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A Method for Estimating the Physical and Acoustic
Properties of the Sea Bed Using Chirp Sonar Data

Steven G. Schock, Member, IEEE

Abstract—This paper proposes a method, based on the Biot
model, for estimating the physical and acoustic properties of
surficial ocean sediments from normal incidence reflection data
acquired by a chirp sonar. The inversion method estimates sedi-
ment porosity from reflection coefficient measurements and, using
the estimated porosity and the measured change in fast wave
attenuation with frequency, estimates the permeability of the top
sediment layer. The spectral ratio of echoes from the interface at
the base of the upper sediment layer and from the sediment-water
interface provides a measure of the change in attenuation with
frequency. Given the porosity and permeability estimates, the
Kozeny-Carman equation provides the mean grain size and the
inversion method yields the acoustic properties of top sediment
layer. The inversion technique is tested using chirp sonar data
collected at the 1999 Sediment Acoustics Experiment (SAX-99)
site. Remote estimates of porosity, grain size, and permeability
agree with direct measurements of those properties.

Index Terms—Attenuation, Biot model, chirp sonar, sediment
classification.

I. INTRODUCTION

METHOD for estimating the acoustic and physical prop-

erties of the uppermost layer in the sea bed from reflection
profiler data is developed using Biot theory and is tested using
chirp sonar data and physical property measurements of sands
collected during the 1999 Sediment Acoustic Experiment
(SAX-99) conducted off Fort Walton Beach, FL. A chirp sonar
transmits frequency-modulation (FM) pulses over the band of
1-15 kHz and acquires reflection data at normal incidence to
the sea bed using one transmitter and one receiver collocated
in a towed sonar vehicle. The reflection coefficient is measured
using the average intensity of the sediment—water interface
echo. The reflection coefficient is strongly correlated with
sediment porosity and bulk density, so it can be used to estimate
those bulk properties. However, the porosity and reflection
coefficient are weakly related to grain size and permeability,
so a second remote acoustic measurement, the attenuation
rolloff measurement, is used to estimate mean grain size and
permeability.

Attenuation rolloff (in decibels per meter per kilohertz)
is the slope of the amplitude spectrum of an echo from the
lower boundary of the uppermost sediment layer divided by
the amplitude spectrum of the sediment—water interface echo.
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Consequently, the attenuation rolloff is approximately equal
to the slope of the attenuation (in decibels per meter) versus
frequency function for the acoustic wave traveling in that
layer. This paper describes the procedure for using reflection
coefficient and attenuation rolloff measurements and the Biot
model to calculate the physical and acoustic properties of the
top layer of sediments.
The complex reflection coefficient is defined by
P r

R = P (D
where P; and P, are the complex amplitudes of the incident and
reflected waves measured just above the sediment—water inter-
face. The reflection level, which is the negative of the bottom
loss, is measured using

(1P.1%)

RL =—-BL =20log R =10log W 2)
where (| P..|?) is the squared pressure amplitude of the reflected
wave averaged over many acoustic transmissions.

Hamilton [1] and Chotiros [2] summarize investigations that
compare bottom-loss measurements and sediment properties.
Hamilton describes a viscous-elastic model that provides inter-
relationships between reflection coefficient measurements and
sediment properties. In the viscous-elastic model, the reflection
coefficient is related to bottom properties by
zZ9 — 21

R= 3)

z9 + Z1

where z; is the acoustic impedance of seawater and z» is the
acoustic impedance of sediments. Hamilton uses (3) to generate
interrelationships between bottom loss and sediment porosity
and bulk density. Chotiros [2] compares bottom-loss measure-
ments and reflection losses calculated from sediment properties
using both the Biot and viscous-elastic models for sound prop-
agation in sediments. The study shows that the Biot model cor-
rectly predicts the bottom losses for sandy sea beds, while the
viscous-elastic model (3) predicts bottom losses that are 1-2 dB
lower than measured bottom losses. The viscous-elastic model
does not account for the energy loss associated with the creation
of a Biot slow wave at the sediment—water interface.

Several field studies support the application of the Biot model
to ocean sediments. The Biot model requires 13 input parame-
ters to calculate fast and shear wave velocities and attenuations.
Holland [3] uses only two measured parameters, porosity and
grain size, to calculate the other 11 input parameters and the
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model outputs of wave speed and attenuation at three shallow-
water sites in the Mediterranean. The computed velocities and
attenuations agree with fast wave velocity and attenuation mea-
surements at 400 Hz and shear wave velocity measurements in
the band of 5-15 Hz.

