)

This is the same expression as that in the model of reduced
density (see Eq. (8)).

The second expression for the density is obtained when the
first and the second terms of the Taylor’s expansion of Eq.
(9) are taken into account:

Pe = P2(l - 2r)2 st . (13)

whereg = cj/c2,r = cj/cfands = | 2¢(I1+2g)/[2(I-¢)2].
When sa2 is much smaller than sa2:

- i — 14
Pe = 02(1 2r)21_Sai (14)

Table 2 gives attenuation coefficients of the equivalent fluid
calculated using Eq. (11). The densities of the equivalent
fluid calculated using Egs. (12)-(14) for data sets A to E are
also shown in Table 2. It is noted that ae > ap for data
sets A to E and that pe < p2 only for data sets A, B and
C. Thus this model includes two ways to match the bottom
losses caused by shear waves: increase of the attenuation and
decrease of the density. As a result, the impedance of the
seabed is decreased and the seabed becomes ‘softer’ because
of the shear waves.

Comparison of the densities of the equivalent fluid obtained
using Egs. (12) - (14) shows that pe < p2 for data sets A,



Table 2. Parameters ofsolid and equivalent-fluid seabeds
ofTindle and Zhang’s Type 1

DATA R R [=2) ae
SET Eg. (12) Eq. (13) Eq. (13) Eqg. (11)
A 1.2290 1.229 1.23 0.722
B 1.28 1.3097 1.3099 4.855
C 0.93 1.1455 1.1475 6.2607
D 0.78 2.0557 2.0558 31.8414

E 0.03  -4.3957e-06 -4.3960E-06 3.6787e+0.3

B and C. pe estimated by Eq. (12) is less than that estimated
by Egs. (13) and (14). There is almost no difference between
values calculated using Eqgs. (13) and (14). This is because
sa” is so small in comparison with sal f°r aMdata sets used
in this study that one can use Eq. (14), which is simpler than
Eq. (13), to calculate pe.

Now look at the results for data sets D and E. According to
Table 2, the density of the equivalent fluid is larger than that
of the solid for data set D, and is negative for data set E. In the

Data Set A

Data Set D
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Grazing angle in degree

Figure 4 - Reflection coefficientversus grazing anglefor data sets A
andD. (---—-- ) solidseabedwith shearwaves; (+ + +) useofEq.
(12); (o o o) use ofEq. (14).

results, the impedance of the equivalent fluid bear no relation
to that of the corresponding solid. From Eqg. (9), it is noted
that when (c5/ci)2 « 0.5, a, -> oo, resulting in pe < 0.
Therefore this model does not give the right density of the
equivalent fluid and is not valid when the shear-wave speed is
large.

Fig. 4 shows the reflection coefficient of the equivalent-fluid
seabed calculated using the densities estimated by Eqgs. (12)
and (14) for data sets A and D. The sound speed and the atten-
uation coefficient ofthe equivalent-fluid seabed are calculated
by Egs. (10) and (11). It is noted that there are no significant
differences between Eq. (12) and Eq. (14) for data set A for
which the shear-wave sound speeds is ¢, — 340. For data set
D, Eqg. (14) gives better estimation of the reflection coefficient
than does Eq. (12).

In orderto geta positive value for the density of the equivalent-
fluid seabed using Eq. (14), we must have the following con-
ditions:

T=sal < an<l 1 << 0-5- (15)

T was calculated for data sets A to E and is shown in Table
3. Itisnoted thatr < 0.5andr « 0.5 for data sets A, B,
and C. Thus Eqg. (11) gives a good estimation of ae which
then can be used to estimate the density of the equivalent-
fluid seabed pe using Eq. (12) or Eq. (14). For data set E,
T >> landr ta 0.5. Thus, Egs. (11) and (14) do not give
good estimates of the attenuation coefficient and the density
of the equivalent fluid.

Type 2: Equivalent Fluid with Complex Density

Using Eg. (9), Zhang and Tindle developed the complex-
density model. The parameters of the equivalent seabed are
given as follows:

Attenuation coefficient:
ae=aP. (16)
Complex density:
Re = P2P(0)k=0. (17)
As |P(0)| < 1whenc, M 0, the density of the equivalent

fluid pe is less than that of the seabed P2. As a result, the
impedance of the equivalent fluid decreases. Thus reflection

Table 3. CriteriaofY ofTindle and Zhang’s Type 1.

DATA  g= (cilcp)2 r= (c,/ci)2 r
A 0.8836 0.0508 0.0158
B 0.5625 0.0900 0.0247
Cc 0.7435 0.1581 0.1850
D 0.4867 0.1878 0.6206
E 0.4444 0.4444 6179.4



losses of the equivalent fluid could match the reflection losses
of the solid seabed with shear waves.

