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Rock mechanics and rock acoustics
Mecanique et acoustique des roches

Felsmechanik und FeIsakustik

E.Fjaer, R.M.Holt & A.M.Raaen
IKU, Trondheim, Norway

ABSTRACT: Acoustical data represent a valuable source of information in rock mechanics,
in particular in cases where direct measurements of rock mechanical parameters are
impossible. By using proper interpretation techniques, acoustic measurements may reveal
information about stress state, static elastic properties and strength, as well as large
scale inhomogeneities as fractures and joints.

1. INTRODUCTION

Rock or soil mechanical parameters are
required for a wide range of engineering
applications, from establishing slope or
foundation stability on the earth surface
to predicting borehole instabilities at
several kilometers depths in drilling or
production of petroleum. Such parameters,
like static elastic coefficients and rock
strength, are often unavailable by direct
measurements.

Acoustic waves, being by nature mech-
anical disturbances, clearly may give
information about rock mechanical features.
Surface seismic recordings give wave
velocities at depth, and when a borehole
has been drilled, VSPs (Vertical Seismic
Profiles) and sonic logs contribute more
detailed analyses. However, the acoustic
waves provide only indirect information, so
there is a need for interpretation methods
by which the rock mechanical parameters can
be obtained.

Current methods of mechanical properties
logging do not take proper account of the
difference between static and dynamic rock
mechanical behaviour. Further, rock
Strength is often deduced from the elastic
moduli. These assumptions clearly have
severe limitations: In particular, in weak
rocks, the difference between static and
dYnamic moduli may be several hundred %.
This paper will discuss the basis of these
assumptions, and review different theor-
etical and empirical models that have been
PUt forward in order to solve the mech-
anical properties logging problem. The
discussion will be accompanied by exper-
imental results, where acoustic measure-
ments have been performed during failure
tests in various rock materials. An

interesting feature of the acoustic beha-
viour, is the development of stress-induced
acoustic anisotropy. This anisotropy is
related to the generation of an oriented
distribution of microcracks, which again
relates to the failure mechanism itself.

In the following, we will discuss how
acoustics can be applied in estimates of
earth stresses (Section 2), elastic moduli
(Section 3), and rock strength (Section 4)
in "intact" rock. In Section 5 we will
briefly discuss how acoustic waves also may
be applied to explore fractured/jointed
rock masses, which is of practical impor-
tance for optimization of oil & gas produc-
tion in low permeability reservoirs, for
preventing leakage into tunnels or mines or
from waste storage reservoirs.

2. ROCK STRESS AND ROCK ACOUSTICS
Experimental experience has repeatedly
proved that acoustic wave velocities are
stress dependant. Besides being a mani-
festation of non-linearity in rock mech-
anical behaviour, this also offers a
potential of indirect stress monitoring
through acoustic measurements.

The effect of an increasing hydrostatic
stress is to increase p- and s-wave velo-
cities. As a general trend, the effect is
more pronounced at low than at high stress
levels. This is exemplified in Fig.I,
showing the pressure dependence of acoustic
wave velocities in a relatively weak sand-
stone.

Pore pressure is generally thought to
affect the sound velocities in accord with
the effective stress principle. This
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Fig. 1. Dependence of acoustic velocities

on external hydrostatic stress in
a weak sandstone.

provides a method of obtaining pore pres-
sure estimates in regions where direct
measurements are not feasible. One example
of such use is in shales above petroleum
reservoirs, where abnormal pore pressures
may cause borehole instabilities during
drilling. Pore pressures are estimated
through deviations of sound velocity from
trendlines expected from normal compaction
by the overburden (Fertl, 1976).