Willams [4] tests the Biot model using fast wave attenuation
and velocity measurements of the sandy sea bed at the SAX-99
site off Fort Walton Beach, FL. A variety of in situ and re-
mote acoustic techniques provide fast wave attenuation and ve-
locity measurements covering the band of 125 Hz—400 kHz.
The model predictions agree with the measurements except for
attenuation measurements using frequencies above 100 kHz.
Volume scattering, which increases the transmission loss above
that caused by intrinsic attenuation, is a potential cause for the
measured attenuation being significantly higher that the attenu-
ation predicted by the Biot model.

Chotiros [5] reports the presence of slow and fast Biot waves
traveling in the sandy sediments. During experiments offshore
of Panama City, FL, and Jacksonville, FL, an acoustic source
transmitted continuous-wave (CW) and FM pulses covering the
band from 5 to 80 kHz. Arrays of buried hydrophones measured
the speed and attenuation of slow and fast waves. The mea-
sured fast wave speeds are about 1700 m/s, while the slow wave
speeds are about 1200 m/s. Chotiros reports that increasing the
frame bulk modulus by a factor of 50 and decreasing the grain
bulk modulus by a factor of 5 from values used by other in-
vestigators provides a better a fit between the measured atten-
uation of slow and fast waves and the attenuation predicted by
the Biot model. This discrepancy suggests that the Biot model
needs modification.

Chotiros [6] presents a method for calculating the frame shear
modulus and log decrement, the frame bulk modulus and log
decrement, and the grain bulk modulus from measurements of
acoustic and physical sediment properties. The inputs for the in-
version model are measurements of shear and fast wave speeds,
shear and fast wave attenuation, reflection loss, porosity, grain
density, and pore fluid density and bulk modulus, and viscosity.
Due to uncertainties in measuring the flow-related parameters of
permeability, pore size and virtual mass, those parameters are
treated as random variables. The inversion, tested on four ex-
perimental data sets, is unable to reliably converge on the mea-
sured acoustic properties. Modification of the Biot model, by
either adding loose grains to the pore fluid or making porosity
a function of pore pressure, results in a much higher fraction of
successful conversions.

This paper presents a method for estimating the physical and
acoustic properties of the sea bed using the Biot model and data
acquired by a chirp sonar, a wide-band reflection profiler. The
reflection data is processed to measure the reflection coefficient
of the sediment—water interface and the change in attenuation
with frequency for the uppermost sediment layer. The inver-
sion method utilizes the two acoustic measurements and the Biot
model to estimate the physical and acoustic properties of the sea
bed. This remote acoustic method may be quite useful for esti-
mating sediment properties when no core data are available and
the upper layer of the sea bed is homogeneous.
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II. BACKGROUND

A. Review of the Biot Theory of Sound Propagation in
Saturated Sediments

Biot [7] develops a pair of coupled differential equations to
describe acoustic wave propagation in an isotropic saturated
porous medium with permeability «, pore fluid viscosity 7, bulk
density p, and fluid density p;.

2

0

VA(He = CC) = 55 (pe = p5C) )
02 Fno

V¥(Ce = MQ) = o5 (pse —ml) = 7"0—5 3)

where ( is the incremental volume of fluid that enters or leaves
the frame and ¢ is volumetric strain of the frame. Stoll [8] de-
velops the following expressions for the Biot moduli in terms of
measurable sediment properties:

(K, - K,)? 4
H= D_K, +Kb+3/i (6)
K.(K, - K;)
C=——— 7
DK, (N
K2
M=—"—
D-K, ®

K,
D:Kr<l+n<K—f—l>> ©

where K, is the grain bulk modulus, Ky is the modulus of the
pore fluid, and 7 is porosity. The frame bulk modulus

. 0
Ky = Ky + jKpyi = K, (1 +J;b) (10)

and the frame shear modulus

. 0
W= o+ Jli = fr <1+j;> (11)
are complex moduli to account for dissipation losses at grain
contacts, and ¢, and 6, are the bulk and shear log decrements,
respectively. The parameter

_ s
n

(12)

accounts for the phase of fluid flow with respect to the macro-
scopic pressure gradient. The structure factor c, or tortuosity, is
equal to 1 for uniform pores that are parallel to the pressure gra-
dient and is equal to 3 for randomly oriented pores.

The factor F' is a viscosity correction to account for fre-
quency-dependent viscous losses of the oscillating flow in the
sediment pores. For the case of pores that are cylindrical ducts,
the correction factor is given by [9]

$7(6)
F(6) = — 5= (13)
~Z7(0)
where
T(z) = ber'(x) — jbei’ (z) (14)

ber(x) — jbei(x)
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and where ber and be: are real and imaginary parts of the Kelvin
function, ber’ and bei’ are corresponding derivatives, and

wpyf

n

E=a (15)

where the a is the pore radius. For pores other than circular
ducts, a is called the pore-size parameter and is dependent on
the shape and size of the sediment pores.