Fig. 5 shows the amplitudes and phases of the reflection coef-
ficients of the solid and the equivalent fluids with real param-
eters, and of the complex density, for data sets A and E. It is
noted that the equivalent fluid with real parameters is a good
approximation at low grazing angle for data set A. For data
set E where the shear-wave speed is large, the equivalent fluid
with real parameters gives wrong results in the estimation of
the reflection coefficient. However, the equivalent fluid of
complex density gives better approximations to the exact val-
ues than the equivalent fluid with real parameters, even when
the shear-wave speed is large. This is because Eq. (16) is not
restricted to the small attenuations. However, this model is
only valid for low grazing angles when the shear-wave speed
becomes larger.

Data Set A

30 40 50 60
Grazing angle in degree

Data Set E
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30 40 50 60 80

Grazing angle in degree
Figure 5 - Reflection coefficient as afunction ofgrazing anglefor
data sets A and E. (------ ) solid seabed with shear waves; (0 0 0)
equivalent fluid with real parameters; (* * *) equivalentfluid of
complex density.

4. DEVELOPMENT OF NEW EFFECTIVE-
SEABED MODELS

The object of this section is to develop a new effective-seabed
model. First a new equivalent-fluid seabed model is pro-
posed using a relationship between a seabed and its equiv-
alent seabed. Then the angle-dependent parameters of the
equivalent-fluid seabed are determined.

4.1 Proposed New Model

Relationship Between Seabeds and Their
Equivalent-Fluid Seabeds

The idea associated with the equivalent-fluid seabed is to match
the impedance of the “fluid” with the impedance of the solid
seabed. Shear-wave effects will be included in the calcula-
tion of the parameters of the ‘equivalent fluid’. The reflection
coefficient at the fluid/equivalent-fluid interface is obtained
by replacing the impedance of the bottom Zh with that of the
equivalent fluid Ze in Eq. (2):
Ze —Z\
o> o=t or <18)

withZe = peCeJsin 9e,sin0e = yj1—C%/c2,Ce = ce/( 1+

ifae). pe is termed the effective density, Ce is the effective
complex sound speed, 8e is the effective refraction angle, and
ae is the effective attenuation coefficient of the equivalent
fluid. Making Rfs in Eq. (1) and Rf~ef in Eg. (18) equal
to one another, we have the relationship for the calculation of
the parameters of the equivalent seabed:

. e _ PXPP(el
¢ —"6] e, peﬁ - sin (e (19)
Snell’s law at the fluid/equivalent-fluid seabed interface is:
ci Ce L.
cosVi = cos¥e (20)

The parameters - that is, the sound speed, the density and
the attenuation coefficient - of the equivalent fluid are deter-
mined from Eqg. (19). The complex sound speed or the at-
tenuation coefficient of the equivalent-fluid seabed calculated
from Eq. (19) should satisfy Snell’s law, Eq. (20). The pa-
rameters ce, pe and ae of the equivalent-fluid seabed can be
calculated using Eq. (19). Generally the sound speed of the
equivalent fluid ce is chosen to be equal to the sound speed
cp of the compressional waves in the seabed. The remain-
ing two parameters pe and a e cannot be uniquely determined
by only one equation. Thus Eqg. (19) has several solutions
for the values pe and ae. It is noted that Zhang and Tindle’s
models can be solved from relationship (19) which allows the



impedance of the equivalent fluid Ze and the total impedance
of the seabed to be made equal to one another. In the model
with a complex-density equivalent fluid, they choose ce = ¢p
and ae —av. From Eq. (17), we can obtain pe = P2P {Ox).
In this model the refraction angle 6e = 6P, because Ce —Cv.
The shear-wave effects in the bottom are represented by the
complex density in the equivalent fluid, resulting in energy
losses caused by the intemal-friction mechanism [11], How-
ever, many existing models may not admit density as a com-
plex quantity, but accept a complex sound speed in the sense
that they use a bulk attenuation coefficient for sound waves.
For practical purposes, it may be necessary to consider a sub-
set of equivalent-fluid bottoms that have real density values
[12]. Eg. (19) is used to develop a new equivalent-fluid
seabed model.

Parameters ofthe equivalentfluid

Focussing on the calculation of the effective impedance of
the equivalent-fluid seabed, a new model is derived using Eq.
(29).