The stress state in the earth is normally
not hydrostatic. Further, near an under-
ground opening like a borehole or a tunnel,
the stresses are redistributed; normally
causing enhanced deviatoric stresses. The
effect of a stress anisotropy on sound
velocities as measured with axially and
radially propagating p-waves in triaxial
tests with various types of rocks is
exemplified in Fig.2. A significant amount
of acoustic anisotropy is developed prior
to and preserved beyond failure: During
initial axial loading, the axial p-wave
velocity increases, leaving the radial p-
wave velocity relatively constant. As
failure is approached, both velocities tend
to decrease, but the decrease in the radial
velocity is often dramatic (more than 50 %
in extreme cases). These observations
remain valid in all rocks investigated by
the authors; including sandstones, chalk,
granite and clays/shales: The quantitative
velocity anisotropy, however, depends both
on rock type and on confining pressure. A
significant attenuation anisotropy has also
been observed (in sandstone, Holt & Fjaer,
1987). A characteristic feature of this
attenuation anisotropy is the loss of

higher frequencies from the radially
transmitted waveforms.

Additional observations of stress-induced
acoustic velocity anisotropy prior to rock
failure have been reported (particularly
for granite) by several authors, for
instance Nur and Simmons (1969) and Holcomb
(1978). Their work focussed on possible
applications in earthquake pr7diction ..

The stress induced changes In acoustIc
velocities and attenuations can be qualita-
tively related to changes in the void space
of the rocks. However, changes in porosity
alone are not sufficient to account quanti-
tatively for the data. Rather, it has
proven valuable to interpret the measure-
ments in terms of microcracks. In crystal-
line rocks, microcracks as isolated
inclusions of low aspect ratios are easy to
visualize. In granular, sedimentary rocks,
microcracks may be thought of as represent-
ative of narrow gaps due to asperities in
grain to grain contacts or narrow pore
channels which may be closed by an external
stress. The effect of hydrostatic loading
is thus to close pre-existing microcracks,
causing a significant sound velocity
increase during initial loading.
Mathematically, effective medium theories
(Kuster & ToksQz, 1974; Budiansky &
O'Connell, 1976) connect p- and s-wave
velocities to the elastic moduli of the
mineral constituents and to the crack
density (, defined (for penny shaped
cracks) as:

( = n <a3) (1)

Here n is the number of cracks per unit
volume, and a is the crack radius. To
explain observations under non-hydrostatic
stress conditions, these theories have been
extended to treat anisotropic orientational
crack distributions (see Crampin, 1984 (and
references therein); Sayers, 1988;
Thomsen,to be publ.; Holt & Fjaer, 1987),
which at least requires one more parameter
characterizing the orientational distri-
bution of the cracks. Physically, axial
loading in a triaxial test causes initial
closing of primarily horizontal microcracks
and associated increase in axial p-wave
velocity. Near failure, dilatant behaviour
in brittle rock involves gen~ration of
primarily vertical microcracks and
associated decrease in radial p-wave
velocity, as observed experimentally
(Fig.2).

Current logging technology does not alloV
reliable measurements of acoustic
anisotropy in-situ. Further developments of
shear wave (multipole source) technology or
tools that allow studies of
circumferentially propagated waves in the
borehole would be valuable for borehole
stress monitoring. For instance, Mao era!
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Fig. 2. Effect of anisotropic (triaxial) stress on sound velocities in 4 different
rocks.The p-wave velocities measured parallel (axial) and perpendicular (radial)
to the maximum compressive stress are normalized with respect to their values
when triaxial loading is started. Notice that the granite sample was tested in
uniaxial stress conditions. The arrows indicate where failure takes place.
Notice that in chalk, this corresponds to onset of yielding since no clear
failure point is identified.

(1984) performed a scaled borehole
experiment where splitting of
circumferentially propagated s-waves was
correlated with the external biaxial
stress. Using an ordinary (monopole)
~ource, Raaen ~~ (1987) observed
Increased attenuations of the different
modes in the full sonic waveform as
borehole failure was approached by external
loading. Thus, amplitude levels might also
be used as stress indicators ill-situ.