Stoll [8] develops the following expression for a harmonic
plane wave traveling through a porous medium:

HE? — puw? prw? — Ck?
Ck? — pfw2 mw? — Mk? —j“—F"

K

—0. (16

The wavenumbers of the fast and slow wave are found by
solving for k as

F
(HE?* — pw?) <mw2 — Mk? —jM

— (Ck? = pjw?)(pjw? — Ck*) = 0
(—HM + C*)k*

a7)

F
+ <Hmw2 + pw? M —jHu — Cpfw2 — Cpfw2> k>
K

— prmw? +ijZw3 + pfw4 =0. (18)
Note that (18) is a quadratic expression in terms of k2
a(k*)? +bk* + ¢ =0. (19)
Therefore, the solution has the form
j2 = ZbE VU7~ dac VO? — dac (20)

2a

where the + sign provides k? for the fast wave and the — sign
provides k? for the slow wave and where

a=C?>—HM 1)
F
b=Hmw? + pw’M —jHu — Cpfw2 — Cpfw2 (22)
K
F 3
¢ = — pmwt + §2 ;"” + ppwt. 23)

The complex wavenumber can be written in the following
form:

k= —ja 24)
where
a = Im{k} (25)
is the attenuation [nepers/meter]| and
w
k. =Rel{k} = — 26
e{k} v (26)
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Fig. 1. Geometry for developing an expression for the reflection coefficient in
terms of Biot parameters. The complex displacement amplitudes of the incident
and reflected water waves are D; and D, respectively. A; and A, are the
complex displacement amplitudes of the frame due to fast and slow waves,
respectively. B, and B> are the complex relative displacements of the pore fluid
moving with respect to the frame (fluid volume per unit area of sediment) due
to the fast and slow waves, respectively.

2

where V is the phase velocity of the traveling wave. Equations
(25) and (26) will be used to calculate the attenuation and phase
velocity for the fast wave.

B. Review of the Reflection Coefficient Calculation

Consider the geometry in Fig. 1, which consists of seawater
and sediment half spaces where the sediment—water interface is
atz = 0.

The reflection coefficient of the sea bed can be determined by
applying the following boundary conditions to the solutions of
the wave equations at the sediment—water interface [8]:

1) continuity of fluid displaced in and out of the skeletal
frame in a direction normal to the interface;
2) equilibrium of total stress across the interface;
3) equilibrium of fluid pressure across the interface.
Applying the boundary conditions to the equations of motion
yields the following set of equations [8]:

D’I‘ A2

A
o +(G1—1)ﬁ+(G2—1)ﬁ:_1 27)
D'r‘ Al
wbwW /T Hk _CkG e
PuwC wDi +( 1 1 I)Di
As
+ (sz - Cszz)F = PwCypW (28)
D, / Ay
- PwCwW —/— MkG —Ck _—
PwC wDi —I-( 1G1 I)Di
A
+ (MkyGa — Cha) 57 = pucuw (29)
where
By HE? — pw?
=4, Ck? — prw? (30
B 2_HkK2
Go=—2=1 2 31)

T Ay ppw?—CkF

In the these expressions, p,, and c,, are the bulk density and
sound speed for seawater, respectively, and k1 and k, are the
wavenumbers for the fast and slow waves, respectively.
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Fig. 2. Mean grain size ¢ versus bulk density and porosity for sediment samples from the abyssal plain, abyssal hill, and continental shelf and slope [10].
The solution to (27)—(29) yields D,./ D;, the ratio of the dis- TABLE I
placement amplitudes of the incident and reflected waves. The POROSITY OF NATURAL SAND BEDS [11]
d'1splaceme¥1t amplitude rz'ltlo is 1dentlc.al to the pressure reflec- Wellsored Average  Wel-mixed
tion coefficient of the sediment—water interface Loosely-packed 0.46 043 0.38
Average 0.42 0.4 0.33
_ D, Densely-packed 0.4 0.37 0.3
R=—. (32)
D;
12
III. APPROACH 10 / /
A. Development of an Inversion Method ﬁ
=
. . . . 8
The proposed inversion method is based on the observation =
. o
that field data [1] and Biot theory analyses [6] show that the g
reflection coefficient of the sea bed is strongly correlated with 3,' 6
bulk sediment properties and is weakly related to permeability £
. . . . . ©
and grain size. Based on this observation, the porosity of the sea  ¢5 4
bed will be estimated using the reflection coefficient. £
In some circumstances, porosity is independent of grain £
size. Fig. 2 contains a plot of mean grain size against porosity, 2 .
showing that a sediment of a given grain size can have a wide AX'SS’;
range of porosities. If a sediment sample consists of uniform-di- 0 3
ameter grains, different grain-packing configurations result in 01 02 03 04 ggrosi%/s 07 08 09 1
different porosities [10]. For example, the porosity of an ideal
sand ConSiSting of spherical partides with uniform diameter Fig. 3. Expected mean grain size plotted against porosity showing the 70%

