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Abstract— T h e  r e s u l t s  o f  a c o u s t i c  s p e c t r o s c o p y  o f  a  c a r b o n a t e  s e d i m e n t a r y  r o c k  i n  t h e  c a s e  o f  s a t u r a t i o n  

d e g r e e  v a r i a t i o n s  a r e  g i v e n .  T h e  d a t a  o n  t h e  e l a s t i c i t y  a n d  d i s s i p a t i o n  t e n s o r s  w i t h i n  a  t w o - o c t a v e  r a n g e  a r e  

o b t a i n e d  f o r  o n e  a n d  t h e  s a m e  s a m p l e  u s i n g  o n e  a n d  t h e  s a m e  m e a s u r e m e n t  t e c h n i q u e .  H i g h  a c c u r a c y  o f  t h e  

m e a s u r e m e n t s  a l l o w e d  d i s t i n g u i s h i n g  a l l  t h r e e  s a t u r a t i o n  s t a g e s ,  n a m e l y ,  c o n d e n s a t i o n ,  m e n i s c u s  c r e a t i o n ,  

a n d  p o r e  f i l l i n g  w i t h  a  f l u i d .  T h e  o b s e r v e d  v a r i a t i o n s  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  a  s t a n d a r d  g r a n ­

u l o m e t r i c  a n a l y s i s .  T h e  c h a r a c t e r  o f  v a r i a t i o n s  i n  t h e  f r e q u e n c y  d e p e n d e n c e  o f  a t t e n u a t i o n  c o e f f i c i e n t s  m a k e  

i t  p o s s i b l e  t o  m a k e  r e a s o n a b l e  a s s u m p t i o n  c o n c e r n i n g  t h e  m e c h a n i s m s  r e s p o n s i b l e  f o r  a c o u s t i c  e n e r g y  

a b s o r p t i o n  i n  p o r o u s  m a t e r i a l s .
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1. I N T R O D U C T I O N
Resonance acoustic spectroscopy has found wide 

application as a method for measuring an elasticity 
tensor of solids and determination of their structural 
peculiarities [1 ]. The method is based on a relationship 
between the spectrum of the sample eigenfrequencies 
and its mechanical parameters. One of the advantages 
of this method is the possibility of simultaneously 
determining both the velocities of longitudinal waves 
and those of transverse waves within a low-frequency 
range (unities and tens of kilohertz) in small-size sam­
ples. The lengths of test waves used in acoustic spec­
troscopy substantially exceed the characteristic 
dimensions of structural inhomogeneities (grains, 
pores, etc.). Thus, the velocity dispersion attributed to 
scattering at the structure inhomogeneities exerts no 
influence [2]. This fact allows comparing the data of 
field measurements with those obtained under labora­
tory conditions (e.g., [3]). In addition, the perturba­
tions caused by the converters in the developed setup 
[4] are negligible.

Note that in spite of the seeming simplicity of 
implementation, the application of widespread pulsed 
acoustic methods for the analysis of mechanical char­
acteristics of structurally inhomogeneous porous 
materials is less preferable for several reasons. First, 
when pulsed methods are used with an aim to elimi­
nating dispersion attributed to scattering at structural 
inhomogeneities, the sizes of the analyzed samples 
should be increased, this complicating control over the 
experimental conditions. Second, obtaining compre­
hensive data in case of anisotropic materials necessi­
tates applying multiangle location (e.g., [5, 6]). Third, 
to eliminate the dispersion attributed to diffraction 
divergence, it is necessary to increase the radiator 
aperture and limit the frequency range of probing sig­

nals from above [e.g., [7]). Finally, it is necessary to 
pay special attention to the quality of the converter 
contact with a sample to obtain absolute values of 
velocities and elasticity moduli [8]. In addition, use of 
an adhesive contact of converters can yield partial sat­
uration of a porous sample with the adhesive that sub­
stantially changes the properties of the analyzed mate­
rial [9]. A t  that, the distribution of the adhesive sub­
stantially depends on the unknown pore morphology 
and, thus, changes in the material cannot be con­
trolled.

Widely used resonance “ single mode” methods 
based on the analysis of the frequencies of the first 
(simple) modes of longitudinal and torsional oscilla­
tions [10, 11] presuppose performing successive mea­
surements first for one type of oscillations and then for 
the other one. For example, the velocity of the longi­
tudinal waves and corresponding attenuation within a 
wide frequency range were measured in [11] (see also 
review [12]) by varying the length of the sample and 
utilization of higher odd harmonics (below find the 
comparison of the results of [11] with our data). The 
velocity of a longitudinal wave and corresponding 
attenuation were measures on a torsional pendulum 
where another sample from the same set served as a 
stiffening element. Thus, it was assumed that the sam­
ples cut out from one rock piece are identical. This 
assumption was checked [11]: the variations in the rod 
parameters at the specified frequency and in the same 
external conditions were no greater than 15% in veloc­
ity and 6% in attenuation. Thus, it was impossible to 
measure velocity dispersion.

In addition, it was implicitly assumed that the ele­
ments of the measuring system in all sets of measure­
ments and excitation versions exert identical influence 
on the end result. A  distinctive feature of our work was
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Fig. 1. An experimental setup for measuring acoustic characteristics of consolidated porous materials. The external diameter of 
the vacuum chamber is 150 mm, the height is 450 mm, and the wall thickness is 10 mm. The characteristic appearance of the 
surface of the studied material is shown to the right.

sim ultaneous m easurem ent o f the characteristics o f 
longitudinal and transverse waves in  one sam ple w ithin 
a wide frequency range.

A  carbonate rock (dolom itic lim estone) was chosen 
as a specim en to be analyzed based on  several consid­
erations. First, carbonates form  the m ain  part o f  sili­
cate rock and about 25% o f all sedim entary rock. C ar­
bonates are widely used in  industry and construction. 
Second, m any im portan t world deposits o f hydrocar­
bons and sweet w ater are concentrated  in  carbonate 
reservoirs. Third, carbonate rocks are often responsi­
ble for developm ent o f karst depressions. Fourth, ca r­
bonate rocks con tain  very small grains up to 1 in  
size and are characterized by a developed system  o f 
pores th a t allows hope tha t interesting dependences o f 
acoustic characteristics on  degree o f fluid saturation 
will be found. Finally, the m aterial analyzed in  the 
present study was taken from  one o f the oldest open- 
cu t m ines in  N izhegorod oblast, namely, the K am en- 
ishy m ine in  the B uturlino region (quarried since the 
19th century) and, thus, the obtained data o f practical 
im portance.

