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Abstract. Manifestations of the so-called structure-
induced nonlinearity are considered for the case of a
granular medium, the latter being a generally accepted
model of nonconsolidated rocks in seismics. The con-
sideration is carried out using the medium model in the
form of the ”ideal” random packing of spherical elastic
granules in which the interparticle space can be filled
with a fluid. A physical equation of such a medium is
derived; the dependencies of nonlinear parameters on
the grain material elastic moduli, the fluid compress-
ibility and the initial medium strain are analyzed. The
influence of defects in nonideal grain packings (that is,
the presence of a fraction of unloaded intergranular con-
tacts) upon the nonlinear properties of the medium is
investigated. It is shown that the packing nonideality
has the stronger effect on higher-order nonlinear prop-
erties. [t is demonstrated that the nonlinear parameters
may be used in exploration seismology as a much more
sensitive and informative characteristic compared with
conventionally used linear moduli.

Introduction.

Seismoacoustic methods of surveillance are widely used
in modern geology [Sherifl and Geldart, 1987; Gurvich
and Nomokonov, 1981). In most cases these methods
are active in the sense that a probing wave source is
needed, although passive methods based on the loca-
tion of seismic noise are also known (see, e.g., [Gurvich
and Nomokonov, 1981]). Typical informative character-
istics are the propagation time and signal amplitude,
knowledge of which permits one to retrieve spatial dis-
tribution of wave propagation velocity and its damping
rate, for both longitudinal and transverse wave modes.
This, in turn, opens a possibility for some conclusions
concerning the structure of a rock, provided the theoreti-
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cal or empirical relations between the measured param-
eters and the material structural properties are avail-
able. Depending on details of the structure (porosity,
cracks, fluid filling, etc.), different parameters could be
most sensitive to these details. In the classical linear
seismoacoustics, an option is practically restricted by
few parameters mentioned above (wave velocity, absorp-
tion and scattering coefficients). Moreover, in a number
of important cases, variations of these parameters of-
ten turn to be practically unresolvable (e.g., layers with
different structures may have close linear impedances
[Gurvich and Nomokonov, 1981]).

New possibilities are associated with the measurements
of nonlinear seismoacoustic parameters of Earth ma-
terials which are attracting a growing interest in the
last decade. The fact of a relationship between non-
linear parameters of a medium and its structural char-
acteristics is experimentally established now. It is im-
portant that the variations of parameters characteriz-
ing the nonlinearity turn to be significantly {up to sev-
eral orders) larger than variations of linear parameters
in the same experiments [Groshkov et al., 1990: Niko-
laev, 1987; Meegan et al., 1993]. Theoretical models of
medium nonlinearity based on traditional, for the elas-
ticity theory, expansions of the stress-strain relations
with keeping quadtratic and qubic terms [Nikolaev and
Galkin, 1991; McCali, 1993], in some cases permit one
to explain experimental data by choosing proper values
of expansion coeflicients. In other cases, however, non-
linear effects in complex media appear to have a qual-
itatively different character (predominance of the 3rd
harmonic over the second one, quadratic dependence of
the 3rd harmonic amplitude on the first harmonic ampli-
tude, etc.). Such effects can be sometimes deseribed by
phenomenological models for stress-strain dependence
taking into account hysteretic phenomena [Nazarov and
Sutin, 1989; Nazarov, 1991].

However, phenomenological models have only a restricted
use because of the lack of understanding of the pro-



2

cesses occurring in the medium, and of a possibility
to relate measured parameters to the internal medium
structure. There exists a need to construct theoretical
models based on the “microstructure” of the medium
(“micro” means here just that the scales of this struc-
ture are much smaller than the wavelength of the seis-
moacoustic field, but a larger than atomic or molecu-
lar scales). A similar approach is well known for lig-
wids with bubbles where continual models describing
the bubble-liquid system as a continuous medium are
widely used [Kobelev and Ostrovsky, 1980]. For struc-
tured solids, only few nonlinear models of such a kind
were considered. The models of water-like porous media
{Ostrovsky, 1988], grainy media [Nesterenko, 1983; Bog-
danov and Skvortsov, 1992; Dunin, 1989], and a bimod-
ular model for cracks [Nazarov, 1994] should be men-
tioned in this connection. However, only the simplest
variants were studied even for these cases.