depends only on the packing and not on the diameter of the
spheres. The ideal sand has a maximum porosity of 0.476 for
simple cubic packing and a minimum porosity of 0.26 for dense
packing; those porosities are independent of grain size [11]. In
marine sediments, porosity is also affected by the particle-size
distribution and the shape of the grains, which result in a weak
correlation between porosity and grain size. In general, porosity
increases with smaller particle sizes, with more uniform grain
sizes, and with greater angularity of the grains. Table I provides
the range of porosities for natural beds of marine sands [12].

Bachman [10] provides the following regression equation and
standard error for porosity and mean grain-size data collected
in all environments: the continental shelf and slope, and abyssal
hill and plain.

n = 0.208 + 0.0943¢ — 0.00334¢%, o, = 0.066. (33)

confidence limits of equation (33). The datum 1.32¢, n = 0.372 represents
the average values of mean grain size and porosity of surficial sediments (top
13 cm) measured at the SAX-99 site off Fort Walton Beach, FL [13].

Solve (33) for ¢ to obtain

g 00943 1/0.0943% = 4(0.0034) (n — 0.208)

2(0.003 34) (34)

where ¢, the mean grain size, in phi units, is related to the mean
grain diameter d,;, (millimeter units) by

¢ = - 10g2 dmm- (35)

The mean grain size—porosity regression (33) and the stan-
dard error envelope are plotted in Fig. 3 to show the region of
mean grain size and porosity measurements associated with ap-
proximately 70% of all sediment samples. The standard error for
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TABLE 1I
WENTWORTH SCALE FOR CLASSIFYING SEDIMENTS
BASED ON MEAN GRAIN SIZE [14]

Sediment size Grain diameter
description (phi units)
Cobbles and boulders Less than -6
Very coarse pebbles -6 to -5
Coarse pebbles -5to -4
Medium pebbles -4 to -3

Fine pebbles -3to-2

Very fine pebbles -2to -1

Very coarse sand -1t0 0

Coarse sand Oto1
Medium sand 1to2

Fine sand 2t03

Very fine sand 3to4d

Coarse silt 4t05
Medium silt 5t06

Fine silt 6to7

Very fine silt 7t08

Clay Greater than 8

porosity may change with grain size, as seen in Fig. 2. The fol-
lowing analyses assume that the standard error is independent of
grain size. Equation (33) will be used to calculate the “expected
porosity” from the mean grain size. Given the porosity, the “ex-
pected mean grain size” will be calculated using (34). Note that
the standard deviation of the expected mean grain size increases
with increasing porosity, as shown in Fig. 3.

The Wentworth scale (Table II) provides the relationship be-
tween mean grain size (in phi and millimeter units) and sediment
type. The proposed inversion procedure predicts the mean grain
size of the top sediment layer. After the grain size is determined,
the Wentworth scale is used to look up the sediment type.

The inversion method proposed in this paper uses the mea-
sured reflection coefficient to predict bulk sediment properties,
such as porosity and density, and uses the porosity estimate and
the measured attenuation rolloff to determine permeability and
mean grain size. Since the Biot model requires 13 inputs to cal-
culate the reflection coefficient and attenuation functions, in-
terrelationships between inputs are needed to reduce the com-
plexity of the analysis.

The first step of the inversion procedure is to estimate the
porosity of the surficial sediment layer using the reflection
coefficient. The relationship between the reflection coefficient
and porosity (32) is generated by varying porosity from 0.25
to 0.8, by calculating the mean grain diameter using (34) for
each porosity value, and by using property inter-relationships
to calculate the remaining inputs of the Biot model. Table III
provides the values or interrelationships used to generate the
Biot model input parameters which vary with porosity and
mean grain diameter.