2. E X PE R IM E N T

T he physical configuration o f the experim ental 
setup for m easuring acoustic properties is shown in 
Fig. 1. T he geom etrical shape o f the lim estone sam ple

is a rectangular parallelepiped w ith  an  angle deviation 
no t greater th an  0.1°. T he sam ple dim ensions are 
98.5 x 50.5 x 29.7 m m 3. T he error o f dim ension m ea­
surem ents is ±0.01 m m . Figure 1 also dem onstrates the 
form  o f the surface tha t allows assessm ent o f the sizes 
o f structural inhom ogeneities o f the m aterial. A  visual 
analysis o f  the surface using a m icroscope w ith a 90x 
m agnification showed tha t the sizes o f hollows and 
pores vary w ith in  a w ide range from  ~1 to 0.001 m m  
and even less. T he mass o f the sam ple com pletely sat­
urated  w ith water was M s =  366.580 g; that o f  a dry 
sam ple, M d =  339.600 g. T he sam ple was weighed 
using a Sartorius LA2000P laboratory balance w ith an 
absolute m easurem ent error o f  ±1 mg at the sam ple 
mass less th an  1 kg. T he density o f the sam ple m aterial 
was ps =  2.481 and pd =  2.299 g /cm 3, respectively. 
These data m ake it possible to determ ine the volum e 
o f open pores ф and the average density o f grains p^ 
(the density o f the “skeleton” m aterial). O m itting ele­
m entary calculations, we obtain tha t ф =  18.3% and 
p^ =  2.81 g /cm 3.

T he acoustic param eters were m easured using the 
m ethod described in  [4, 13, 14]. Oscillations in  the 
sam ple were excited by a sm all-am plitude sm all-pitch 
tonal signal that ensured a linear m ode o f oscillations. 
T he oscillations at the m easurem ent instant could be 
considered as steady-state ones. T he velocity variation 
step was chosen so as to provide for a resolution o f
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Fig. 2. The character of variations in the degree of sam­
ple saturation with distilled water. The data were 
obtained in 2009.

Percentage

Fig. 3. The histogram of particle size distributions.
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Fig. 4. Reproducibility of the initial data in case of complete saturation. Resonance frequencies of fundamental torsional modes
(T) and longitudinal oscillations (D) are marked (see Fig. 5).

overlapping resonant responses [14]. The elasticity 
moduli of the sample were determined using the 
method of acoustic spectroscopy [4, 13] as corre­
sponding to the minimal root-mean-square deviation 
between the measured and the calculated resonant fre­
quencies and the quality of oscillations at correspond­
ing modes.

Macroscopic inhomogeneities are not observed 
before frequencies of 40 k H z (see discussion of Fig. 6 
below). Analysis of the experimental data did not 
reveal any statistically significant anisotropy of the

sample [4, 13] that points to the absence of ordering in 
the spatial positioning of grains. Thus, the sample can 
be considered in the analyzed frequency range as a 
homogeneous isotropic elastic body. The velocities of 
the longitudinal (VP) and transverse (VS) waves were
calculated as the ratios VP =  J C u / p and VS =
J C 44/ p , where standard two-index denominations for 
the elasticity tensor were used [15].

The degree of saturation was varied as follows. A t 
first the sample was dried in vacuum at the pressure
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Fig. 5. Elasticity moduli and loss coefficients as functions of the degree of saturation with water. The dependences were con­
structed using the frequency range marked in Fig. 4. The estimate of the error in determining the saturation degree for the exper­
iment of 2009 (AS я  0.04%) is given to the left. The error of the 2006 experiment is AS я  5%. Arrows and figures mark character­
istic stages of saturation.
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Fig. 6. ce of dispersion in a dry sample. A solid line in the upper left plot shows root-mean-square deviation between mea­
sured and calculated frequencies obtained using the entire body of the experimental data.

which was substantially lower that the pressure of sat­
urated water vapors. Then, again in vacuum, it was sat­
urated with a fluid. Fo r this, a container with distilled 
water was placed in the same volume (Fig. 1) and the 
sample was submerged in it. The pressure in the vol­
ume was decreased until the fluid began boiling. The 
excess of gas in the sample pores was released to the 
vacuum chamber volume, which yielded complete sat­

uration of the pores with the fluid vapors with subse­
quent condensation. After the gas emission from the 
sample terminated, the pressure was gradually 
increased up to the atmospheric one and from this 
moment acoustic measurements began.

Elementary estimations made based on the Kelvin 
condensation equation show that when the pressure in 
the vacuum chamber decreased up to 200 Pa, which is
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Table 1. Comparison of the measured values with the esti­
mates obtained based on empirical dependences

Limestone Dolomite Present study

p 2.379 2.434 2.481

VS 1.936 2.666 2.649

4 4.408 4.890 4.277

VS
2.345 2.718 2.649

Table 2. Densities and elasticity moduli of the materials form­
ing a base of carbonate rock. The data of[16, 36] were used

CaCO3 CaMg(CO3)2 MgO

P,g, g/cm3 
K, GPa

2.71
73.3

2.87
95

3.58
162

G, GPa 32 46 131

1/10 o f the pressure o f saturated vapors at room  tem ­
perature, the pores w ith the sizes larger th an  0.4 nm  
are saturated, i.e., all m icroscopic flaws and hollows 
inside the sam ple are hypothetically filled. T he degree 
o f saturation was determ ined by weighing and com ­
paring it w ith the dry sam ple mass. A com pletely satu­
rated sam ple preserved its weight in  a closed volum e at 
room  tem perature during a long period o f tim e, the 
tim e constan t being several days. This m eans that there 
were constan t conditions during each 1-h-long run  o f 
acoustic m easurem ents w here the analyzed sam ple 
was found.

T he protocol o f variations in  the m oisture concen­
tration  in  the sam ple is shown in  Fig. 2. T he arrows in  
the figure show the following instants: (1) beginning o f 
the process o f pressure decrease in  the vacuum  cham ­
ber (Fig. 1), (2) a pressure decrease up to the level 
lower th an  the pressure o f saturated vapors (sample 
drying), and (3) sam ple heating in  a microwave oven 
up to  150°C for 3 min w ith subsequent placing into a 
vacuum  cham ber w ith  a silica gel (removal o f residue 
m oisture).

I t  is useful to com pare the data o f our m easure­
m ents w ith the know n results obtained earlier by o ther 
authors using ano ther m easurem ent technique [16]. 
T he com parison results are listed in  Table 1. T he val­
ues m arked w ith  (t) were obtained from  the Pikit 
regression dependences VS(VP) (the approxim ation

error was about ±3%) [12]. T he values m arked w ith ( - ) 
were obtained from  the regression dependences VP, ̂ .(ф). 
T he density corresponds to the regression dependence 
p(VP). T he error o f all these em pirical dependences is 
5 -10% .