Here we consider the nonlinear models of grainy me-
dia which can be applicable to the description of some
non-consolidated Earth materials. We start from the
model of an ideal , fluid-saturated grain packing, and
then consider non-ideal packing (that is, the intergrain
contacts are subjected to strongly different initial load-
ing). These models are shown to describe adequately
many of experimentally observed effects in grainy media.
After this, some realistic situations are discussed when
the measurements of nonlinear parameters for seismic
diagnostics (e.g., for the oil searching) can' give much
more information than traditional linear methods. Main
attention will be paid to the relation between nonlinear
parameters of the medium and its structure rather than
to the technical aspects of the problem.

1 On the origin of elastic nonlinearity in struc-
turally inhomogeneous media. Quantitative
characteristics of nonlinearity.

It is well known that in “ordinary” homogeneous ma-
terials the elastic nonlinearity is determined by inter-
atomic (intermolecular) potential profile, which in the
vicinity of the equilibrium state is close to the parabaolic
type. Due to this fact at small amplitudes characteristic
of elastic waves, nonlinear effects in such materials are
rather weak, and, therefore, it is a widely accepted opin-
ion that the nonlinearity may become noticeable only at
large enough strain (of the order of 1072...1072), that is
close to the breakdown threshold.

In the case of structurally inhomogeneous Earth rocks
(grainy, crack-containing, porous, etc.) the situation
i1s quite different. A dependence of medium physical
properties on its structural features is well known for a
nmurnber of various effects. One may mention, for exam-
ple, the anomalously high thermo-absorption of sound
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in polycrystalline materials, compared with the absorp-
tion in the material of singular crystallite [Landau and
Lifshits, 1986). It is the appearance of a small scale (of
the order of the singular crystalline grain size} in the
medium that leads to appearance of high local tempera-
ture gradients and increases thermal sound dissipation.
In a somewhat analogous manner the existence of a
small scale in the medium elastic properties may lead
to the appearance of high local values of strain which
belongs to considerable nonlinear region of the “stress-
strain” dependence, and results in anomalously high
nonlinear response of the whole sample even at small
mean strains.

The existence of components (inclusions) with contrast
elastic properties in a material structure may lead to a
large growth of the medium nonlinearity. In seismics
the microinhomogeneity of rocks i1s just the rule rather
than the exception. The presence of “soft” component in
structurally - inhomogeneous rocks leads to the appear-
ance of high (in comparison with the spatially averaged
value) magnitude of strain and stress, that correspond to
considerably nonlinear form of the local “stress-strain”
relation.

Let us elucidate briefly how the nonlinearity of a medi-
um may be characterized quantitatively. Suppose, that
the case of longitudinal deformation stress-strain rela-
tion is & = (¢), where o is the stress, ¢ is the strain, and
for the sake of sunplicity the material is supposed to be
isotropic. Usually it is possible to consider small vibra-
tional perturbations on the background of some initial

strain, €¢ , as a power series of variation €= ¢ —£q:

~ ~ 1 1
& =0, (€0) T+ 5700 (f0) & + govie () + o (1)
where ¢ = ¢ (€) — 7 (e0).

It is typical in nonlinear acoustic to define the foilowing
linear and nonlinear parameters

M = d (co) (2)
I® = o, (c0) /% (20) 3)
I® = o7, (c0) /3 (e0) (4)

Note that M corresponds to linear elastic modulus which
determines the value of the longitudinal wave velocity
v = [M/p]**, and the coefficients T2} | T(®) determine
quadratic and qubic nonlinear effects, respectively [Os-
trovsky, 1990; Belyaeva et al., 1993]. Tt is known that
the real stress-strain relation for many structurally in-
homogeneous media actually cannot be approximated
by the power expansion (1), as their state equation has
more complex form, for example, it may be of the so-
called bi-modular type (that is to have different elastic-
ity with respect to stretch and compression) or may have
a hysteresis character. However, even in these cases the
nonlinear parameters I'(2) T8 may be introduced in
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some effectlve sense using the relation of magnitudes of
higher harmonics and that at the fundamental frequency
(however the parameters defined in such a way may ap-
pear to be amplitude-dependent unlike of the param-
cters introduced by (1)-(4)). Therefore, the nonlinear
parameters defined above allow to compare nonlinear
properties of different media. For example, to illustrate
quantitatively the statements made above, the follow-
ing typical values of the quadratic nonlinear parameter
may be noted: T?) ~ 3...10 for most part of ”ordinary”
homogeneous materials (such as water, melted quartz,
most metals) [Zarembo and Krasil’'nikov, 1966], whereas
for microinhomogeneous media such as bubbly water,
porous rubber-like plastics, Earth rocks, and some poly-
crystalline metals it may be as large as 102 -10%.

