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EFFECT OF FLUID VISCOSITY AND SATURATION ON THE ULTRASONIC
VELOCITIES IN A FONTAINEBLEAU SANDSTONE

Azar Khalatbari, Dung Vo-Thanh and Jean-Paul Poirier

Département des Géomatériaux, Institut de Physique du Globe de Paris, France

Abstract. Simultaneous measurements of the P- and S-
wave velocities at 1MHz frequency as a function of
temperature from - 80°C to 80°C have been made in a
Fontainebleau sandstone saturated with glycerol. We
investigated 8 saturation degrees, from fully saturated to
almost dry state. Generally, the velocity decreases with
increasing temperature; it is large between = - 40°C and =
40°C. The velocity dispersion is attributed to viscous shear
relaxation. The model of O'Connell and Budiansky modified
by introducing the saturation parameter and a Gaussian
distribution of crack aspect ratios is used to interpret the data:
A trial and error method is used to estimate the model

eters. The model satisfactorily accounts for the data at
high saturation.

Introduction

The laboratory measurements of the P- and S-wave
velocities in rocks are important as tools for obtaining detailed
information about the subsurface from seismic data. In order
to give a lithological and petrophysical interpretation of
seismic data, it is interesting to explore the control factors and
to understand the physical laws which govern the variation of
elastic parameters.

Waves propagating through a rock sample are sensitive
to numerous factors; among them, the fluid viscosity plays a
dominant role on the attenuation and velocity in glycerol
saturated Barre granite at 0.5 MHz frequency (Nur and
Simmons, 1969) and in sandstones in the KHz frequency
range (Tittmann et al., 1984; Vo-Thanh, 1990 and 1991). In
this paper, we investigate the influence of fluid viscosity and
saturation state on the P- and S-ultrasonic wave velocities in a
Fontainebleau sandstone saturated with glycerol. The change
of g(i)i?sity is made by varying the temperature from - 80°C
fo .

It is generally accepted that the dominant mechanism
responsible for seismic-wave attenuation and velocity
dispersion is local fluid flow (squirt flow at low frequency
and viscous shear relaxation at high frequency). The viscous
shear relaxation mechanism proposed by O'Connell and
Budiansky (1977) is used to interpret our results. By
introducing the saturation parameter and using a Gaussian
distribution of crack aspect ratios, we numerically calculated
the bulk and shear modulus of saturated rocks, We used a
trial and error method (Tarantola, 1987) to estimate the crack

density e, the central aspect ratio o, of cracks and the
standard deviation ¢ of the Gaussian distribution of crack
aspect ratios.

Experimental Method

The measurements were performed using a classical pulse
ransmission technique. Figure 1 shows the experimental set-
up comprising the sample, two aluminum buffers and two
identical 1 MHz PZT shear-transducers. The best coupling
Wwas obtained by glueing the aluminum buffers to the sample
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Fig.1 Experimental set-up for ultrasonic velocity
measurements.

with a thin layer of Armstrong A 271 glue, and to the
transducer, with a thin layer of Getelec 12008 silver epoxy
resin.

The input signal was delivered by a Panametrics 5052 PR
pulse generator. The transit times of the S-wave and of the S
converted to. P-wave were directly measured on the screen of
the Tekironic 2445 A oscilloscope by two cursors. Thus, V;
and Vg can simultaneous be determined in identica
experimental conditions using a pair of S-transducers only.

One cylindrical sample of a Fontainebleau sandstone (40
mm in diameter and 35 mm in length) was used in this study.
It is a very pure (>99% quartz) clay-free sandstone
composed of well-rounded quartz grains, about 0.25 mm in
diameter, cemented by silica. Its open porosity, measured by
water saturation under vacuum, was about 5%. Its
permeability, measured using an air permeameter, was less
than ImD. An epoxy resin replica of the pore space was
observed-in Scanning Electron Microscopy (Figure 2)
revealing the highly interconnected nature of the pore space.

0.5 mm

~ AU

Fig. 2 Scanning electron micrograph of the epoxy pore cast
of a Fontainebleau sandstone. Porosity is in the form of flat
intergranular cracks and pores at the triple junctions.

The sample was first oven-dried for at least 48h at 70°C,
cooled to room temperature and placed in a container under
dynamic vacuum (0.01 torr) for Sh. The container was then
filled with distilled glycerol (Prolabo, ref. 24 388.320) and
kept in the oven at 70°C for 12h, allowing air bubbles to
escape; it was then cooled to room temperature, completely
filled with glycerol, closed shut and heated again to 70°C for
12h to build up some pressure (about 40 bar). The sample
was then cooled down, jacketed with teflon tape and
transferred to the measurement apparatus. After the velocity
measurements at full saturation, the unjacketed sample was
placed in the oven at 70°C for several days, reducing the
saturation state, until the required saturation level was
obtained. Knowing the porosity, the glycerol saturation S
was calculated from the saturated and dry weights. The
velocities were measured again. The process was repeated 8
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886 Khalatbari et al.: Ultrasonic velocities in saturated Fontainebleau sandstone.

times, progressively bringing the sample from fully saturated
to almost dry state.