It can  be easily seen tha t the m aterial param eters o f 
the sam ple studied in  the present work are close to the 
averaged param eters o f lim estone and dolom ite (in  the 
K am enishy open p it m ine, they extract dolom itic rock

for production  o f crushed rock). O n the one hand, it is 
in  good agreem ent w ith  the data o f chem ical and m in- 
eralogical analysis (see below). O n the o ther hand , it 
shows that the studied sam ple does no t have any 
acoustic property  anom alies and can  be considered as 
a typical representative o f carbonate rocks.

T he data listed in  Table 1 show tha t the studied 
sam ple consists o f lim estone (calcium  carbonate) and 
dolom ite. Table 2 gives the densities and strengths o f 
these m inerals. T he last colum n gives the data for per- 
iclase, w hich is also present in  dolom ites [16] and, 
according to the chem ical analysis data (see below), is 
found in  the analyzed sample. T he density o f the 
“skeleton” or an  equivalent sam ple w ith zero porosity 
was p^ =  2.81 g /cm 3 tha t corresponds to the ~2/3  ratio 
o f calcite and dolom ite in  the sample.

T he specialists o f  the Volga-Geologiya F G U G P  
C entral Laboratory (N izhni Novgorod) perform ed 
analysis o f a lim estone sam ple tha t included (1) p e tro ­
graphic studies, (2) investigations o f the m ineralogical 
com position, (3) chem ical analysis, and (4) investiga­
tions o f the granulom etric com position.

According to the m icrosection description, the 
sam ple is a high-gray strongly porous lim estone dolo­
m ite. T he inner structure in  m icrograin and the rock 
consists o f  dolom itic grains 0 .0 1 -0 .0 2  m m  in size that 
form  a m icrograin m osaic structure. T he grain shape 
has the form  o f feebly m arked rhom bohedrons, w hich 
are som etim es round-shaped. T he rock is inhom oge­
neously porous w ith  the sections covering 30-40%  of 
the m icrosections. T he shape o f the pores is irregular, 
som etim es roundish, som etim es elongated. T he pores 
are 0 .0 5 -1 0  m m  in  size. Based on the results o f m in- 
eralogical analysis, the sam ple represents a carbonate 
rock w ith inclusions o f mica.

T he chem ical analysis after therm al processing 
showed that the m ain  com ponents o f the sam ple are as 
follows: CO 2 41.1%, CaO 31.1%, and MgO 19.4%, 
w hich makes up 97% o f the sam ple’s volum etric co n ­
tent. Three dom inant com ponents are calcite C aC O 3, 
dolom ite C aM g(C O 3)2, and periclase MgO in the fol­
lowing proportion: 43.4/42.6/11.1 (in %). T he calcu­
lated density o f the “skeleton” is 2.80 g /cm 3, in  good 
agreem ent w ith  the m easurem ent data: p^ =  
2.81 g /cm 3. T he chem ical analysis revealed the pres­
ence o f SiO2 (1.5%), Al2O3 (0.3%), Fe2O3 (0.2%), and 
N a2O (0.1%). These com ponents are elem ents o f 
m icas whose presence was found during the m ineral- 
ogical analysis. T he results o f  the granulom etric com ­
position analysis are shown as histogram s in  Fig. 3. It 
can  be easily seen that the lim estone consists o f p arti­
cles w ith sizes from  0.1 p m  to 0.5 mm.

Let us calculate the elasticity m oduli w ith in  the 
framework o f  the know n m odels o f effective m edia 
[16, 17]. Table 3 lists the m easured and the calculated 
m oduli for Cn  and C44 in  GPa. Version (1) corresponds 
to the com posite from  spherical particles w ith differ­
ent sizes, each consisting o f calcite, dolom ite, or peri-
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clase in the volumetric proportion corresponding to 
the skeleton density in the absence of hollows. Spher­
ical hollows inside the sample with the porosity corre­
sponding to that measured in the studied sample (ф = 
18%) are taken into account in version (2). Version (3), 
in addition, takes into account a small number (ф1 = 
0.1% ) of hollows shaped as narrow cracks, their volu­
metric concentration parameter, which does not 
depend on the choice of the relative thickness of the 
crack being ф ^^ =  24%. The used models are 
described in detail in [16, 17], and here we omit details 
and bulky formulas applied during the calculations.

B y comparing the quantities listed in Table 3 we 
can make a conclusion that the data of acoustic mea­
surements are in good agreement with the data of the 
chemical analysis and petrographic investigations 
(grain shape) given above. The necessity to take into 
account a small volumetric concentration of cracks is 
in good agreement with the revealed presence of mica 
the splitting of which yields formation of these 
extended flaws. Thus, the acoustic data for dry lime­
stone can be satisfactorily explained within the frame 
work of elementary model considerations.

3. D E P E N D E N C E  O F  E L A S T I C I T Y  M O D U L I  
A N D  LO S S  F A C T O R  

O N  T H E  D E G R E E  O F  S A T U R A T I O N
The analysis of variations in the acoustic properties 

depending on the saturation degree is interesting from 
the point of view of both the understanding of the 
mechanisms of a liquid phase interaction with the 
skeleton of a porous medium within the frameworks of 
the known models ofGassman, Bio, Mavko, et al. [16] 
and from the applied point of view for construction of 
diagnostic systems intended for the search of reser­
voirs filled with hydrocarbons or sources of pure water 
(e.g., [12]). When exploiting natural reservoirs, varia­
tions in the elasticity moduli attributed to a physical- 
chemical interaction of the skeleton and the fluid that 
fills its pores are capable of affecting the equilibrium 
state of the rock and can yields nonelastic compression 
under the action of lithostatic pressure and ground 
depressions on the surface [18].

When analyzing the effects of saturation with a 
fluid, it is necessary to thoroughly check reproducibil­
ity of the results and stability of the conditions under 
which the measurements are performed [12]. The data 
of Fig. 2 point to invariability of the acoustic measure­
ment conditions. Figure 4 shows acoustic responses 
within a broad frequency band for the first two records 
corresponding to complete saturation which were 
obtained with a 1.5-h interval. It can be seen that the 
responses repeat themselves practically completely not 
only in the positions of frequencies and maximum 
amplitudes, but in minor details as well. The data for 
other saturation values behave themselves analogously. 
Thus, the conditions of performing acoustic measure­
ments were stationary.