2 Nonlinear properties of grainy media with
ideal packing.

From the viewpoint of seismic applications one of the
most important examples of structurally inhomogeneous
media is the medium with grainy structure that is typ-
ical of many kinds of sedimentary rocks. In some cases
the intergrain space in such rocks may be filled with gas
or liquid that is important for the seismo- prospecting
of mineral resources.

Then, the grainy structure is one of a few structure types
that allows for consistent analysis of its elastic proper-
ties. The model of the grainy material was used in nu-
merous works for studying linear elastic properties of
rocks (first of all, the longitudinal and the transversal
sound velocity), as a basis of conventional linear meth-
ods of seismoprospecting {Sheriff and Geldart, 1987].
Bearing in mind the gualitative consideration given in
the previous section, it is evident that the presence of
soft Intergrain contacts should lead to highly increased
nonlinearity of grainy media, that was discussed in a
number of papers [Nesterenko, 1983; Bogdanov and Skvo-
rtsov, 1992; Dunin, 1989; Belyaeva et al.,1993; Belyaeva
and Timanin, 1992]. _

Let us show schematically how the nonlinear “stress-
strain” relation for such a medium may be derived in
the assumpticn that the motion of fluid and elastic com-
ponents is joint, as it is usually accepted in analysis of
grainy medium models {Gurvich and Nomokonov, 1981].
In this section we restrict our analysis by the types of
grain packing, that is called below as the “ideal” pack-
ing. The latter means that the intergrain contacts are
supposed to be loaded with approximately equal extent,.
The packing may be either regular or random, but it
should not contain contacts which are deformed with
considerably different extent. The discussion of the ef-
fects of such contacts will be performed in section 4,
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where the corresponding packings will be called as “non-
ideal” ones.

Consider a sample composed of a large number N of
particles of radius R. The properties of particle mate-
rial are described by the constants K, (the bulk com-
pression modulus) and E, (the Young modulus). Let
« be the void content (porous space) per unit volume
of the aggregate and m the average number of contacts
between particles. The values of o and n for a system
of randomly packed identical particles have been found
experimentally: o = 0.392, @ = 8.84 [Deresewicz. 1958].
{ These values range from a = 0.477 in the case of a
simple cubic packing to o = 0.23 in the case of tight-
est packing of identical granules}. Let the porous space
between particles be filled with a fluid with bulk mod-
ulus Ky under pressure P; . The total volume of the
"particle + fluid” system amounts to

_ 47N R?

T3(l-a)

Suppose that the whole aggregate of NV particles is sub-
Jected to quasistatic compression due to pressure P,
that causes particle deformation. Therefore, the con-
tact point transforms to a circle and the particle centers
draw closer to a distance 2+ A which is related to the

force F', acting at the contact, by the Hertz formula
[Landau, 1986]:

2/3
A (3(1—u3)F) )

4ER!?

Vi

that is valid at relatively small strains, A/R < 1. Here,
v, is the Poisson coefficient of the particle material. The
variation of total volume V; to the first order in A is
equal to:

4N R?A
o= b ®
where b = 1 in the case of bulk compression and & = 1/3
for longitudinal strains.
This variation includes the decrease of the porous vol-
ume as the particle centers draw together, the decrease
of the spherical granule volume due to the all-round
compression by the fluid, and, finally, the particle vol-
ume variation in the contact region. It can be shown
that the latter correction is of the order of A? (while
other items have the order of A) and is therefore negli-
gible,
To ascertain the relation between the force F acting at
the contacts between particles and the given external
pressure P,.; , we make use of the energy balance equa-
tion:

Wzt = 6W, + 6W, + 6W, (7

where W,y is the energy required for the quasistatic
compression of the aggregate by external pressure, W,
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1s the energy of pore fluid , W, is the elastic energy of
the particle matter due to the bulk compression by the
fluid, and W, is the energy stored in the contacts.