Cores taken to the surface are due to
Stress relaxation. Anisotropic anelastic
~trains are measured on-site (see for
Instance Teufel, 1985) immediately after
?oring. Acoustic wave velocities measured
In the laboratory on the unloaded cores
Yield a similar anisotropy. In sandstone,
~he sound velocities are generally lowest
In the direction perpendicular to the
largest ill-situ principal stress (Engelder &
Plumb, 1984; Ren & Hudson, 1985; HoI t et al,

1989). Again, a physical understanding can
be obtained by considering microcracks,
which tend to open during stress release.
These cracks are expected to open up with
their surface normals in the direction of
the major compressive ill-situ principal
stress. Model experiments where synthetic
granular materials are produced by gluing
sand and epoxy under non-hydrostatic stress
conditions confirm the trend above (Fig.3;
see also Ra thore et al, 1989). Reloading
will, unless permanent damage has been
caused by the unloading, increase the sound
velocities and reduce the amount of
anisotropy until a level representative of
previous stress conditions is reached.
Question marks can be raised regarding the
role of intrinsic formation (lithological)
anisotropy. Also, it is not yet clear
whether the preconsolidation stress or the
in-situ stress state has the main influence
on the acoustic behaviour of the unloaded
cores.
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Acoustic emission occurs during loading of
rocks when the peak pre-stress level has
been overcome. This is known as the Kaiser
effect, and has repeatedly been proved
valid as a method to obtain geostresses by
reloading core samples (see for instance
Michihiro ~a4 1985), or as a field
technique by pressurizing the walls of a
borehole (McElroy et al, 1985).
Microscopically, the onset of acoustic
emission is associated with crack growth.
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Vertical (0) and horizontal (0)
p-wave velocities versus vertical

forming stress in sand-epoxy
samples glued under triaxial
stress.
(from Rathore et ai, 1989)

3. STATIC AND DYNAMIC ELASTIC MODULI

Dynamic elastic moduli may obtain:d from
the compressional and shear acoustlC
velocities, vp and vs' and the density p.
As an example, for an isotropic material,
dynamic Youngs modulus, E, and dynamic
Poissons ratio, ~, can be obtained as:

E

~
2- vs
2- vs

(2)

According to elementary linear elasticity,
E and v computed from eq. (2) should be
equal to their static counterparts.

For porous media, numerous experiments
(See e.g. Simmons and Brace, 1965, King,
1970, Cheng and Johnston, 1981, Montmayeur
and Graves, 1985,1986, Lin and Heuze, 1987)
have shown that there may be a considerable
difference between dynamic and static
moduli. Generally, the ratio between
dynamic and static moduli is largest for
weakly consolidated rocks, and it may in
extreme cases exceed one order of magni-
tude. It is found that the ratio decreaseS
if the rock is subjected to an external
pressure (King 1970, Montmayeur and Graves,
1985) .

Acoustic and static measurements are
different in two main respects: There is a
difference in strain and stress rate, given
by the measurement frequency, and in strain
and stress amplitude. The dynamic loading
rate is orders of magnitude higher than the
static, while the amplitude relationship is
the opposite. In addition, the acoustic
load is of course a cyclic load.

There are two main features of porous
media which make the above effects impor-
tant: The presence of (micro-)cracks in
the rock and the presence of the pore
fluid.

Considering first the dry case, an
explanation was suggested by Yalsh (1965).
Yalsh's theory is based on open and closed
cracks in the rock. The two faces of a
closed crack may slide against each other,
reducing the stiffness of the rock,
provided the strain is sufficiently high.
Since the strain amplitude is much lower
and also cyclic for the acoustic wave, such
sliding is less likely to occur, and this
results in a higher stiffness for the
dynamic case. Yalsh also used his concept
to discuss the hysteresis in loading/
unloading cycles in static experiments, and
suggest that the initial phase of the
unloading gives the grain modulus. The
acoustic modulus should be comparable to
this initial unloading modulus.