Table 3. M e a s u r e d  a n d  c a l c u l a t e d  e l a s t i c i t y  m o d u l i  o f  a  d r y  

l i m e s t o n e  s a m p l e .  T h e  n u m e r a t o r  g i v e s  t h e  v a l u e s  c o r r e ­

s p o n d i n g  t o  a v e r a g i n g  t a k i n g  i n t o  a c c o u n t  t h e  v o l u m e t r i c  

c o n c e n t r a t i o n  o f  f r a c t i o n s  u n i f o r m l y  d i s t r i b u t e d  i n  t h e  

m a t e r i a l  w i t h  t h e  m a x i m a l  c o n c e n t r a t i o n ,  n a m e l y ,  t h e  

m a t r i x .  T h e  v a l u e s  c o r r e s p o n d i n g  t o  t h e  s o l u t i o n  o f  s e l f ­

c o n s i s t e n t  p r o b l e m s  w h e n  a l l  f r a c t i o n s  a r e  c o n s i d e r e d  a s  

e q u i p o l l e n t  a r e  g i v e n  i n  t h e  d e n o m i n a t o r

E l a s t i c i t y

m o d u l i

M e a s u r e d

v a l u e s

E s t i m a t e d  q u a n t i t i e s

V e r s i o n  

n o .  1

V e r s i o n  

n o .  2

V e r s i o n  

n o .  3

C n , G P a  

C 4 4 , G P a

4 1 . 7  ±  1 . 0

1 7 . 8  ±  0 . 3

1 4 6 . 5 / 1 3 3 . 8

4 3 . 3 / 3 8 . 2

9 0 . 8 / 7 2 . 2

2 8 . 8 / 2 4 . 6

4 6 . 6 / 3 7 . 1

2 0 . 4 / 1 8 . 6

The arrows in Fig. 4 show the frequency range 
where seven lowest modes are well excited and are seen 
on all records at ant values of saturation with a fluid. 
This very frequency range was used for constructing 
the dependences given in Fig. 5. In the range o f fre­
quencies higher than 25 k H z  in the case of a practically 
complete saturation the mode resolution was difficult 
owing to a high signal-to-noise ratio (see the data of 
Fig. 4).

The dependence of the elasticity moduli C у and the 
loss factors n  on the degree of saturation is demon­
strated in Fig. 5. Here and hereinafter, we mean that 
the loss factor Цу is a quantity that is inverse to the 
quality of oscillations of a corresponding type. Atten­
uation at the distance equal to the wavelength is 
related to the loss factor by an elementary relation: 
exp(—%Цу). One plot gives the results of the experi­
ment of 2009 performed at the controlled measure­
ment conditions and than of 2006 when saturation was 
constantly varied during the measurements owing to 
evaporation of water to the room volume. In this case, 
the saturation was calculated based on the results of 
calibration measurements of the time dependence of 
resonance frequencies and quality on the mass of the 
fluid inside the sample and a sample mass decrease.

It can be easily seen that the dependences obtained 
in 2006 are qualitatively reproduced in the experiment 
of 2009 and the accuracy of 2009 experiments is sub­
stantially higher. The saturation parameter for a dry 
sample S  =  0 was deliberately changed to S ~  0.1% and 
the experimental points were separated with an aim to 
show the tendency of acoustic parameter variations in 
case the saturation for a nearly dry sample changed. A  
blank circle shows the results of the measurements for 
an air-dry sample performed 2 weeks after the main 
run of experiments. It can be seen that after heating 
and drying there were no irreversible changes in the 
sample characteristics.

In Fig. 5 we also give the dependences of the mod­
uli Cn  and C44 as well as losses q n and q 44 obtained 
using the method used in [11]. This method can be 
called a “ pendulum” method or the method of a reso­
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nant rod since in this case only lower forms of longitu­
dinal and torsional oscillations (marked in Fig. 4) are 
analyzed. The errors in C11, C44, n 11, and ц 44 depend 
on the accuracy of measuring corresponding frequen­
cies and qualities. The frequencies and qualities were 
measured using the method of matched filtering [14], 
which provided for determination of corresponding 
quantities with an error of 0.1—0.5%. By comparing 
the data shown in Fig. 5, we can see distinctions of 
kind between the measurements performed using the 
method of a resonant rod [ 1 1 ] and those obtained 
using the method of acoustic spectroscopy.

When the method of acoustic spectroscopy is 
applied the data corresponding to all modes of the 
sample oscillation in the analyzed frequency range are 
“weighed.” The errors attributed to both the error in 
measuring frequencies and qualities and the error of 
the effective solid model itself [1] decrease. When the 
“ pendulum” method is applied, there is one measure­
ment for each sought parameter. Thus, the errors are 
not averaged. Though the dashed lines in Fig. 5 quali­
tatively repeat the data corresponding to the measure­
ments performed using the method of acoustic spec­
troscopy and both results coincide with the confidence 
interval accuracy the estimation of the parameters in 
the “ pendulum” method has an unknown systematic 
error.

When carefully reading [11] one can notice that the 
author points to systematic deviations in the data on 
the velocities of elastic waves equal to ~12—15% for 
different samples. These systematic deviations should 
be treated as an error of initial model considerations. 
The data obtained by us turned out to be much more 
accurate [11]. The average error of elasticity modulus 
measurements is 5Cn =  3.6% and 6C44 =  1.9% that 
corresponds to the error of elastic wave velocity mea­
surements 5VP =  1.8% and 5 V/ =  0.9% and is nearly 
one order higher [11]. The average error of measuring 
the loss factor, namely 5%! =  12% and 6^44 =  8.9%, is 
nearly the same in our measurements as that in [ 1 1 ].

The resonance frequencies were measured within 
the range of 10.6—49.4 k H z  that allowed performing 
the analysis of frequency dependences of both the 
elasticity moduli and the losses during variations in the 
degree of saturation. Note once again that contrary to 
[ 1 1 ] all measurements were performed using one and 
the same sample. The frequency dependence was ana­
lyzed using the technique described in [13]. The elas­
ticity tensor and the dissipation tensor were estimated 
using a running window with overlapping that made it 
possible to obtain a representative plot of the fre­
quency dependence for both tensors.

Figure 6 shows frequency dependences Cn f ) ,  
C44f ) ,  h n f ) , and n44( f  for dry limestone. The 
dependences shown in Fig. 6 were plotted using the 
windows of averaging by three, five, seven and ten fre­
quencies, which yield practically similar estimates of 
the quantities of interest. A n  increase in the elasticity

moduli in the range of high frequencies with a simul­
taneous increase in the model error (the upper curves 
on the plots) points to the effect of a macroscopic 
inhomogeneity. This inhomogeneity was seen with the 
naked eye as a dark region on the sample surface and 
occupied nearly 1/8 of its volume. Individual spikes on 
the plots (Fig. 6 ) are related to a small number of aver­
aging (three frequencies in the averaging window). 
The expected dispersion of the elasticity moduli corre­
sponding to the measured loss factor values is 0.13%, 
which is beyond the reached measurement accuracy.

Figure 7 plots frequency dependences of the loss 
factor n44 with the minimal measurement error at dif­
ferent degrees of pore filling with a fluid. the data for 
the frequencies higher than 40 k H z are omitted since, 
as is apparent from Fig. 6 , the effect of the macro - 
scopic inhomogeneity inside the sample is substantial 
in this region. The data of Fig. 7 allow asserting that 
the absorption maxima in the considered frequency 
range are absent. Dispersion of the elasticity moduli 
was not revealed either (the data are not given). The 
frequency dependence p f the loss factors is discussed 
in Section 4.3.