B. Discussion of Table IlI: Biot Model Input Parameters

The values of fluid density, bulk modulus, and viscosity are
estimated from water temperature and salinity measurements.
Grain density and bulk modulus values are based on the miner-
alogy of the sediments in the region. The values of the six prop-
erties for the SAX-99 site [4], which is the site used to test the
inversion procedure, are given in Table III. These six properties
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and the measurements of the reflection coefficient and attenua-
tion rolloff are the inputs to the proposed inversion procedure.

1) Permeability: Some investigators using the Biot model
to estimate acoustic sediment properties from physical proper-
ties select a hydraulic radius model for calculating permeability
from mean grain diameter. For example, Hovem and Ingram
[15] use the Kozeny—Carman equation

d?n3

"7 36K (1—n)?

(36)

to calculate the permeability of sand with porosity n and mean
grain diameter d.

The coefficient K is 2 for circular tubes and 5 for spherical
grains. Permeability measurements on sands and glass beads
show that (36) and K = 5 provide permeability estimates with
less than a 50% error except for Panama City sands. Equation
(36) overestimates the permeability of Panama City sands by
about 2.5 [15].

Holland [3] uses another form of the Kozeny—Caman equa-
tion, given by [16]

n3

~ KSR1—np Gn

K
to estimate permeability from the grain-size distributions for

samples of silty clay and sand. The effective surface area of
spherical grains is given by

6/

So = .,

(38)

where f, is the volume fraction of grains with diameter d,,.

The Kozeny—Carman equation (36) significantly overesti-
mates the permeability of the well-sorted medium sands at the
SAX-99 site off Fort Walton Beach. Given that the average
porosity and mean grain size of the sands at the SAX-99 site
is 0.372 and 1.32 ¢, respectively [13], the Kozeny—Carman
equation (36) yields a permeability of 1.24 x 1070 m2. The
sediment permeability measured with a constant head perme-
ameter is 3.3 x 10711 £ 0.6 x 10~ m? [13]. The reason for
this error is that the Kozeny—Carmen equation, which is based
on the hydraulic radius model, attempts to equate flow through
parallel tubes with that of flow through granular materials by
equating their hydraulic radii, which by definition is twice
the volume of the voids divided by the surface area of the
channel wall. The Kozeny—Carman equation is accurate only
for specific cases such as unconsolidated well-sorted sediments
with rounded grains [17], [18].

Accurate calculation of permeability for consolidated or
poorly sorted sediments requires characterization of the pore
geometry. The permeability of sediments is controlled by the
geometry of the pore network that lies between the sediment
grains. Juang [19], [20], Childs [21], Garcia-Bengochea [22],
and Marshall [23] describe models and experiments that use
pore-size distribution measurements to accurately estimate sed-
iment permeability for a wide range of grain sizes and pore-size
distributions functions. There is no simple relationship between
the pore-size distribution and the grain-size distribution because
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TABLE III
PARAMETERS AND PROPERTY INTERRELATIONSHIPS USED TO GENERATE INPUTS FOR THE BIOT MODEL
Input parameter Units Parameter value or relationship Reference
Porosity » Fractional  0.25t00.8
Fluid density Kg/m3 1023 Williams[4]
Fluid bulk modulus Pa 2.395x109 Williams[4]
X,
Grain density p, Kg/m3 2690 Williams[4]
Grain bulk modulus Pa 3.2x1010 Williams[4]
K,
Absolute Viscosity 7 Kg/m-s 0.001 Williams[4]
Permeability « m? a3 1 See notes for
K=————
180(1 - n)z J10 table
Pore size a m d n 1 See notes for
“3(1-#)18 table
Tortuosity ¢ 1.35 p<4 See notes for
c=1-03+041254 4<gp<gb 20l
3.0 $>8
Frame shear modulus Pa 4= 1.835x10°¢ 112 lfa(z) Yamamoto[27]
Ly
Shear log decrement - Stoll[8]
5, ,(z0)= 8ol
Frame bulk modulus  Pa _ 2u, (1 + cr) Ogushwitz[28]
Ky T 3(1-20)
Bulk log o Stoll[8]
decrementé'f 5f(zs): 5f(zg) yzs

the pore geometry is influenced by factors other than grain size,
such as consolidation and sediment fabric (e.g., aggregation of
similar size grains, particle orientation, and grain shape). Those
unknown factors prevent developing an accurate relationship
between mean grain size and permeability. Consequently, the
Kozeny—Carman relationship will be used to estimate grain size
from permeability and porosity estimates.

