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Abstract

This study attempts to identify the possible sources for nonlinearity in
marine sediments and to assess their relative importance. The medium is
considered as composed of solid grains in a skeleton frame with fluid filled
pores and all the components may have nonlinear stress-strain relations.
It is shown that the acoustic parameter of nonlinearity (B/A) can be expressed
as a weighted sum of contributions from the pore fluid, the solid, and the
frame. Calculations of B/A for sand show that the most important contribution
comes from the fluid but also with significant contributions from the bulk and
shear moduli of the frame.

Introduction

Since important applications of nonlinear acoustics involve interaction
with the ocean bottom, the nature and degree of the acoustic nonlinearity of
marine sediments is a'fopic of interest. This subject has been treated to
some extent by Bjfirnd, ’ who measured the nonlinearity parameter B/A for
saturated sand, using the same technique as normally used for fluids, and
also discussed some effects of nonlinearity on propagation.

The common way of measuring the nonlinearity parameter for a f uid is based
on a transformation by Beyer,3 further discussed by Coppens et al. This gives
the nonlinearity parameter B/A in the form of sound speed (c) derivatives with
respect to pressure (p) and temperature (T) evaluated at the ambient conditions

ZBTC '
B/A = 290cc + c ° (1)

T.D=p° p ' P.p=po

where p is the density. 8 is the isobaric coefficient of volume expansion, and
cp is the specific heat at constant pressure.

 

Marine sediments can be considered as porous media composed of solid grains
in a skeleton frame and saturated with a fluid. The stress—strain relations of
such a composite medium are considerably more complicated than for a fluid.
The passage of an acoustic wave both affects the pore pressure on the fluid and
grains and changes the effective pressure on the skeleton frame. Thus, all the
components will, in general, have nonlinear stress-strain relations and there-
fore give contributions to the nonlinearity parameter.

*On leave from Electronics Research Laboratory, The University of Trondheim,
Trondheim, Norway.
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In the present report we will briefly review some of the elastic theory for
a homogeneous porous solid and then use this theory to derive an expression for
the nonlinearity parameter. Finally, using previously reported values for the
elastic properties of saturated sound, we will calculate values for B/A.

In order to simplify the development we will assume that the fluid does not
move relative to the solid frame. This assumption is justified in any case for
materials of low permeability like clay and silt but can be questioned for high
permeability sand where, at least for high frequencies, there might be signifi—
cant fluid movement relative to the fijamefiv6 The same approach as outlined in
this paper can also be used whenthe fluid movement is taken into account;
however, the increased effort does not seem justified at this point. We will
also assume that the second part, the temperature part, of Eq. (1) can be
neglected when it is compared with the pressure part. This is the case for most
fluids. It is also the result of Bjornd's experiment and is further confirmed
by other investigations of sound speed variations with temperature.

Elastic Properties of Marine Sediment

A porous mediumcan be considered as mineral grains in a skeleton frame and
saturated with a pore fluid.8 The bulk modulus K of the composite medium will
have three components: the bulk modulus of the water Kw, the bulk modulus of
the solid grains K ,_and the bulk modulus Kf of the frame. In addition, there
is also a shear modulus p for the frame.

Consider a volume V of which V5 is occupied by solid and VV by water; the
porosity is ¢= w/V. A pressure increase p can be separated into a pore
pressure p that is effective on the water and on the individual grains and a
differential or effective pressure pd acting on the frame. The relative change
in volume can then be expressed as

Av_ -
- 17 - K5

1 1pp + Kf pd - (2)

Equation (2) can be considered as the definition of Kf. The change in volume is
the sum of the volume changes in the solid AVs and the water AV . The change in
solid volume AVs has two components, one due to pore pressure on the grains, the
other due to the differential pressure acting on the frame. The total volume
change is therefore

. _ - -1 -1_ 7.1m" pp + (1.¢)|<s pp + Kf pd . (3)

With p= +p , the combination of Eqs. (2) and (3] gives the pore pressure and
the dif eren ial pressure as

 

I = J_pp. pmxf . (4)

K

pd=prKf . (5)
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where

Kw (Ks _ Kf _ (6)

¢ 02 - a)
The bulk modulus of the composite material is defined by

new

Q:

and therefore is found to be

 

“HQ, .(8)

and the compressional sound velocity is

1/2

c= (Ina/p . (9)

where the density p is the weighted density of the water pH and the solid 05,

o = w" + u-ms .