4. D IS C U S S IO N  O F  T H E  R E S U L T S
It is interesting to compare the results we obtained 

with the known literature data (see [12, 18]). Initially, 
Gassman and then Bio in their models assumed the 
shear modulus during filling of pores with a fluid to be 
constant (see [16]). A  decrease in the shear wave 
velocity during pore saturation with a fluid was related 
to an increase in the integral density of the porous 
material. Later, a deviation from the initial assump­
tions of the Gassman—Bio models that manifested 
itself as a change of the shear modulus during pore fill­
ing with a fluid was revealed. The revealed variations 
turned out to be substantial and depended on the type 
of the fluid filling the pores. It is important to note that 
the observed effects were not related to dissolving of 
the parent material in a fluid and are reversible.

The effect of a fluid on the shear modulus should be 
considered in a greater detail. More often, as in Fig. 5, 
the shear modulus decreases with saturation of pores 
with a fluid. Polar fluids (e.g., water) yield the maxi­
mum variations in the shear modulus. A n  increase in 
the elasticity moduli during saturation of the rock con­
taining clay particles with a fluid was also observed. It 
was related to clay swelling and improvement of cohe­
sion between the grains.

One more mechanism has a physical-chemical 
nature and is closely connected with strength charac­
teristics, namely, cohesion forces, as it was shown in 
the experiment performed by Obreimov with mica in 
the 1930s. A  monomolecular fluid layer decreases the 
surface energy and the cohesion forces owing to a 
decrease in the surface tension coefficient at the 
solid-fluid interface as compared to that at the solid—

ACOUSTICAL PHYSICS Vol. 56 No. 6 2010



ACO U STIC SPECTROSCOPY O F FL U ID  SATURATION EFFECTS 801

101

1 0 0

1 0 -

1 0 -

O
О

□+
од
V>

Saturation:

0-0.07%

0.1%

0.675%

7.98%

10.72%

10.88%

11.12%

11.70%

31.13%

■ : 43.15% 

X  57.08%

■ ■ 65.75%

К  68.2%

83.02%

•  90.43%

•  93.74%

■  100%
2 0 3 0  4 0

F r e q u e n c y  ( k H z )
_______ i________

1 0 2 0 3 0 4 0

F r e q u e n c y  ( k H z )

Fig. 7. Frequency dependences of loss coefficients as functions of the degree of pore saturation with a fluid. The data for П44 in 
case of complete saturation are given in the insert.

2

gas interface (see [12]). In addition, a fluid and, in par­
ticular, a polar fluid decreases the Gamaker constant, 
which determines the intensity of the Van der Waals 
forces acting at a microscopic level of contacts of indi­
vidual grains, which yields corresponding variations in 
macroscopic acoustic characteristics [19]. One more 
mechanism of the influence of a small amount ofwater 
on the elasticity moduli of silica-containing materials 
is associated with the formation of monomolecular 
layers of water, beginning of chemical processes, and 
formation of silica gel polymer chains, which addi­
tionally bond the grains [20] and create compression 
pressure. This mechanism is rather related to uncon­
solidated media which were considered in [20]. In this 
case, cementing substances which bond the grains are 
initially absent and a fluid yields formations of such 
bonds and, as a result, noticeable variations in acoustic 
properties.

Thus, the analysis of the literary data shows that it 
is difficult to distinguish one mechanism responsible 
for variations in elasticity moduli and, in particular, 
the shear modulus. Thoroughly performed experi­
ments [18] reveal a high correlation between relative 
variations in the shear modulus and the area of the free 
surface of pores.

Let us compare the obtained data with the results of 
[11], which are often considered in the literature as 
reference ones (see [12, 16]). Such a comparison is 
justified since the average size of grains and porosity of 
the materials considered by us (see above) and in [11] 
are close. The dependence of losses on the degree of 
saturation measured by us qualitatively agrees with

that obtained in [11]. Our results, as well as the results 
of other authors (see review [12]), show that addition 
of water vapors and subsequent water condensation on 
the grain contacts yields a substantial increase of losses 
during propagation of elastic waves in porous bodies. 
Further saturation with a fluid results in a monotonous 
growth of elastic wave attenuation. However, there are 
some quantitative differences. In [11] the attenuation 
doubles, and the data of Fig. 5 correspond to a 20-fold 
increase of losses that point to a larger contribution of 
a fluid into dissipative processes in carbonate rock as 
compared to sandstone considered in [11].

The authors of [11] marked a nearly twofold 
increase in velocities of longitudinal and transverse 
waves (and a fourfold increase in the elasticity moduli) 
with a decrease of the degree of saturation below 2%. 
Our data reveal 10% relative variations in the elasticity 
moduli within the entire range of saturation changes 
(S =  0—100%). The obtained character of elasticity 
moduli variations, depending on the degree of satura­
tion, qualitatively differs from the results o f[11] which 
are reproduced in many works (e.g., [12, 18, 21]). Fig­
ure 5 shows characteristic stages of saturation with a 
fluid, and we can clearly see an S-shaped form of the 
dependences on elasticity moduli on the degree of sat­
uration with a fluid. The existence of the minimum of 
Cn and C44 at a very small volumetric content of a fluid 
with a subsequent increase in the elasticity moduli as 
the sample completely dries is a distinction of kind as 
compared to other known dependences.
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4.1. Estimations o f  Elasticity M oduli Variations 
Attributed to Capillary Forces

A n  increase in the elasticity moduli during sand­
stone drying in [11] is explained by compression of 
grains caused by capillary forces in the region of the 
grain contact. This assumption was not confirmed by 
any estimates, as is the case with other works (see 
review [12] and later work [21]). The lack of a quanti­
tative analysis of the data in [11, 12, 21] is likely to be 
attributed to the absence of the data of an independent 
granulometric analysis in these works. A  complex 
character of the investigations in our study allows for 
checking the validity of the earlier-made explanation 
within the framework of elementary models of granu­
lated media. The volumetric (K  =  C11 — 4C44/3) and 
shear (G  = C44) stiffness of packing of the balls pressed 
to one another by the uniform pressure is determined 
by the expressions [16]

K eff С(1 - ф )  5-
12 n R

G.eff c q -Ф )
20nR

( S n + 3 S J 2 ) ,

where ф is the porosity, R  is the radius of spherical 
grains, C  is the coordination number (the average 
number of contacts for each sphere), and Sn and ST are 
the compression and shear stiffness o f each pair of 
contacting grains (see also [22]):

n

4Ga
1 -  v ' S  _

8Ga 
2 -  v ’’

where G =  E/2(1 + v) is the shear modulus of the grain 
material (or its effective value during a contact of 
grains from different materials (see [22]), a is the 
radius of the point contact patch (a <  R). The 
approach of the sphere centers h and the radius of the 
contact patch a are

h _  a /  R , a 3FR  
4E* ’

where F  is the force compressing the spheres and E *  is 
the equivalent stiffness modulus (see [15, 22]): ( E * ) -1 =
(1 -  v 2) E - 1 + (1 -  v 2) E - 1 .

and formation of a monomolecular layer of a fluid that 
yields a decrease of the cohesion force with an increase 
in S. Stage 2 is related with the formation of menisci at 
the places of grain contacts and formation of capillary 
forces of grain compression. Finally, stage 3 can be 
determined as a stage of gradual filling of the entire 
pore space with a fluid that yields a decrease in the 
contribution of capillary forces.