Holt and Fjaer (1987), presented a model
based on open cracks. From measured
acoustic p-wave velocities, the crack
density ~ and an anisotropy parameter A ~re
determined, from which the dynamic elast1C
moduli are calculated. Like Yalsh, they
assumed that some cracks affect only the
static measurements. They also suggested
that the total crack density ~S governing
the static behaviour is related to the
density ~ obtained from acoustic measure-
ments, by the simple scaling relation

f ~D (3)

where f is a constant. Figure 4 shows an
example of how a "static" modulus calcu-
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Fig. 4. Young's modulus versus axial
strain during a triaxial test
on a dry, weak sandstone.
a. Dynamic modulus,calculated from

l.Dand A.
b. "Static" modulus, calculated

from l.sand A.
c. Measured static (tangent)

modulus.

lated from l.Scompare with the measured
static modulus during a triaxial test on a
weak sandstone. Notice that f is constant
throughout the test. Also notice that
although equation (3) is linear, the resul-
ting conversion of the moduli is obviously
~on-linear. According to this model, there
lS a direct connection between static and
dYnamic moduli in dry rocks.

For the saturated case, fluid effects
must be taken into account in addition to
the crack effects. Fluid (Darcy) flow in
the pores was incorporated in Biot's theory
(1962) for acoustic wave propagation in
poreous media. This causes only a slight
dispersion, a velocity increase of order 5%
~s the frequency is increased from zero to
lnfinity.

Local (squirt) flow between cracks/narrow
Pore channels and open pores induces an
additional dispersion of order 10-20% and
an associated attenuation peak in the kHz
frequency range (See Johnson & Sen, 1984;
and several references therein).

Thus fluid effects may be sufficient to
explain most of the static-dynamic
discrepancy in competent rock, while crack
effects as discussed above probably are
dominant in weak rock.

Hontmayeur and Graves (1986) use Biot
theory to correct the dynamic moduli and
explain the residual difference between
static and dynamic moduli as crack effects.

4. ROCK STRENGTH AND ROCK ACOUSTICS
The propagation of acoustic waves in rocks
is predominantly an elastic process. Rock
failure on the other hand is basically a
non-elastic process. Thus, there is no
direct connection between rock strength and
rock acoustics. However, both acoustic
propagation and rock failure are largely
influenced by the microstructure of the
rock, hence an indirect link may be expec-
ted. Porosity, shape and size of the pores,
properties of the pore-filling material and
cementation are parameters that will have
an impact on both strength and acoustic
properties. Intuitively, a dense and well
cemented framework is both stiffer and
stronger than a poorly cemented framework.
Thus, a positive correlation between sonic
velocities and strength may be expected.

There are several empirical examples of
the link between acoustic parameters and
strength. Elkington ft~ (1982) f. i.
correlated sonic log transit time with
point load strength, and found a rather
vague connection. Also Kazi et at (1983)
found a correlation between uniaxial
compressive strength (UCS) and
compressional wave velocity. Schock (1981)
found that correlations between UCS and
dynamic shear moduli pv~ are better than
correlations between UCS ~nd the
"longitudinal modulus" pVp' however these
correlations are still not very strong. Not
surprisingly, the correlations were found
to be poorer when samples of various litho-
logies were included. In all cases however,
the positive correlation between sonic
velocities and strength is confirmed.

Correlations between static elastic
moduli and strength may also be seen as
manifestations of the link between acoustic
parameters and strength. Such correlations
have been established empirically by for
instance Deere and Miller (1966). These
correlations should not be used directly to
estimate strength from dynamic elastic
moduli, since - as was pointed out in
section 3 - static and dynamic moduli are
not equal in porous rocks. However, after a
proper conversion from dynamic to static
moduli, these correlations may be useful
for estimation of strength from acoustic
data.

The "crack" model previously mentioned
gives a description of the microstructure
of the material, and may thus help to
explain the link between strength and
acoustic properties. Mathematically; the
microstructure is described by the crack
density l.and the anisotropy parameter A
(see sections 2 and 3). For certain
critical values of l.and A the stiffness of
the structure vanishes. During loading, the
parameters l.and A will change gradually
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from their initial values until they reach
this critical limit where the material
fails. The problem is thus to predict how ~
and A will change with applied stress. As
the acoustic properties of the material are
also governed by ~ and A, there is clearly
a link between rock strength and rock acou-
stics. However, the model only describes
how the microstructure is in a given situ-
ation - it does not show how it is going to
change due to a change in load. Thus, addi-
tional information is needed for this model
to complete the link between strength and
acoustic behaviour.