The error introduced by the Kozeny—Carman equation (36)
in calculating permeability is established by studying published
permeability measurement data. Based on 27 measurements of
the top 10 cm of sandy sediment in the Southern Baltic Sea,
Forester et al. [24] reported that the Kozeny—Carman relation-
ship (36) overestimated permeability by an order of magnitude.
Comparisons between measured and calculated permeability for
12 cores of intertidal sand flats in the North Sea show that (36)
overestimates permeability by a factor of 5.1 £ 3.4 [25]. Perme-
ability measurements show that the Kozeny—Carmen equation
(36) is accurate for well-sorted unconsolidated sediments with
rounded grains [15]. Consequently, the reported errors of the
sediment properties predicted by the proposed inversion method
will be based on the assumption that the Kozeny—Carmen equa-
tion overestimates the permeability of sediments on the average
by a factor of V/10 with error limits at overestimation factors of
1 and 10.

2) Pore Size: Hovem [15] uses the following expression de-
veloped using the hydraulic radius concept for uniform spher-
ical grains to calculate the pore radius (or pore parameter):

d n
a=—-—-.

3(1—mn) (39)

The proposed inversion procedure assumes that the perme-
ability of sediments is proportional to the square of the pore
radius [21], [22]. From the discussion on permeability error, it
follows that (39) overestimates the pore radius on the average
by a factor of /10 = 1.8 with overestimation factor limits of
1 and /10. Note that this assumption may not be accurate for
fine-grained sediments that have a large component of plate-like
clay particles.

Given that the pore geometry determines sediment perme-
ability, the standard deviation of the pore-size distribution is ex-
pected to influence permeability. Yamamoto [26] uses a parallel
tube model with a log-normal pore-size distribution to show that
the standard error of the pore-size distribution has a significant
effect on the permeability, the viscosity correction factor, and
the attenuation coefficient of sediments. The permeability for
the parallel tube model is given by

oo

/ r2f(r)dr

0

n
K= —

3 (40)

where r is the pore radius and f(r) is the pore radius density
function. Equation (40) shows that pore water flow through large
pores dominates the permeability. Models that account for the
fact that sediment pores are interconnected and that flow along
any path is limited by the smallest pore size provide more ac-
curate estimates of permeability than the parallel tube and hy-
draulic radius models. Pore distribution functions with a wide
range of shapes are measured to show that interconnected pore
models provide good estimates of sediment permeability [19],
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Fig. 4. Estimates of permeability from porosity and grain size for the following models. (a) Kozeny—Carmen equation. (b) Interconnected pore model. (c) Parallel
tube model. Permeability is plotted for log-normal pore- and grain-size distributions for five values of standard deviation: 0, 0.5, 1.0, 1.5, 2.0¢.

[20], [22], [23]. One interconnected pore model is described by
the expression

(41)

n2 oo OO
K=o //fzf(m)f(rj)dridrj
0 0
where 7 is the smaller of the radii 7; and r; of the connected
ducts and accounts for flow through a sequence of two ducts
being limited by the duct with the smallest diameter [22]. Per-
meability experiments show that the performance of the inter-
connected pore model (41) improves if a weighting factor is
added to the integrand to account for tortuosity and the correla-
tion between interconnected pore sizes caused by clustering of
particle with similar sizes [19], [20], [22].

Under certain conditions, the Kozeny—Carman equation and
the interconnected pore model (41) provide permeability esti-
mates of the same order while the parallel tube model overesti-
mates permeability by an order of magnitude. Fig. 4 is a com-
parison of permeability—grain-size curves calculated using the

Kozeny—Carman equation (37), the parallel tube model (40),
and interconnected pore model (41) for various pore- and grain-
size standard deviations. The expected porosity—mean grain
size relation shown in Fig. 3—is used in the permeability cal-
culations. Fig. 4(a) is based on a log normal grain-size distri-
bution while Fig. 4(b) and 4(c) are based on f(r) having a log
normal distribution. The relationship between the pore radius
and grain diameter used to calculate the pore model curves in
Fig. 4(b) and 4(c) is given by (40). The comparison shows that
the Kozeny—Carman hydraulic radius model and the intercon-
nected pore model predict permeabilities of the same order of
magnitude. Note that the interconnected pore model produces a
permeability that is less sensitive to the standard deviation of the
pore-size distribution. For pore-size standard deviations greater
than 1¢, the parallel tube model overestimates permeabilities by
at least an order of magnitude over the experimentally supported
interconnected pore model. Fig. 4(c) shows that as the pore-size
standard distribution increases, the parallel tube model produces
arapid increase in permeability due to large particle sizes dom-
inating the integrand of (40). Given that the parallel tube model
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TABLE 1V
COMPARISON BETWEEN THREE MODELS FOR CALCULATING PERMEABILITY FROM THE GRAIN- AND PORE-SIZE DISTRIBUTIONS
OF OTTAWA SAND AND THE MEASURED PERMEABILITY OF OTTAWA SAND [19]

Standard Interconnected | Parallel Tube Kozeny- Measured

Deviation [¢] | Model Model Carman Permeability
Permeability Permeability Permeability [m?]
[m?] [m?] [m?]