Let us estimate the pressure that corresponds to 
capillary compression of grains and ascertain that the 
proposed model is reasonable. First, let us estimate the 
strain sensitivity of limestone. For this, let us make use 
of the thermodynamic relationship [23] and express 
the value of interest through volume derivatives:

d K  _ v  d 3% / d2% _ - 6 C
dP  P_ 0 _  "  ° д ?  dV2 _  K o -2 6 - ,/3  ’

where % is the free Helmholtz energy, C is the Landau 
modulus [15], K° and G° are the moduli of volumetric 
stiffness and shear at a zero pressure, K° — 20 GPa and 
G° — 18 GPa. Let us specify the Landau modulus based 
on the data of [24], where the Landau moduli of the 
rock, including limestone with similar porosities and 
densities, were measured (also see Table 1, which 
shows that the parameters of the analyzed sample are
typical for limestone): C -----2000 GPa. Thus, we get
the following estimate of the strain sensitivity:

—  -  103. (1)
dP

This equation makes it possible to estimate the 
pressure that is to be created inside the limestone to 
increase the modulus of the volumetric stiffness by 
0.7 GPa. It can be easily seen that for the observed 
variations to be explained it is necessary to assume that 
the pressure inside the sample in P  ~ 0.7 MPa.

The capillary pressure is described by the following 
equation [16]:

P c _  y( -1------- )  cos 0,c G R 1 R ^
Since S n and ST depend on the radius of the contact 

patch in a similar way an increase in the compression 
pressure in to be accompanied by similar relative 
increases in the shear moduli Geff = C44 and volumetric 
stiffness K eff = C11 — 4C44/3. The data (a dashed line in 
Fig. 5) correspond to the variations in A G eff — 0.7 GPa 
and A K eff — 0.7 GPa with an increase in saturation 
from 1 to 10%. The values K eff — 19.5 and Geff — 18 GPa 
for S  =  10% practically coincide and, thus, relative 
moduli variations are nearly equal. Thus, the mecha­
nism responsible for an increase in the elasticity mod­
uli with a decrease in saturation can be soundly attrib­
uted to variations in the grain compression pressure.

The following model can be proposed to explain 
the dependences of Fig. 5. Stage 1 can be determined 
as a stage of moisture condensation on the pore walls

where R 1 =  R(sinф + cos ф — 1)/cos ф, R 2 = 
R(1 — cos ф)/cos ф, у is the coefficient of surface ten­
sion, 0 is the contact angle (which is assumed herein­
after to be zero), Rj, 2 are the curvature radii, R  is the 
grain radius, and ф is the angle between the line con­
necting the centers of contacting grains and that from 
the grain center to the point on the boundary of the

2ywetted surface, For small angles ф <§ 1 Pc — ----- L ,Rф
where the minus sign corresponds to the grain com­
pression. The volume occupied by the meniscus 
between each grain pair is Vf  — 0 .79 3n R^4, ф <§ 1.

Let us carry out elementary estimations. The max­
imal variations in the elasticity moduli are observed at 
S  — 0.5% and correspond to the total volume o f the
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capillary fluid inside the sam ple Z V  =  N Vf  — 135 m m 3, 
w here N  =  X %  is the to tal num ber o f contacts equal to 
the p roduct o f the num ber ofgrains and the (coord ina­
tion) num ber o f contacts for each grain. Assuming the 
fluid to  be uniform ly distributed inside the sam ple, let 
us estim ate the num ber o f grains as a ratio o f the sam ­
ple volum e V0 — 1.5 x 105 m m 3 and the grain volum e

X  ~ — V —  . For the porosity ф =  18% in case o f a 
4nR  /3

random  packing o f grains the coord ination  num ber is
f  v

% — 15 [16]. Thus, N  ~ -------— and, as a result, the
4 п R3/3

characteristic volum e o f the m eniscus is

Vf x Z Vf4^ -- = 0.793 п r \ \
f  f 3 % V0

It can  be easily seen that the angle ф does n o t depend 
on  the grain size R  and is

Ф -
-1.68ZV; 

- -

1/4
0 . 1 5.7 °. (2)

For this angle (2), the required com pression pressure 
o f 0.7 M Pa is obtained for the characteristic grain size 
(the surface tension coefficient o f  w ater is у =
0.075 N /m ), w hich is R  ё  2 pm . It is apparen t from  
Fig. 3 th a t the analyzed sam ple contained a sufficient 
num ber o f grains w ith  such sizes. Thus, the observed 
variations in  the elasticity m oduli a t stages 2 and 3 can  
be soundly related to the existence o f capillary forces 
during m enisci form ation.

4.2. Comparison with the Data o f  Other Studies

T he authors o f [18] dem onstrate the data obtained 
for different natural m aterials during pore filling w ith 
a fluid. On average, a variation in  the shear wave veloc­
ity is about 5%, w hich corresponds to  a 10% variation 
in  the shear m odulus. In  the present paper, relative 
variations in  shear and volum etric stiffness are also 
approxim ately 10%. Thus, we have quantitative agree­
m en t w ith  the know n experim ental results.

As follows from  the data o f [24], the M assilon 
sandstone analyzed in  [11] is characterized by p racti­
cally the sam e strain sensitivities as the lim estone co n ­
sidered by us. A  twofold increase in  velocities co rre­
sponds to a fourfold increase in  the elasticity moduli. 
Studies [11] m ake it possible to estim ate the volum et­
ric and shear stiffness as K  — 1.6 and G — 1.7 GPa, i.e., 
nearly one order lower as com pared to the stiffness o f 
the lim estone analyzed by us. N o te  tha t a negative 
Poisson coefficient corresponds to  these values. It is 
interesting to no te  th a t the au tho r of[11] gives the data 
either for wave velocities or their ratios, paying no 
interest in  the value o f the Poisson coefficient v. There 
are m odel considerations concerning v < 0 in  h e tero ­

geneous m edia (see, e.g., [25]). Nevertheless, the neg­
ative value o f  the Poisson coefficient for the data [11] 
points, in  our opinion, to incorrect com parison o f the 
data obtained using the m ethod o f the longitudinal 
and torsional pendulum  in  different samples. N ote  
tha t according to our data the Poisson coefficient is 
v =  0.12 for a dry sam ple and v =  0.15 for a com pletely 
saturated one.

