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ABSTRACT

The velocity anisotropy parameters and elastic constants play a very important role to estimate Young’s
modulus and Poisson’s ratios accurately. For geomechanics applications such as hydraulic fracturing design,
analysis of wellbore stability and rock failure, determination of in situ stress and assessment of the response of
reservoirs and surrounding rocks to changes in pore pressure and stress, Young’s modulus and Poisson’s ratios
play a very important role. Four rock samples were collected from four different wells situated in study area.
The ultrasonic transmission method has been used to measure P-wave, Sh-wave and Sv-wave travel times as a
function of orientation and confining pressure. The five independent stiffnesses constants, Young’s moduli,
Poisson’s ratios and Bulk moduli of the samples were estimated. The Poisson’s ratios (9,,9, and 9, ) are

varying as the confining pressure is changed. The axial strain is larger than the lateral strain, resulting 4, <9,.

For shales, the Young’s modulus measured parallel to bedding E; is usually greater than the Young’s modulus
measured perpendicular to bedding E;. Through this study it has been observed that, there is a strong effect of
anisotropy parameters on Young’s modulus and Poisson’s ratio.
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1. Introduction vary vertically but not horizontally in the simplest hori-
zontal or layered case. Detecting and quantifying this
type of anisotropy are very useful for correlation of sonic
logs in vertical and deviated wells and for borehole sur-

face seismic imaging and studies of amplitude variation

In hydrocarbon exploration and production theory, one of
the common assumptions in conventional seismic explo-
ration is the subsurface consisting of a series of elasti-

cally homogenous isotropic layers. That assumption is
not true; numerous investigations during the previous
decades have demonstrated the presence of seismic ani-
sotropy in different geological settings and on various
scales [1]. Ignoring these anisotropy effects can adver-
sely influence the result of most basic seismic data proc-
essing and interpretation steps, such as NMO correction,
velocity analysis, stacking, migration, DMO correction,
time to depth conversion and AVO analysis [1-4].

The earth material is said to be transversely isotropic
with vertical axis of symmetry if the elastic properties
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with offset (AVO). The yield information about rock
stress and fracture density and orientation can be esti-
mated by identifying and quantifying the elastic anisot-
ropy and these parameters are useful for designing hy-
draulic fracture jobs and for understanding horizontal and
vertical permeability anisotropy. To understand the elas-
tic anisotropy for more complex cases, such as dipping
layers, fractured layered rocks or rocks with multiple
fracture sets, superposition of the effects of the individual
anisotropies is necessary.

In spite of the fact that shale formations exhibit high
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anisotropies, the study of fracture related anisotropy has
been more intensive, both theoretically [5-12] and ex-
perimentally [13-15]. This is most likely explained be-
cause when anisotropy is observed it can be associated
with fractures, which have a strong impact on permeabil-
ity. Highly permeable rocks can be a good oil reservaoir.
However, in order to associate anisotropy with fracture
zone, a correction for the anisotropic effect of the upper
layers of the sedimentary column that is traversed by the
wave field is necessary. More recently, the influence of
pore fluid on elastic properties of shale has been investi-
gated. Hornby measured compressional and shear wave
velocities up to 80 MPa on two fluid saturated shale
samples under drained conditions [16]. One sample from
Jurassic outcrop shale was recovered from under sea and
stored in its natural fluid, and the other is Kimmeridge
clay taken from a North Sea borehole. Measurements
were made on cores parallel, perpendicular, and at 45° to
bedding. Values of anisotropy were up to 26% for com-
pressional and 48% for shear wave velocity, and were
found to decrease with increasing pressure. The effect of
reduced porosity was, therefore, concluded to be more
influential on anisotropy than increased alignment of
minerals at higher pressure. The elastic constants, veloci-
ties and anisotropies in shales can be obtained from tra-
ditionally measured on multiple adjacent core plugs with
different orientations [17]. To derive the five independ-
ent constants for transversely isotropic (TI) rock, Wang
measured three plugs separately (one parallel, one per-
pendicular, and one +45° to the symmetric axis). The
advantage of this three plugs method is redundancy for
calculation of the five independent elastic constants,
since each core plug measurement yields three velocities.

Sandstones are rarely clean; they often contain miner-
als other than quartz, such as clay minerals, which can
affect their reservoir qualities as well as their elastic
properties. The presence of clay mineral and clastic sheet
silicates strongly influences the physical and chemical
properties of both sandstones and shales [18]. Clay can
be located between the grain contacts as structural clay,

in the pore space as dispersed clay, or as laminations [19].