The experiments were performed by increasing the
temperature from - 80°C to 80°C at a given glycerol saturation
S. Glycerol evaporation is negligible, less than 1%, during
the experiment. The viscosity of glycerol strongly varies with
temperature, from = 109 poise at - 80°C to = 101 poise at
100°C (Figure 3, data from Weast, 1967). Each measurement
was taken when thermal equilibrium has been obtained in the
vessel, containing the sample placed inside a thermally
isolated cylindrical metallic tubing. Temperatures were
measured using two copper-constantan thermocouples glued
to the aluminum buffers, near the sample surface (Figure 1).
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Fig.3 Temperature dependence of glycerol viscosity (data
from Weast, 1967).

The temperature gradient between the two ends of the sample
was less than 1°C. The low temperatures were obtained by
running liquid nitrogen and the high temperatures by winding
aresistance heater around the metallic tubing.

The length of the sample was measured to within 0.02
mm. The signal was good at low temperature and at high
saturation, it progressively degraded with increasing
temperature and decreasing saturation. The transit time was
measured on the screen of the scope with an accuracy better

than 0.2 ps. It was corrected of the transit time in the
aluminum buffers. The wave velocities were then known to
within about 50m/s - 150m/s, depending on the temperature
and saturation degree.

Experimental Results
Results

Curves A, B, C, D, E, F, G and H of Figures 4 (for V,
and 5 (for Vg) correspond to saturation degrees S=1, O.E,
0.7, 0.6, 0.5, 0.35, 0.25 and almost 0, respectively.
Generally, we observe that the shapes of Vp = f(T) and Vg=
f(T) curves are almost the same for various saturation
degrees. The velocities decrease as temperature increases. The
decrease is not monotonous; it is small at low temperatures,
from - 80°C to = - 40°C, and at high temperatures, from =~
40°C to 80°C; it is large between = - 40°C and = 40°C. The
difference of the limiting velocities (between - 80°C and 80°C)
decreases as saturation decreases.

For "dry" sample, Vp decreases from ~ 4800 m/s at -80°C
to = 4500 m/s at 80°C (Figure 4H). In this experiment, the
"dry" sample was obtained after drying the pore glycerol by
heating. Small amount of glycerol undetectable by weighing
may still remain in the sample, especially in cracks; this may
explain the relatively large variations of Vp and V; (Figures
4H and SH). In fact, the measurements in an another dry
sample of the same Fontainebleau sandstone (Khalatbari,
1989) show that Vy, linearly decreases by about 50 m/s in the
same temperature range.

Discussion

Numerous loss mechanisms are proposed for saturated
rocks. Among them, the solid-fluid inertial coupling (Biot,
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Fig. 4 Compressional velocity measured as a function of
temperature in Fontainebleau sandstone saturated with
glycerol. Each curve corresponds to a given saturation S. The
velocity origin is for the "dry" sample (curve H); the origin of
each adjacent curve is shifted by 200 my/s.

1956a, 1956b) and the local flow (squirt flow at low
frequency and viscous shear relaxation at high frequency)
principally developed by O'Connell and Budiansky, 1977,
are usually cited as two possible mechanisms.

The characteristic frequency f¢ of the solid-fluid inertial
coupling mechanism is given by

én
fc = (1)

2rips
where 1 and pr are the viscosity and density of pore fluid, ¢
and x are the porosity and permeability of the rock sample
(Bourbié et al., 1986). f; ® 240 MHz in our Fontainebleau

sandstone at 80°C where the glycerol viscosity 1 = 0.3
poise. It is obvious that f. > 240 MHz when T < 80°C.
According to Biot (1956a), Vp and Vs are constant when the
glycerol viscosity varies between - 80°C and 80°C because the
wave frequency (1 MHz) is too small in comparison with
fc.Therefore, Biot's solid-fluid inertial coupling cannot
account for our observations.

In the local flow model (O'Connell and Budiansky, 1977)
the characteristic viscosity-frequencies 1 of the squirt flow
and Ny of the viscous shear attenuation peaks are
approximately given as

no; * Kyo3 @
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Fig.5 Shear velocity measured as a function of temperature
in Fontainebleau sandstone saturated with glycerol. Each
curve corresponds to a given saturation S. The velocity origin
is for the "dry" sample (curve H); the origin of each adjacent
curve is shifted by 200 m/s.