The energy spent for reducing the aggregate volume by
814 is determined by the expression:

5We.1:t = Pextdv; (8)
The energy accumulated by a pore fluid is given by:
Wy = (P; + 6P;)dV; (9)

where dp; is the excess pressure due to the variation of
the fluid volume &V} .

The energy stored in the volume of fluid- compressed
granules is given by:

§W, = (P; + 6P;)dV, (10)

where 6V, is the variation of the spherical granule vol-
ume under the action of compressing excess pressure § P5
{rom the pore fluid side.

The energy due to the deformation of contact areas can
be written as:

6W. =N F () & (11)

where the relation between A and §V; is given by (6).
The quantity b in this formulae describes the effective
number of “active” (those that accumulate energy) con-
tacts. It is obvious that in the case of all- round com-
pression the particle centers are shifted with respect to
each other only along the normal to the contact surface.
Note that all contacts have “equal rights” owing to the
isotropy of the problem and one should put 4 = 1 in
(11). In the case of plane deformation granule centres
are also shifted along contact normales (i.e., in radial
directions). However, due to the lack of granule centre
shift along two coordinate axes (which are orthogonal
ta the plane deformation axis), because of the isotropy
in contact orientation, and independence of each con-
tact deformation work the average effective share to the
elastic energy of contact W, is paid by one third part of
the total contact number. Therefore one should put in
(11) the factor & = 1/3.

The pressure and volume variations of the fluid and the
granules are related via elastic constants by:

sV,

Sp = -Kfvf (12)
. 8V,
6pf = —]‘(, ‘/: (13)

Thus, for the variables éps, 6V} ,and 6V, , we have the
set of linear equations (6), (12) and (13) that gives the
expressions of all the quantities in terms of A :

(14)
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R?
6V =~ b ATNRR (15)
at+(l—a)y l-a
6V, = -0 4aNRZA? (16)
at+(l-a)n

where 5 = %
In these expressions A = (A — §R,) where 2-6R is the

variation of the distance between the granule centres due
to the all- round compression of granules by a pore filler

(note that 6R,/R, ~ (§V,/V}) /3, i.e.

B=a(1- i) ()

Substituting these expressions into the energy balance
equation (7}, we obtain:

47 R? 197 RK ;bA
Py — P)=7F = =0(18
l—a(Pet Fy)=m (1-a)a+ {1 —a)n) (18)
where according to (5) F is equal to:

12 _
Fe 4E, R a/2 (19)

T 3(1-v?)

Eq. (18) relates, in fact, the effective pressure and the
strain in the system. Hence, assuming b = | in the case
of bulk compression and linearizing (18) with respect

to strain (E/R) variations we can obtain the linear

modulus of bulk compression.
Consider in more detail the case of pure longitudinal
strain, which corresponds to the longitudinal wave prop-
agation, and put b = 1/3 in (18). Introducing the lon-
gitudinal strain e = 8l33/117 = 8V;/ Vi, we obtain the
“nonlinear Hooke's law” for a fluid saturated granular
medium:

Ky ﬁ(l—a)E,€3/2

S et(-mn T I

Teff (20}
Here we take into account that the external pressure is
shared between the fluid and the grain skeleton, thus in
(20) the effective stress is defined as o.pf = Popp — Py.
However real sedimentary rocks have usualily partially
cemented grains, so the pore fluid provides a less extent
of the solid skeleton unloading. To take this fact into ac-
count it is accepted to introduce the so-called unloading
coefficient & in the definition of effective pressure:

O’eff = Peﬂ - k.Pf (21)

The value of £ usually lay in the band 0.85 < £ < 1 and
is dependent on the relation of compressibilities of the
pore fluid, the grain bulk and the extent of the grain
cementing [Gurvich and Nomokonov, 1981].

We emphasize that the nonlinear term appears exclu-
sively due to the presence of Hertz contacts rather than
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the nonlinearity of the aggregate component materials
which we neglect in our consideration.

Using the definition introduced in equations (1) - (4) we
can obtain the elastic modulus for longitudinal strain of
the aggregate M)

1 ﬁ(l—Q)E, ,_-1/2

o —
My =oeleo) = K oy T I (= v K, 0

and for nonlinear parameters:

A(l—a)E, 651/2

4mw(l=—v?