5. ACOUSTIC DETECTION OF FRACTURES

Fractures in rocks are naturally or arti-
ficially induced. In both cases fracture
orientation, fracture width and fracture
spacing will depend on the stress field and
the lithological characteristics of the
formation in question. Typically, frac-
turing occurs on many length scales, so the
acoustic behaviour of a fractured system
depends strongly on the fracture spacing
distribution relative to the wavelength.

A single fracture will act as a filter to
the penetration of acoustic waves (Myer el

ai, 1985). Schoenberg (1980) introduced
linear slip boundary conditions, i.e. a
displacement discontinuity proportional to
the stress, and stress continuity across
the fracture. The influence of a fracture
on acoustic reflection/transmission depends
on the frequency, and on the stiffness of
the fracture itself, which is given mainly
by fracture width and fracture surface
topography. For a given fracture, the
higher frequencies will tend to be lost
from the acoustic signal. The cut-off
frequency decreases with increasing
acoustic mismatch caused by the fracture.

The attenuation caused by fractures is
utilized in the detection of fractures from
logs. Circumferential acoustic measurements
have been used to obtain fracture orien-
tations (Kleinberg et ai, 1984). Of
particular interest is the use of Stoneley
wave attenuation in full acoustic waveforms
as a measure of fracture permeability (Hsu
et at, 1987 ).

Besides causing attenuation, a fracture
system will also cause an effective acous-
tic anisotropy. The fractures are most
likely oriented with respect to the stress
state under which they originated. Vhite
(1979) proposed a simple 3-dimensional
model of spot-welded, rectangular fractured
blocks. The resulting sound velocities can
be calculated on the basis of theory for
compressional/shear deformation of elastic
spheres in contact. Key parameters are
fracture spacings and contact areas. Fig. 5
shows an example of shear. wave velocity
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Fig. 5. Shear wave velocities relative to
the values for intact rock as
predicted by Vhite's model. The,
parameter Rz = NzDzLz, where ~z IS
the number of contacts per unIt
area, Dz is the average contact
diameter, and Lz is the fracture
spacing in the z-direction.
Notice the shear wave splitting.

reduction and shear wave splitting expected
from Vhite's model. Another model for
anisotropic wave propagation in fractured
systems was developed by Schoenberg & Douma
(1988) who considered a system of plane,
parallel fractures. The resulting aniso-
tropy can be described in a manner such
that it is indistinguishable from aniso-
tropy caused by aligned microcracks, which
is proposed to be a main source of observed
anisotropy in the earth's crust (see for
instance Crampin, 1987).

Accounting both for attenuation effects
and the anisotropy of a fracture system
spanning several length scales would give a
better opportunity to utilize corel log/
VSP/ crosshole & seismic measurements in
the evaluation of fractured systems.

6. CONCLUSIONS
Acoustic parameters are good indicators

of rock mechanical behaviour.
Acoustic velocities and attenuations show

a characteristic dependence on the streSS,
state. Under non-hydrostatic stress condI-
tions, a main feature is the development of
measurements, are in general higher than
their static counterparts. In unconsoli-
dated sediments, a difference of one order
of magnitude may be seen. The difference
is explained in terms of microcracks in dry
rocks. A model put forward indicates that
crack density scaling may provide a connec-
tion between static and dynamic moduli in
such cases. Additional contributions to
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the dynamic moduli in saturated rocks are
due to fluid flow.

Since acoustic wave propagation is mainly
an elastic process, while rock failure is
an irreversible nonelastic process, there
is no obvious direct link between acoustics
and rock failure. However, both processes
are dependent on the microstructure of the
rock, which indicates that a relationship
on a more fundamental level should exist.
Indeed, correlations between rock strength
and static elastic moduli have been esta-
blished. Much work remains before a satis-
factory prediction of rock strength form
logs can be done.

Acoustic wave attenuation and anisotropy
are important tools in the detection
f ractures ill-situ. Measuremen ts a t a range of
frequencies ad length scales are necessary
for characterization of an entire
fracture/joint system.
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