0 1.3e-10 4.1e-10 1.1e-10

0.5 1.0e-10 5.1e-10 1.0e-10 2.5e-11

1 1.1e-10 1.1e-9 6.9e-11

2 3.1e-10 1.9¢-8 1.6e-11

does not appear to model pore-water flow accurately in ocean
sediments, the relationships between the pore-size standard de-
viation, permeability, and attenuation based on the parallel tube
model and described in [26] are not incorporated in the proposed
inversion procedure.

Applying the three models to analyze Ottawa, ON, Canada,
sand provides a specific example of their relative performance in
predicting permeability from grain- or pore-size measurements.
Ottawa sand described in [19] has an approximate log-normal
grain-size distribution with a mean of 0.52 mm and a standard
deviation of 0.5¢, a porosity of 0.324 (low compaction effort),
and a pore-size distribution that is approximately log-normal
with a standard deviation of 0.5¢ and a mean pore radius of
100 pm measured by mercury intrusion porosimetry. For these
porosity and mean grain diameter values, the pore radius calcu-
lated using (39) is about 83 pm, which is 17% below the mea-
sured mean pore radius of 100 pm, but falls within the error
range of (39).

Table IV contains the permeabilities produced by the three
models using the measured porosity, mean grain, and pore sizes
for Ottawa sand with log-normal pore- and grain-size distri-
butions. The standard deviations of the distributions are varied
above and below the measured value of 0.5¢ to show its effect
on permeability for the three models. Note for the case of 0.5¢,
the measured standard deviation for Ottawa sand, that the inter-
connected pore and the Kozeny—Carman (37) models provide
the same permeability while the parallel tube model produces
a permeability that is higher by a factor of 5. This discrepancy
is greater for grain- and pore-size distributions with larger stan-
dard deviations. As noted earlier, Juang [19] uses a weighting
factor in the integrand of (41) to correct the interconnected pore
permeability for tortuosity and particle aggregation to produce
a more accurate estimate of measured permeability for Ottawa
sand. The interconnected pore model shows that permeability is
relatively insensitive to changes in the standard deviation of the
pore diameter for sediments with log-normal pore distribution,
except for very poorly sorted sediments. For very poorly sorted
sediments, the interconnected model (41) predicts that perme-
ability increases with the standard deviation of the pore-size dis-
tribution as the conductance of the large pores starts to dominate
over the flow restrictions caused by the small pores.

3) Tortuosity: The structure constant, or tortuosity, is the
square of the ratio of the minimum path length of a path through
the pores to the straight path length. The structure constant c is
equal to 1 for uniform pores, which are parallel to the pressure
gradient and is equal to 3 for randomly oriented pores [8].

Williams concludes that a tortuosity of 1.35 provides a best fit
for sound-speed and attenuation data collected at the SAX-99
site [4]. Tortuosities will increase as sediment grains become
more flake-like. It is assumed that the tortuosity reaches an
upper limit of 3.0 for clays due to the flake-like shape of the
clay particles.

4) Shear Modulus: Yamamoto [27] plots the ratio of the
shear modulus to the square root of the effective stress against
the void ratio using published experimental data to obtain

= 1.835 x 105112 /7, (z,)

where the void ratio e, which is the volume of the voids divided
by the volume of the solids, is related to porosity by

(42)

e= 1. 43)
1—-n
The average total stress 7,(z;) at depth zg is given by
T, = g(’rx + 7y + 7)) (44)
o = KoTs
Ty = KoT.. 45)

The effective stress 7, is the stress due to the sediment over-
burden, the total stress minus the pore pressure, and, for homo-
geneous sediments, is given by

7. =(1- n)(pg - pf)gz (46)

where g = 9.8 m/s? is the gravitational acceleration and z is the
depth beneath the sea bed. The coefficient of earth pressure K
is 0.5 based on an average of several hundred sediment cores
collected on the continental shelf of the eastern United States
[27].

5) Frame Bulk Modulus: The relationship for calculating
the real part of the frame bulk modulus is given by

21, (1
Ky, = M (47)
3(1 = 20)
where o is the dynamic Poisson’s ratio of the sediment frame
[28]. According to Stoll [29], o falls within the range of
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Fig. 5. Reflection coefficient function of frequency for six values of porosity.