1 All-a)E, 1/2 (23)
at{l—a)n + 2x{1=vi}K, -0

@ — e (€0) _
agr — -
g ol (Eu) Ky (

In the case of small static initial strains and much less
compressible pore filler compared to the contact com-
pressibility, the second term in the denominator can be
neglected. Thus, the expression for the nonlinear pa-
rameter is simplified:

r@ — Afl—a)(a+(1-a)n)E, 1

w5 K, o)

(24)

Using the same procedure we introduce the cubic non-
linearity parameter. We thus obtain:

[ _ Ot (c0) _
o %% (%) Ky (a+(11—ain + _E—'z:_- ::fJESRa; 5!1)/2)

For a granular medium without a pore filling Eq.(18)
has a simpler form:

2
L 2

and in (14)-(16) we should put A = A. Consider the
plane deformation in such a medium. Introducing the
stress o = Pr; and the relative longitudinal strain ¢ =
dVi/V; , we write (20) in the form of the "nonlinear
Hooke’s law”:

Tl 2 RE (27)
Ir(l -3

Linearizing this equation with respect to the strain vari-

ation £ near the static initial compression g4, we obtain

an expression for the elastic modulus of pure longitudi-

nal strain:

ﬁ'(l—a)E, 1/2

1= T = (28)

In a manner similar to that in (29) we write the quadratic
nonlinear parameter I‘£2) :

1
[‘52) -

2
2&‘0 ( 9)

(22}

F(1—a)B, .—3/2
%}TEO (25)

5

where the initial strain ;7 can be connected with tl}ze
value of external pressure P,,using (28), then for ri®

equation (29) yields:

(2) 1 37I' (1 - yf) PO 2/3
M= _ /0

2\ a(l-a)kE,
For the cubic nonlinearity parameter :

1
(3) = 30

Thus, the nonlinear parameters of a granular medium
without a pore filling is exclusively determined by the
initial static strain.

Model experiments [Belyaeva and Timanin, 1992} with
grainy samples that consisted of random, but clase to
“ideal” packing of monoradial grains of lead shot. showed
rather good qualitative and quantitative agreement of
experimental results on measurement of linear and non-
linear coefficients with expressions (29}, (30). In par-
ticular, measured levels of the quadratic nonlinear pa-
rameter are in the range from 1.3-10% to 1.5 10% , and
the qubic nonlinear parameter - from 4 - 10% to 5.5 - 10°
under prestrain value g4 from 3-10~% to 3.4- 1073,

3 The effects of nonideal character of the grain
packing.

Let us remind, that the expressions in the previous sec-
tion were derived in the assumption of “ideal” character
of grain packing, that is the conditions of the grains
loading were supposed to be almost the same. How-
ever, the comparison of the consequences from the ideal
packing model with the results of known experiments
with real non-consolidated media shows both quantita-
tive and qualitative discrepancies between the theory
and the experiments. For example, papers [Tsareva,
1956; Antsiferv et al., 1964] report on investigations of
the dependence of longitudinal sound velocity in sand
upon the initial static pressure. According to these data
for different sand samples the observed power-law ex-
ponents in most cases appeared to be greater than 1/6
that followed from the “ideal” model, and the estimated
number of contacts per grain was from 2 .to 5 instead of
8..12 for packings close to the most dense one. These
facts may be explained by the existence of intergrain
contacts which are initially weakly loaded (or unloaded
totally), that is by the non-ideal character of the grain
packing,.

Next, in our experimental work [Belyaeva et al., 1994(a)]
on harmonic generation in grainy media we paid spe-
cial attention to the difference of measured values from
the theoretical conclusions which followed from the ideal
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packing model. In particular, the following main fea-
tures were mention in paper [Belyaeva et al., 1994(a)],
which we attribute to the manifestations of nonideality
of the grain packing.

For the fundamental harmonic the sample linear elastic
modulus appeared to be somewhat less than the pre-
dicted by the ideal packing model; then, there was men-
tioned more Intensive growth of the sample elasticity
modulus with the increase of initial static compression;
and, third, the variations of the effective elastic modulus
(both negative and positive for different measurement
series) depending on the excitation amplitude were ob-
served, that also could not be explained in the frames
of the ideal packing model.