The distribution of the clay will depend on the conditions

at deposition, on compaction, bioturbation and diagenesis.

While most reservoirs are composed of relatively iso-
tropic sandstones or carbonates, their properties may be
modified by stress. Non-uniform compressive stress will
have a major effect on randomly distributed microcracks
in a reservoir. When the rock is unstressed all of the
cracks may be open, however, compressional stresses
will close cracks oriented perpendicular to the direction
of maximum compressive stress, while cracks parallel to
the stress direction will remain open. Elastic waves
passing through the stressed rock will travel faster across
the closed cracks (parallel to maximum stress) than
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across the open ones. The sands and sandstone are intrin-
sically isotropic unless they are fractured, finely layered
or clay bearing. Wang shows that the brine-saturated
Africa reservoir sands, which are essentially clay free,
have very little anisotropy (average P-anisotropy and S-
anisotropy are probably within the measurement uncer-
tainties) [17]. For the brine saturated tight sands, the
anisotropy is 5.0% for the P-wave and 3.3% for the
S-wave when averaged over all samples at all pressures.
At the net reservoir pressure of 7500 psi (51.7 MPa),
anisotropy is slightly lower, averaging 4.6% and 3.2%
for P-and S-waves, respectively. Gas-saturated tight
sands and shaly sands show some degrees of anisotropy,
ranging from 0% to 36% for P-waves and 0.3% to 19.5%
for S-waves. When averaged at all pressures, the anisot-
ropy is 9.9% for the P-wave and 5.5% for the S-wave.

There are various methods to estimate anisotropy pa-
rameters. Wang presented a method for measuring seis-
mic velocities and transverse isotropy in rocks using a
sing core plug [17]. Wang pointed out that shale cores
must be preserved. Otherwise, once a shale core is dehy-
drated, fractures will develop along the bedding plane,
and the measured seismic velocities and anisotropy will
no longer be accurate [20].

Leslie [21] determined the Thomsen anisotropic pa-
rameters ¢ and é by measurement of head wave velocities
along the seismic lines. This method obtained more real-
istic anisotropic parameters than those measured in the
laboratory, but needs to ensure that the spread is of suffi-
cient length so that the refractor velocities measured are
from rocks below the weathered layer.

In this paper four kinds of core samples; Dry Sand-
stone, Shale, Sandy Shale and Saturated Sandstone were
collected from Tripura oil field. The purpose of this pa-
per is to estimate effects of elastic anisotropic on
Young’s moduli and Poison’s ratios. We used the ultra-
sonic transmission method to measure V,, Vg, and Vg,
wave velocities, as function of confining pressure from 1
MPa to 40.3 MPa. Using these velocities five independ-
ent stiffnesses have been calculated and hence Thom-
sen’s parameters as well as geo-mechanical parameters.

2. Methodology
2.1. Sample Preparation

The four kinds of core samples namely dry sandstone,
shale, sandy shale and saturated sandstone were collected
from the Tripura field in the zone between 1910 - 2200 m
and were analysed. Each specimen had diameter 25.4
mm and length 50 mm. The samples had significant lat-
tice preferred orientation. Before performing the test the
specimens were cored using diamond drill and the ends
of the specimens were ground flat and parallel to
+0.001mm/mm To get more effective result the sam-
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ples were also checked for flaws and defects. In a vac-
uum oven at 170°C for 20 hours the specimens were
dried. Next, using digital balance the dry mass of sam-
ples was measured. The dry bulk density was computed
by dividing the volume by the mass of the samples. After
completing, the sandstone was water saturated and the
bulk density was computed.

2.2. Experiment Procedure

For each specimens three velocities were measured, one
compressional wave and two orthogonal shear wave as a
function of pore pressure and confining pressure. Each
specimen was jacketed and secured between a matched
set of ultrasonic transducers having resonant frequency
1.0 MH. Specimen reference system has the x-axis par-
allel to the lamination in the foliation, the y-axis normal
to the lineation in the foliation and z-axis perpendicular
to the foliation plane. Main frequency of ultrasound
transducer is 1 MHz. Volume change can obtained from
linear strains in three directions which is determined
from the piston displacement through necessary correc-
tion. Each polarization is sequentially propagated
through the rock and each waveform is determined from
the data using the appropriate correction for the travel
time through the transducer assembly. The experiments,
on dry and saturated specimens, were conducted at con-
fining pressures from 1 Mpa to 40.3 Mpa.