A  fourfold stiffness increase corresponds to the cap­
illary pressures o f about 2 M Pa that corresponds to the 
curvature radius o f contacting grain surfaces R  ё  1 pm. 
The average size o f sandstone grains was 150—200 pm  
(see Table 1 in  [11]) tha t is two orders larger th an  R. It 
seems tha t velocity variations at the m oisture con ten t 
less th an  1% observed in  [11] can  be explained by for­
m ation  o f m enisci a t irregularities o f the contacting 
grains. Recall tha t the results o f  the granulom etric 
analysis o f  the samples are absent in  [11].

It can  be assum ed tha t sharp qualitative changes 
taking place inside lim estone should be accom panied 
by substantial variations in  nonlinear acoustic charac­
teristics. One should pay a tten tion  to [21], the authors 
o f w hich observed a one-order increase in  the hystere­
sis nonlinearity  param eter at saturation changes from  
0.1 to 30%, i.e., in  the saturation range w here a transi­
tion  from  stage 1 to stage 2 takes place (Fig. 5). The 
authors o f [21] proposed a m odel o f the m oisture 
effect on  the acoustic properties tha t was analogous to 
ours bu t did n o t verify their hypothesis by any esti­
m ates and did no t reveal the S-shaped dependence o f 
the elasticity m oduli we recorded (Fig. 5). T he authors 
o f [21] related the reasons for the appearance o f the 
hysteresis in  a carbonate rock, w hich was anom alous 
as com pared to that in  sandstone to  a com plex struc­
ture o f hollows w ith  the characteristic sizes up to 1 nm . 
Based on the absorption-desorption curves the capil­
lary pressure was estim ated in  [21] as ~108 Pa, w hich 
corresponds to particles about 20 n m  in size. O n the 
o ther hand , changes in  the Young m odulus at the lim e­
stone saturation cam e to —3%, w hich agrees in  order 
o f m agnitude w ith our data. T he revealed slight varia­
tions in  the Young m odulus seem  to be related to a low 
concentration  o f particles w ith  20-nm  sizes. The 
results o f the granulom etric analysis in  [21] are absent.

It is interesting to no te tha t we observed inflections 
in  the m easured dependences for bo th  the elasticity 
m oduli and the loss coefficients at one and the same 
saturation values. These peculiarities are seen in  Fig. 5 
at S  =  0.1, 0.8, and 8—20% and are likely to be related 
to qualitative variations in  the character o f  fluid distri­
bu tion inside lim estone. In  particular, using elem en­
tary calculations one can  get convinced tha t the value 
S  ~ 10% corresponds to closing o f the m enisci between 
four spheres w ith  sim ilar sizes tha t form  a pyramid. 
T he saturating increasing further, the pore space is 
gradually filled w ith  a fluid. Thus, starting from  S  ~ 
10%, we can  speak about a m acroscopic m otion  o f the
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fluid with respect to the skeleton that is accompanied 
by a smooth increase in attenuation in Fig. 5.

4.3. Estimated Limestone Permeability. 
Mechanisms Responsible fo r  Attenuation o f  Acoustic Waves

The analysis of dispersion dependences was aimed 
at revealing characteristic frequencies associated with 
relative displacements of the fluid and the skeleton as 
well as determination of frequency dependences of 
loss coefficients. The Bio frequency, which is respon­
sible for transition to the mode of a slow Bio wave 
propagation (the equality of viscous and inertial 
forces), is [16]:

f  = < K
J  c  /*» ^2np fK

(3)

where n  is the dynamic viscosity of a fluid, Pf is the 
fluid density, and к is the absolute permeability of a 
porous body.

It is impossible to exactly calculate permeability for 
a porous medium with an arbitrary microstructure. 
Most analytical results refer to ordered media and the 
media whose porosity is large, namely ф ~ 1. In the 
region where the porosity ф is close to the threshold of 
percolation ф„ the permeability value strongly depends 
on the material microstructure, which is often 
unknown. Nevertheless, the percolation threshold is 
well approximated by the equation [26]

Фc D
% ( D - 1 )  ’

where D  is the system dimensionality (in our case, D  =  3) 
and % is the coordination number (in our case, % =  15). 
The value of ф̂, =  10% is two times lower than the mea­
sured porosity of the sample ф =  18%, which points to 
the presence of a system of bound pores.

The permeability will be estimated using the 
empirical Kozeni—Carman formula [17], with the 
correction for the percolation threshold being taken 
into account (also see [16]):

K
180(1 -  (ф -  фc))2’

(4)

where d  is the characteristic diameter of granule 
grains. Here, d  =  0.2 mm (Fig. 3) and the estimate is 
к — 1.2 x 10-13 m2 or 123 m D . To check the formula we 
use the data of [11]. The measured permeability was 
737 m D , and its estimation using the formula (4) gives 
к — 966 m D , which agrees in order of magnitude with 
the data of the direct measurements. The permeability 
value makes it possible to estimate the characteristic 
size o f the pores corresponding to the bound porosity.
For the Poiseuille flow [27], the value is к =  dc/2 , 
where dc is the diameter of the capillary tube. The size

of the bound pores in the analyzed limestone sample 
can be estimated as dc =  V2K ~ 0.5 pm.

The characteristic frequency (the frequency of the 
absorption maximum) estimated using the formula (3) 
is f c ~ 240 k H z , which is substantially higher than the 
frequencies at which the acoustic measurements were 
performed. Thus, wave motions of the fluid in capillar­
ies were absent and the acoustic measurements (Sec­
tion 2) were performed for viscous fluid flow antiphase 
to the oscillations of the skeleton [28]. The time of dif­
fusion (relaxation) of pressure in the pores in the 
acoustic wave field is т ~ L 2/ S , where L  is the charac­
teristic spatial scale, % =  к^/грф is the diffusion coef­
ficient, and Kf  is the volumetric stiffness of the fluid 
[29]. The equation that described relaxation of pres­
sure perturbations in the pores has the form [29]

f - -  a v 2p = 0 , (5)
d t

where it is implicitly assumed that the diffusion coeffi­
cient % is the same in the entire porous body.