For the second harmonic of the elastic force the level was
by 50 to 100% higher compared with the ideal model
predictions, and the dependence on the given drive dis-
placement amplitude at the fundamental frequency was
noticeably different from the ideal quadratic-power law.
For the third harmonic the level appeared to be [0+100
tires higher, the amplitude dependence was of consid-
erably non-cubic type (sometimes it was more like the
quadratic one), and the third harmonic phase in some
experiment even changed its sign with the increase of
the driving amplitude.

We attribute the above mentioned distinctions to the
influence of weakly loaded inter-grains contacts which
oceur in real grain packing. Let us consider the main
differences from the ideal model, that should be caused
by such unloaded contacts. The relation between the
elastic stress force and the displacement of the grainy
sample boundary in the considered case should be dif-
ferent from F' ~ 22/3 law that followed from the ideal
packing model [Belyaeva et al., 1993]. In particular, for
a grainy medium sample compressed in a rigid metal
cup by a harmonically vibrating piston with the dis-
placement £ = dp+d coswt the expression for the elastic
force F' may be written as follows:

3f2
F= Z u,-Qg,u?/zdglz [1 + I%cos wt] 8 [ — £ cos wit],

-3

where £ = d, /do - is the normalized oscillation ampli-
tude at the main frequency. The factor {q is propor-
tional to the number of contacts in the sample, the pre-
compression of which is determined by the total value of
initial deformation dg (this part of contacts is named as
the “main fracture” below); the value »; characterizes
the quantity of the contacts in the i-th fracture, which
are slightly compressed, and the extent of their com-
pression, in its turn, is determined by the value p;do,
{} p: |<1). The value pg = 1 corresponds to the parti-
cles from the main fracture, that are compressed to the
value dy.

at x>0

at x <0 (31)
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In the simplest non-trivial case we may restrict ourselves
by the consideration of a two-fraction model (that in-
cludes the only one additional fraction of the unloaded
contacts), and try to simulate the dependences observed
in experiments [Belyaeva et al., 1994], which could not
be explained on the base of ideal (that is one-fraction in
terms of equation (31)) model. Some results of such a
simulation are presented in Figure 1, where the elastic
force harmonic amplitudes against the amplitude of the
sample boundaries are shown in logarithmic scale.

As it may be seen, the results of calculation according to
the model (31) are in good accordance with the experi-
mental data already for the simple two-fraction model.
The curves in Figure 1 show that the most sensitive to
the presence of the unioaded contacts appeared to be the
elastic moduli of higher orders. Indeed, the difference of
calculation of the linear elastic modulus according to the
“ideal” and “non-ideal” models are about several per-
cents, whereas for the second harmonic the difference
achieves 10 times, and for the third harmonics the dis-
crepancy appeared to be up to 2-3 orders of magnitude.
It is worth to note also a rather unusual quadratic am-
plitude dependence of third harmonics observed in some
experiments (Fig.1a), that may be also described in the
frames of the model (31). The difference in the qual-
itative character of the harmonics behavior (i.e. dif-
ferent exponents of power dependences in the cases (a)
and (b)) is connected with the influence of “clapping’
unloaded contacts In experiments presented in Figures
1{a), {b).

Therefore, the analysis of the effects of non-ideal pack-
ing showed that while linear elastic modulus is rather
low sensitive to the packing defects (the presence of un-
loaded contacts), the nonlinear moduli may become dif-
ferent by the orders of value from the calculations based
on the model of ideal grain packing, and they even may
acquire qualitatively different character of the amplitude
dependences. The improved model itself agrees ruch
better with experimental data compared with the ideal
packing model.

4 Comparative analysis of the linear elasticity
and nonlinear parameters variation in the lay-
ers with different structure.

It was shown in the previous sections that experimen-
tally observed levels of the nonlinear parameters for
crumbly earth rocks may be explained by the action of
“structural” nonlinearity. It will be demonstrated below
on the base of the above model that nonlinear param-
eters can be used as a very sensitive characteristics in
seismoprospecting problem.
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FIG. 1. Log plots of the first - third harmonics of the elastic force
Fy as functions of the normalized displacement ¢ of the boundary
of the sample. & is the fundamental. * is the second harmonic, and
B is the third harmonic., The solid lines represent a computation
for nonideal packing (the two- component approximation); the
dashed curves represent calculation for the ideal- packing model
(the one-component approximation). The numerals 1 - 3 and 1/ -
3’ on the curves are the orders of the harmonics. (a) Lead shot;

initial compression 3 um; (b) plastic granules; initial compression,
25 pum.
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FIG. 2. Dependence of longitudinal sound velocity Cp and
quadratic nonlinear parameter I (2} on depth & in the absence of
nonpenetrable dome over fluid-saturated layer. 1 — fuid bound-
ary Hy = 100 m, 2 — Hy = 500 m. Solid line — nonlinear
parameter, dashed line — longitudinal sound velocity.