80

nw * Guo (&)
where ¢ is the crack aspect ratio; Ky and Gy are the bulk and
shear modulus of the uncracked solid. For sandstones, the
ettenuation peak of squirt flow is predicted between Hz-poise
and KHz-poise and observed by Jones and Nur (1983) at =
20 Hz-poise, by Tittmann et al. (1984) at = 102 Hz-poise and
by Vo-Thanh (1990) at 103 - 104 Hz-poise. The attenuation
peak of viscous shear relaxation is predicted in the MHz-poise
range and observed by Vo-Thanh (1990) at 108 - 109 Hz-
poise.Our data range from 105-5 to 1015 Hz-poise (Figures 6
and 7); We therefore propose using the viscous shear
relaxation mechanism to intexl)ret our data. We note finally
that, between - 77°C and 100°C and using almost the same
experimental method, Nur and Simmons (1969) observed a
lirge dispersion of Vpand Vgnearn = 0.5 poise in Barre
grenite saturated with glycerol. They suggested that the
viscous shear relaxation mechanism proposed by Walsh
(1969) is the origin of the velocity dispersion.

Viscoelastic Model
Ifia &acﬁon S of cracks is saturated, the complex elastic
uli
P

moduli My in partially saturated rocks can be written as
(Budiansky and O'Connell, 1976)

et al.: Ultrasonic velocities in saturated Fontainebleau sandstone.
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where the indices p, f and d refer to partially saturated, fully
saturated and dry saroples, respectively.

For partial saturation we assume that the saturation in
cracks is the same as the bulk saturation; we discuss the
validity of this assumption later.

As pointed out, the velocity dispersion observed in
glycerol saturated sandstone (Figures 4 and 5) is attributed to
viscous shear relaxation. The contribution of squirt flow is
therefore ignored in the present paper.

P
The bulk Ky, and shear G moduli in partially saturated
rocks for viscous shear relaxation are given by
K 161 - v2)
— = S$+({1-9)l- ————t (&)
Ky 91 -2v)
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Gp 32(1-v") 32(1-v)(5V)
—=8f1- Cel+ (1-S)[1- ————— €| (6)
Gy 15(2-v") 45(2-v)

where € is the crack density of the sample; v, V' and C are
functions of S, €, N, w2, Gp, Gy, the angular wave frequency
o and the Poisson's ratio of the uncracked solid vy
(O'Connell and Budiansky, 1977). )
Discrete characteristic frequency would not be expected in

rocks, owing to variability in crack shapes and widths and to
various interconnections between cracks. A logarithmic

Gaussian distribution F(¢) of crack aspect ratios may be
appropriate in many cases ( cf. Nowick and Berry, 1972)

1 (log o - log ot(,)2
exp|- ——— )]
oy/2n 202

F(o) =

where O, is the central aspect ratio of cracks and © is the
standard deviation of the distribution of crack aspect ratios.
The real parts of the effective moduli in partially saturated
rocks can be written as

<Gp> = f F(o) Gp(or) do ®
& = [FoK@da ®
Interpretation of the Results

To estimate the three model parameters €, 6 and o we
used a trial and error method (Tarantola, 1987) in order to
minimize the cost function D(S), defined as

(Vexp - Vcal)2
DES) = p ——— (10)

on (aexp)2

where Vexp and Vea) are the experimental and calculated
velocities, respectively, and Sexp is the experimental error.
8exp increases with decreasing saturation and increasing
temperature. The three-parameter space € (0 <€ < 0.56), 0 (

106 < 05 < 10)) and 6 (0 < & < 3) was systematically
explored.

The crack density, the central aspect ratio of cracks and the
standurd deviation of the distribution of crack aspect ratios

found for the sample are € = 0.35, 0o = 1074, 6 = 2,
respectively. These values minimize the D(S) functions. They
are consistent with the SEM observation of the replica (Figure
2). Flat intergranular cracks account for the narrow
distribution (o = 2) and low crack aspect ratio (0g = 1074).
Using these estimated parameters we recalculate Vi and Vg
from Equations (8) and (9). Figures 6 and 7 show the
comparison between data, derived from Figures 4 and 5, and
calculations for Vp and Vs as a function of nwatS=1,S =
0.8, S = 0.6, and S = 0, respectively. The agreement is good

at high saturation; the divergence increases with decreasip,
saturation. This is because the global saturation in the rocE
sample is probably not representative of that in cracks.
fact, the reduction in saturation is performed by heating which
favors the evaporation in large pores over that in cracks
because of the capillary forces in cracks. The saturation in
cracks is then underestimated.
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