For each value of porosity, the reflection coefficient function is plotted for the
expected mean grain size and for the 70% confidence intervals. The expected
grain size introduces only a small error into the estimation of porosity from the
reflection coefficient for most surficial sediments.

0.1-0.17 for sediments based on measurements of shear and di-
latational wave velocities. Yamamoto [27] states that Poisson’s
ratio is in the range of 0.15-0.35 for unconsolidated marine
sediments. This paper assumes that the relationship between
Poisson’s ratio and grain size is

0.15 ¢ <4
c={ -0054+005¢ 4<¢<8 (48)
0.35 ¢>8

6) Log Decrements: The shear and dilatational log decre-
ments for the sediment frame are inversely proportional to the
effective stress [8]

(49)

where 7,(z) is the average total stress at depth z5. Since the
average total stress is proportional to subsurface depth for ho-
mogeneous sediments, the log decrement at a subsurface depth
of zmis

8(zs) = 6(20), ] 2.

Zs

(50)

The values of the log decrement for volumetric and shear
strain of the frame, determined by experiments conducted by
Stoll [30], are approximately equivalent and equal to 0.1. The
shear and log decrements are assumed to be 0.1 at a subsurface
depth zg of 20 cm (or, equivalently, 0.14 at 10 cm).

65(,20 =0.2 m) =0.1

8¢(20 = 0.2m) =0.1. (51)
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Fig. 6. Graph for estimating porosity from the reflection coefficient
measurement at 2000 Hz. The bold line was calculated using the Biot model
and the expected grain size (34). At the SAX-99 site, the reflection coefficient
of —9.00 dB at 2.0 kHz yields an estimated porosity of 0.389.

C. Procedure for Estimating Porosity From the Reflection
Coefficient

The inversion procedure estimates sediment porosity from the
measured reflection coefficient using (32), the expected mean
grain size (34), and the parameters in Table III. Fig. 5 shows that
using the expected mean grain size to estimate permeability, a
Biot model input parameter introduces only a small error in es-
timating porosity from the reflection coefficient for most sedi-
ments. The reflection coefficient is plotted as a function of fre-
quency for six values of porosity. For each value of porosity,
the reflection coefficient function is generated for the expected
mean grain size and for the grain sizes associated with 70% con-
fidence limits of (34).

The porosity of the sea bed is obtained from the porosity—re-
flection coefficient relation at a selected measurement fre-
quency. For example, at the SAX-99 experiment site, the
reflection coefficient of the sediment—water interface measured
with the chirp sonar at 2.0 kHz is —9.00 dB with 70% con-
fidence limits at —9.00 & 0.12 dB. A curve for looking up
the porosity using the reflection coefficient measurements is
given in Fig. 6. The reflection coefficient—porosity relation at
2.0 kHz was calculated using (32), the regression equation (34),
and the property interrelationships in Table III. Porosity errors
are determined by regenerating Fig. 6 for each of the 70%
confidence limits of the measured reflection coefficient. The
error limits of porosity associated with 70% confidence limits
of the reflection coefficient measurement —9.00 £ 0.12 dB are
0.389 + 0.08. A more detailed discussion of the porosity error
is left for the Results section.

D. Procedure for Estimating Grain Size From the Attenuation
Rolloff Measurement

The procedure for estimating mean grain size consists of two
main steps. The first step is to calculate the permeability given
the attenuation rolloff measurement and porosity estimated from
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Fig. 7. Attenuation functions for six porosities and associated expected
mean grain sizes for sediments from all environments. Note that slope of the
attenuation function changes with frequency.

the reflection coefficient measurement. Then, the mean grain
size is determined from the modified Kozeny—Carman equation
given in Table III and the porosity and permeability estimates.

The attenuation rolloff is the change in attenuation with fre-
quency measured over the operating band of the sonar and re-
ported at the center frequency of the measurement. The attenua-
tion rolloff is approximately equal to the slope of the attenuation
versus frequency function. The attenuation rolloff will change
with frequency because attenuation is not linearly dependent on
frequency.

The attenuation of the fast wave (25) is plotted against fre-
quency in Fig. 7 for various porosities in the range of 0.3-0.8
using the expected mean grain size to calculate the expected per-
meability of the modified Kozeny—Carman equation in Table III.
The plot shows that the slope of the attenuation function varies
with frequency. Assume that the frequency dependence of at-
tenuation can be represented by

ﬂ:k‘lfm

where (3 is attenuation (in decibels per meter), &’ is the attenua-
tion coefficient (in decibels per meter per hertz), and frequen