Let us estimate the characteristic spatial scales. The 
equation (5) makes it possible to determine a relation­
ship between the depth of the perturbation penetration
and the frequency, 5D =  J 2 f )/ ю . For the analyzed 
limestone, the diffusion coefficient is % — 1.5 m2/s. In 
the frequency range of 10—40 k H z 5D =  3—7 mm. This 
scale is slightly smaller than the sample size that 
excludes the appearance of corresponding absorption 
maxima (see Figs. 5, 7). The thickness of the fluid
skin-layer is 5V =  J 2  vf/ ю , where vf is the kinematic 
viscosity ( Vf =  10-6 m2/s for the water with the temper­
ature 20°C), and ю is the circular frequency [27].

In the frequency range of10—40 k H z  the skin-layer 
thickness is 5V =  3—6 pm, which substantially exceeds 
the characteristic size of the bound pores dc.

Note that the absorption maximum observed in 
[11] seems not to be related to the mechanism of fluid 
extrusion from the intergrain space as the author 
assumed, but is explained by flowing of the fluid across 
the sample. Really, the absorption maximum was 
observed in [11] at the frequencies of 3—4 k H z , which 
correspond to the scale 5D ~ 2.4 cm at the transverse 
dimensions of the sample equal to 2.2 cm. Thus, the 
absorption maximum corresponds to the “ resonance” 
of a slow (diffusion) Bio wave. As it is expected, the 
absorption maximum shifted to the high-frequency 
region with a decrease in the saturation degree 
(a decrease in characteristic dimensions of the regions 
filled with a fluid).

The absence of the frequency dependence p ;y 
means invariability of attenuation at a distance equal 
to the wavelength. O n  the other hand, within the 
framework o f the Bio theory [28], the values of p ;y in 
the region of low frequencies when the inequality 
dc < 5 v is valid will linearly increase with an increase in
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frequency. The absence of the frequency dependence 
of the attenuation coefficient (Fig. 7) during changes 
of absorption from 0 to 90% which is characteristic for 
the Bio theory [28] motivates to consider the problem 
of the mechanism of acoustic losses in porous materi­
als during saturation with a fluid in greater detail.

First of all, it is necessary to note that there are a 
variety of opinions in the literature concerning the fre­
quency dependence of the loss factor in porous mate­
rials and, in particular, in sedimentary rock. For exam­
ple, in review [30] and other works, the author, based 
on the analysis of a large body of data, draws a conclu­
sion on the absence of the frequency dependence of 
the loss factor and sound velocity dispersion. In [31] 
this point of view is called in question and the author 
gives the experimental data which are in agreement 
with the Bio theory. In the brief communication [32] a 
possible additional energy outflow to a near-bottom 
waveguide is considered as a possible reason of a dis­
agreement between the experiment and the theory. 
The author of [33] remarks that a modern level of 
measurements made it possible to reveal a weak loga­
rithmic dispersion of the sound velocity in sedimen­
tary rock, which is characteristic for Пу x  ю0 [16]. The 
same work gives a comparison of the experimental data 
with different theoretical models and shows a good 
agreement with the model of [34] based on the 
assumption of nonlinear microscopic flows in the 
region of contact of rough grains. Thus, the analysis of 
the literary data points to the absence of a unified point 
of view on the mechanisms of attenuation and the fre­
quency dependence of lass factors in sedimentary 
rock.

The data shown in Figs. 5 and 7 make it possible to 
propose elementary model considerations as a current 
hypothesis for explaining attenuation mechanisms. 
Le t us make simple estimations based on geometrical 
considerations. About 60—70% of limestone consist of 
the grains with the size D ~ 0.2 mm (Fig. 3). The size 
of the hollows inside a dense packing of identical 
spheres is estimated as D v =  0.15D ~ 30 pm [16]. Based 
on the results of petrographic investigations the pore 
length varies within a wide range and is Lp =  50—104 pm. 
The ratio of pore and hollow volumes can be estimated
as (n D \  /6), (n d?/4) ~ 10—103, which corresponds to 
variations in the degree of saturation within the range 
of 0.1—10%. Thus, there is a minor concentration of a 
fluid in bound pores.

In case of complete saturation, the attenuation is 
determined by the fluid motion in the pores and filled 
hollows. Since the hollows occupy a larger volume and 
their sizes exceed the penetration depth 5V, the values 
of Цу should have a root dependence of frequency [27]. 
The frequency dependence of ц44 x  ю04 (Fig. 7 , insert) 
corresponds to the minimal root-mean-square error. 
However, the dependence of n44 x  ю1/2 also is in a sat­
isfactory agreement with the experimental data, the 
confidence intervals being taken into account. As for

the absorption characteristics by the longitudinal wave 
Пп, the accuracy of measuring this parameter unfortu­
nately turned out to be insufficient for determining its 
frequency dependence.

O n  the other hand, some hollows during sample 
drying turn out to be unfilled and menisci are formed. 
Their deformation is accompanied by the processes of 
absorption and desorption a capillary hysteresis 
(delay) complies with that should be accompanied by 
absorption of the oscillation energy. It can be assumed 
that there is are large number of space—time scales 
corresponding to relaxation processes. In this case, as 
is seen from the results of [35], the loss coefficients 
weakly depend on frequency, Пу x  ю0.

A  transition from the absorption mode with ц 44 x  
ю1/2 to the mode with n44 x  ю0 takes place at S  ё  95% 
that points to a relative volume occupied by thin pores 
which is not more than 5%. This value agrees well with 
the “geometric” estimation given above. Thus, the 
proposed hypothesis seems reasonable. It is in agree­
ment with the obtained experimental data and can be 
used to explain deviations in the interpretation of the 
literary data on attenuation in bottom sedimentary 
rock.

5. C O N C L U S I O N S
All three stages in the process of saturation of a 

granulated porous body with a fluid, namely, moisture 
condensation, formation of menisci, and gradual fill­
ing of hollows and pores, were distinguished using the 
method of acoustic spectroscopy. The characteristics 
of both longitudinal and shear waves were analyzed in 
the 2-octave range.

In addition, the data were obtained for one and the 
same sample for which variations in the elasticity 
moduli being in agreement with the experimental data 
were estimated. These two peculiarities distinguish the 
present study from those published earlier [11, 12], 
where all saturation stages were not simultaneously 
observed and the mechanisms responsible for the 
observed changes of the measured quantities were not 
analyzed.

It is shown that a fluid substantially changes the 
skeleton properties that should be taken into account 
when construction the models of sound propagation in 
granulated porous media. Attenuation of longitudinal 
and shear waves depends on the presence of a fluid 
even when the saturation degree is about 0.1% . The 
analysis of the frequency dependence of attenuation 
made it possible to make reasonable assumptions on 
the attenuation mechanisms and on the character of 
hollow and pore filling, which agree with elementary 
geometric considerations. The revealed nature of vari­
ations in the frequency dependence during transition 
from partial to complete saturation seems to be related 
to the explanation of the existing divergences during 
interpretation of acoustic wave attenuation in the
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ocean, which is attributed to energy absorption in 
water-saturated sedimentary rock.
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