The Nonlinearitz Parameter

We will now derive an expression for the nonlinearity parameter B/A using
only the first, pressure dependent part of Eq. (1). Using Eq. (9) this gives

-fl 131-9B/A-(ap-1)+3(ap K). (10)
As shown, the total pressure can be separated into a pore pressure acting on the
fluid and the solid grains, and a differential pressure acting on the frame.
Since Kg and u are independent of pp, and Kw and K5 are independent of pd,
Eq. (lo can be expressed as

3K 3K 3K
f 3v3/A=w_"+w—5+W—+W—-1 . (11)a a f a 3W Pp 5 Pp Pp u Pp

In Eq. (11] the nonlinearity parameter is expressed as a weighted sum of four
contributions from the nonlinear stress—strain relations of the water, the solid
grains, and the frame. The weighting factors are found to be:
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w = L "s m 1
w Q+Kf Q+I<s Kw ¢ , '(12)

"5 (my (mm-Ki) ’

  

w , (m
f (WY (“92

K

")1 =% Q+if (15)

At this point numbers. are needed to estimate ths value of the different
contributions to RM. For water, Kwsleom dyn/cm and (318,631) )56. For the
mineral grains we may use the values for quartz given by Saga, K: = 3.8 X 1011
dyn/cm2 and (BKS/ap ]=6.4. Values for Kf and u and their derivatives can be
determined from mea urement of compressional and shear wave velocities in dry
sediment as functions of differential pressure. In practice this is difficult
to do with silt and clay and it appears that values exist on}; for sinis-10
For estimating the nonlingarity pgrameter value Kfsu = 6X10 xpdo‘ with pd
in dyn/cmz. With pd = 10 dyn/cm and a porosity of¢ = 0.37. we find the
values ofTable I for the different terms of Eq. (ll)_.

  
  

TABLE I
NUMERICAL VALUES FOR THE TERMS OF EQUATION (11)

2.3



 

Proceedings of The Institute of Acoustics

Finite amplitude effects in marine sediments

This gives B/ABIQ with the most important contribution coming from the pore
fluid but also with significant contributions from the bulk and shear moduli of
the frame. Repeating the calculation for higher values of pd, which corresponds
to higher overburden pressure, gives almost the same value for B/A. This is
because the decrease in the derivatives of Kf and u is almost balanced by a
corresponding increase in the weighting factors Wf and Wu.

Using Eq. (1) as the basis, Bj¢rn¢ found values for B/A for sands of
different porosities. He found the temperature-part to be insignificant and the
pressure part to be dependent on the porosity. It appears, however, that Bjflrnd
measured sound velocity as a function of pore—pressure only and therefore
observed effects of only the two first terms of Eq. (11). Furthermore, since
the differential pressure probably was very low and we have found that the
contribution from the solid is small, we should expect Bj¢rn¢'s result to be
given by the first term of Eq. (11), which, with kf =u =0, reduces to

M 2 an
_ i S 1_w

B/A“W tW'l' “6)

16

— THEORETICAL VALUES CALCULATED FROM E0. (18)

O VALUES MEASURED av swam! (REF. 2)
M
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FIGURE 1 ' _
NONLINEARITY PARAMETER (BIA) FOR SATURATED SANDS OF

DIFFERENT POROSITIES (FLUID PARTS ONLY) '
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Figure 1 shows a plot of B/A as a function of porosity, using the previouslygiven values for Ks and Kw, together with Bjdrnd's experimental results. The
very good agreement gives some support to the theory which has been developed
here.

Conclusions and Comments_._______________________

Assuming a homogeneous porous medium, it has-been shown that the acousticnonlinearity parameter (B/A) can be expressed as a weighted sum of contributionsfrom the nonlinear stress-strain relations of the fluid, the solid, and theframe. For sand we find B/A =19, with the most important contribution comingfrom the pore fluid. Even if this value is considerably higher than for water,the impor ance of sediment nonlinearity to acoustic propagation is believed to
be small. 0n the other hand, it may be that direct measurement of nonlinearity
in sediments, for instance, by distortion measurement, could give additional
valuable information about the acoustic properties in general.
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