In the following analysis we restrict ourselves by consid-
eration of the linear and the low-order nonlinear mod-
ulus (quadratic nonlinear parameter). As it was shown
above, the nonideality of grain packing leads to espe-
cially strong increase of qubic {and of higher orders)
nonlinear parameters, so for further estimations it may
be used the model of ideal grain packing.

As a first example we choose the crumbly sand-like sed-

iments with a water layer below the depth Hy . The

results of the calculations based on the derived formulas

(20)-(24) are presented in Fig.2. The following model

parameters were chosen for the calculation: a = 0.2,

E, =53 - 101°N/m?, v = 0.2, p, = 2.65 - 10%g/m>.

K; = 2.2-10°N/m?, and it was kept in mind that the
value p.z¢ in (20) is determined by the weight of over-
laying medium layer. The figure shows that the sound
velocity variation at the boundary Ho of water layer is
about 50-70%, while the nonlinear parameter I't?) de-
creases by 4+ 5 times {both changes are connected with
the increase of medium compressibility due to the ap-
pearance of fluid filling). With H, increase the value
of both characteristics changes decreases. Anyway, the
variability of nonlinear parameter is significantly higher
than that of sound velocity, though the difference is still
not so drastic as in the following example.

Much more abrupt variations of the nonlinear parame-
ter can be ohserved at the fluid boundary under anoma-
lous pressure [Gurvich and Nomokonov, 1981). The
discovery of the fluid layers covered by nonpenetrable
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FIG. 3. Dependence of longitudinal sound velocity Cp and
quadratic nonlinear parameter I'(2) on depth A in the presence
of nonpenetrable doine over fluid-saturated layer, H; = Hy. 1
— unloading coefficient ¥ = 0.95, 2 — k = 0.985. Solid line —
nonlinear parameter, dashed line — longitudinal sound velocity.
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FIG. 4. Dependence of longitudinal sound velocity Cp and
quadratic nonlinear parameter [(2) on depth A in the presence
of nonpenetrable dome over fluid-saturated layer, Hy = Hp/2.
Unloading coeflicient k = 0.98. Solid line — noenlinear parameter,
dashed line — longitudinal sound velocity.
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domes is very important, e.g., for oil exploration. Con-
sider the case of such a structure similar to that in the
Ker-Girs oil field in Azerbaijan [Dobrovolsky and Preo-
brazhensky, 1991]. The oil boundary depth Hy =~ 500m.
To model the anomalous liquid pressure at the horizon
Hy suppose that it is determined by the overlaying rock
layer. Consider the case when the pore fluid pressure
under the dome is determined by the total weight of the
upper layer with thickness Hy = Hy (in this extreme
case the grain skeleton immediately under the dome is
unloaded at maximal extent). Therefore in the range
h > Hy one can obtain for initial fluid pressure:

pro(h) = (1 — ) pagHr + prg(h — Ho) (32)

where g is acceleration due to gravity.

In order to find the initial strain €p , the stress-strain
equations (20) were solved numerically using the expres-
sion (32) for pso (h). The resulting magnitude of &, is
very sensitive to the choice of the unloading coefficient &
in the expression (20) for o.5; , because the anomalous
fluid pressure at k = 1 and Hy = Hg in (32) provides
total unloading of the grain "skeleton” (g = 0) and,
consequently, formally leads to infinite values of nonlin-
ear parameters according to {24). We chose, therefore,
more realistic unloading coefficient values & < 1. Qther
parameters used in the calculation were as follows: in-
tergrain void content o = 0.38, liquid compressibility
Ky = 1.2-10°N/m? and density py = 0.85 - 103kg/m3
{typical of oil), the thickness of the fluid reservoir was
equal to 50m. The corresponding results are presented
in Fig.3. One can see that at ¥ = 0.95 (the curves
marked by 1) the sound velocity changes are hardly seen,
and at k£ = 0.985 (the curves marked by 2) the sound
velocity variations are about 5%, while the correspond-
ing changes of the nonlinear parameter are two orders
of magnitude higher.