If the density of the equivalent-fluid seabed is kept equal to
its true value, i.e..:

Pe = P2j (21)

then complex speed of the equivalent-fluid seabed can be solved

from Eq. (19):

o= CPP{0i)

€2)

The effective impedance of the equivalent-fluid seabed is given
by:

PeCe

sin6e”’
where the refraction angle of the equivalent fluid can be cal-
culated using Eq. (20):

(23)

sinte \A-C?/c
In this model, unlike the complex-density model [7], the re-
fraction angle in the equivalent fluid is not the same as Qv. It
is noted that the effective refraction angle in the equivalent
fluid depends on the shear-wave factor P(0i), the complex
compressional-wave speed of the seabed and the sound speed
of the fluid, and that it is a function of the grazing angle. It
is a complex number. In addition, the number of propagating
modes will change as a result of changing the compressional
sound speed in the bottom.

(24)

The reflection coefficient at the interface of the fluid and the
equivalent-fluid seabed is calculated by substituting Ze into
Eq. (18).

Data Set E
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Figure 6 - Reflection coefficient versus grazing anglefor data set E.
(-——--) solid seabed with shear attenuations; (o o 0) new model of
the equivalent-fluid seabed using Eqgs. (22) - (24); (* * *) Tindle

and Zhang’ complex-density model.

Numerical Evaluation

The reflection coefficient is calculated by Eq. (18). The re-
sults are shown in Fig. 6 for data set E. The reflection coef-
ficients of the bottom calculated by Eq. (18) and the results
of Zhang and Tindle’s complex-density model are also given
in Fig. 6 for comparison. It is shown that the reflection co-
efficient obtained by the new model agrees well with that of
the solid bottom at 6X < 30°. The new model gives better
results than Zhang and Tindle’s complex-density model for
10° < 0i < 28°. As in practice one is especially interested
in low grazing angle, the new model provide better approxi-
mation to the solid bottom for large shear-wave speed.

4.2 Effective Seabed with Grazing-Angle-
Dependent Parameters

The reason for the error in Zhang and Tindle’s model 2, and
in the new model, is that the shear factor P(8) |e1=0 was sim-
ply used in the calculation of the parameters of the equivalent
seabed. However, this will be good when |P(8) - P(0) | ps
0. When c, is large, P{6) is different from P (0). This causes
the disagreement between the equivalent fluid and the real
seabed. In other words, P(0) cannot represent the effects
of the shear waves over a large range of grazing angles. An
equivalent fluid of grazing-angle-dependent parameters is pro-
posed therefore to make the equivalent fluids valid at all graz-
ing angles. If P(0) is replaced by P(0i), the grazing-angle-
dependent complex density is given as:

Pe{6l) = P2iW - (25)
The reflection coefficient calculated using pe{0\) gives ex-
actly the same values of the reflection coefficient as those
of the solid. Generally one is only interested in low graz-
ing angle; however, one can use this new method to correct
the errors caused by the use of P("i)|e1=0. Fig. 7 shows an
example of such correction, by setting 6i = 16° in P{6i).

-10 -



Data SetE
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50 60
Figure 7 - Reflection coefficient as afunction ofgrazing anglefor
data set E. (------ ) solid seabed with shear waves; (* * *) Tm-
dle and Zhangs complex-density equivalentfluid; (X x X ) modi-
fied Tmdle and Zhang’s complex-density equivalentfluid with pe =
P2-P(#i)|ei=i6°-

5. CONCLUSION

Validations and numerical evaluations of the existing effec-
tive seabeds have been made. The validations of the exist-
ing effective-seabed models show that the excitation of shear
waves in seabeds decreases the amplitude of the reflection co-
efficients of the fluid/solid interface and its phase shifts. The
existence of the shear waves in sea bottoms also decreases the
bottom impedance and increases its phase shifts. According
to the previous discussions, one could increase the attenuation
of the bottom [3,13] or decrease the impedance of the bottom
[4,5] to match the large bottom losses caused by shear waves.

Tindle and Zhang’s first model [6] combines the increase of
the attenuation and decrease of the impedance of the bottom.
However, when (c,/ci)2 « 0.5, this model predicts infinite
a, and negative pe. Tmdle and Zhang’s improved model with
complex density [7] gives better agreement with the solid bot-
tom than their original model 1. This model can be used
for large shear-wave speed at grazing angles approaching 0°.
When the shear-wave speed becomes larger, this model is
valid only at the grazing angle of 0°. It is possible to ex-
tend Zhang and Tindle’s second model to very hard seabeds
by adjusting the factor P{9i) for calculating the density of
the equivalent fluid as shown in Fig. 7.

A new equivalent-fluid seabed model has been developed:
the effective impedance of the equivalent-fluid seabed is de-
rived and used in the calculation of the reflection coefficient
at the interface of the fluid and the equivalent-fluid seabed.
The developed equivalent-fluid seabed model gives better re-
sults than the complex-density model [7] for estimation of
the reflection coefficient of the seabed at low grazing angles

0i < 30°. For the further work it would be very useful to
examine these approximations for a range of realistic sea-
bottom types by incorporating them in a propagation model.
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