The analogous dependencies were calculated for the case
of twice lower initial pore fluid pressure (that is Hy =
Hg/2 in (32)) and, e.g., for the coefficient & = 0.96 in
(20) (see the curves in Fig.4). The contrast between the
changes of the nonlinear parameter and the sound ve-
locity decreased due to smaller unloading, but the non-
linear parameter variations were still an order of magni-
tude higher. Note that the presence of a gas component
may also be taken inte account, and it can be shown
that it leads (even for rather small gas cubic content of
about 1072 ) to an additional nonlinear parameter in-
crease of many per cent without significant influence on
the sound velocity.

The above consideration is based on the model of totaily
non-consolidated medium (though the- empirical coeffi-
cient k£ < 1 introduced in the model makes it possible
to account for partial inter-cementing of the medium
grains). There exist published experimental data on
strong dependence of sound velocity in rocks on exter-
nal pressure [White, 1965], which demonstrate that high
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nonlinearity is intrinsic to consolidated rocks (e.g. sand-
stone) as well as to crumbly cnes. The nonlinear param-
eter value may reach I'® ~ 10% | and the nonlinearity
variations may exceed the accompanying changes of the
sound velocity by many times. Evidently, in such a case
the nonlinearity has also contact origin, that allows to
characterize nonlinear properties of such media in a sim-
ilar manner as considered above, though it is necessary
to perform special theoretical treatment for more accu-
rate quantitative description of the phenomenon.

Conclusion.

The above consideration testifies for the significant role
of the “structural mechanism” in appearance of anoma-
lously high acoustic nonlinearity which is sharply dif-
ferent from nonlinearity of “common” intact materials.
The developed models of nonlinearity in grainy media
make it possible to explain high absolute values of non-
linear parameters observed in experiments and the qual-
itative functional behavior of nonlinear parameters, Ev-
idently, analogous mechanisms of nonlinearity growth
may be revealed for other classes of structurally inho-
mogeneous media (e.g. polycrystalline metals and rocks,
crack-containing materials and so on), for which experi-
mental data on anomalous nonlinear properties are also
available.

The performed analysis of nonlinear properties for dry
and fluid-saturated grainy materials, and the compari-
son of simultanecus variability of linear sound velocity
and the quadratic nonlinear parameter for some geo-
logical situations shows that the nonlinear parameter,
being extremely sensitive to the medium structure and
its loading conditions, may be used as a rather useful
informative characteristics in seismo- prospecting and
seismo-monitoring,.

The analysis presented above does not touch the prob-
lem of collecting and interpreting field data. This ques-
tion is outside the scope of the present paper, but we
discussed it elsewhere. Here we restrict ourselves to the
following brief remarks. For reconstruction of the spatial
distribution of the medium nonlinearity tomographic
methods based on observation of the waves transmit-
ted through the medium [Belyaeva et al., 1994(b); Sato
and Fukusima, 1985; Sato, 1990] may be used. An-
other possible approach (that may be preferable in some
cases) based on the so-called effect of nonlinear sound
backscattering [Belyaeva and Zaitsev, 1993] was dis-
cussed in [Belyaeva and Zaitsev, 1996] as applied for
seismic problems. Evidently the transfer of these meth-
ods from industrial and biological applications to seis-
mics requires special experimental investigations.

As far as we know, the field data on successful separa-
tion of source and material nonlinear effects are available
only for the case of transmitted signals and for the path
averaged values of the nonlinear parameters [De Fazio
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et al., 1973; Groshkov et al., 1990]. Apparently, conven-
tional apparatus and techniques used in routine prob-
lems of seismo-prospecting are not quite appropriate for
such measurements because of intrinsic nonlinearity of
existing sources (such as Vibroseis) and, evidently, non-
linearity of conventional detector electronics. On the
other hand, there is an extensive successful experience
in radiation of intensive and stable sound waves, and in
processing weak signals (including the ones generated
due to the medium nonlinearity) in hydroacoustic prob-
lems. It seems possible that extension of this hydroa-
coustic experience to seismics [Bogolyubov et al., 1995]
may be fruitfully used for realization of new methods of
seismo-acoustic sounding based on nonlinear principles.

The work was supported by the RFBR (Grants No 94-
(2-03508 and 95-02-06411).
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