It is necessary to core specimens in three directions:
vertical, horizontal and at an intermediate angle between
vertical and the plane of isotropy (Figure 1), to measure
traverse isotropy completely. Three velocities were
measured in each direction, leading total nine velocities

z

45 DEGREE

X

Figure 1. Traditional three-plug method for measuring
transverse isotropy in laboratory core samples. Three ad-
jacent core plugs (one parallel, one perpendicular, and one
+45 to symmetry axis) must be cut from whole cores and
velocities measured to derive the five elastic constants
(Wang, 2002).

OPEN ACCESS

for each sample. The particle polarization and the direc-
tion of propagation of the three modes of propagation, P
Sy and S, in the stratigraphic column within the zone of
interest are shown in Figure 2.

Both in room dry and full water saturation conditions,
sandstone specimens were tested. But for shale and sandy
shale it is difficult in saturating these rocks. So, only in
room dry conditions the shale and sandy shale specimens
were tested.

It was assumed that, the effective hydrostatic pressure
is the difference between confining pressure and pore
pressure. The pore pressure was kept constant while the
confining pressure varied (drained regime). The confin-
ing pressure was varied from atmospheric pressure up to
the reservoir effective pressure condition in dry specimen.
But the effective pressure never exceeded the reservoir
pressure in saturated specimens. However the pore pres-
sure was varied from atmospheric pressure up to a pres-
sure approximately 32% higher than the reservoir pres-
sure condition.

2.3. Mathematical Analysis

In this paper only the standard three plug method will be
discussed since it is commonly used in oil exploration.
Standard three plug method is by far the most common
measurement approach. The method requires the extrac-
tion of three core plug along prescribed orientation rela-
tive to the assumed symmetric axes. These orientations
are parallel, perpendicular and typically 45° to the verti-
cal symmetry axis. Either static or dynamic ultrasonic
laboratory measurements can be performed on these
plugs to provide the magnitude of tensor elements
C..Cy.C,,Cy and C; (Mavko, 1986). These five
elastic constants can be recast into more geophysical
meaningful parameter [1].

The relation between stress Gij) and strain (e, ) in
vertical transverse isotropy (\VTI) is given by the follow-
ing relation as:

05 =Ci€y D

45 Vo90)
Y% " W " V00

Vsv(0) Yo (45) :;\T‘fsvm}

Figure 2. Scheme of sample preparation and velocity meas-
urements in shales. Wave propagation and polarization
with respect to bedding-parallel lamination is shown.
Numbers in parentheses indicate the phase velocity angle
with respect to the bedding-normal symmetry axis (Vernik
and Nur, 1992).
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where Cjjq is the Voigt matrix [22].

From Figure 1 it is seen that if the axis is denoted by
Z, the other two principal axes (X and Y) are parallel to
the transversely isotropic plane. In this coordinate system,
the stiffness matrix C is expressed as:

Cll C12 C13 O
ClZ C22 C13 0
C13 ClS C33 0
0 0 0 C,
o 0 0 0 C, O
0 0 0 0 0 Cg]

o O O o
o O O o

()

From the above Equation (2), Voigt matrix C, there are
five non-zero independent elastic constants:
C.,C3,C5,C, and Cgg. The sixth elastic constant is
C,=C,-2C, . Here, C, is the in-plane compres-
sional modulus, C,, is the out-of-plane compressional
modulus, C,, is the out-of-plane shear modulus, and
Cgs s the in-plane shear modulus, C,; is an important
constant that controls the shape of the wave surfaces.

Using five elastic stiffness C;;, a bulk modulus, one
vertical Young’s moduli, E; and one horizontal Young’s
modulus E; and three dynamic Poisson’s ratios can be
determines for a hexagonal material as follows [23]:

_ C33 (Cll + ClZ ) B 2C123

= @)
2C,+C, +C,, —4C,
E — [Cas (Cll +C12)_2C123J(C11 _C12) (4)
' C33C11 - C13
E - |:C33 (Cll + C12 ) - 2C123] (5)
: C11 + C12
= & (6)
C11 + C12
C,,C,, —C2
312 — 3312 123 (7)
C11C33 - C13
C.(C,-C
913 _ 13( 11 12) (8)

C11C33 - C123

These dynamic Poison’s ratios Equations (7) and (8),
9, , are indirect measure of the ratio of the lateral to axial
strains when the uniaxial stress is applied in the same
direction of axial strain.

There are three types of velocity anisotropies (¢,y
and &) known as Thomsen’s parameters and can be
estimated by the following mathematical equations sug-
gested by Thomsen [1]:

2 o 2 o
P Ciu—Cy :VP (90 )_VP (0 ) )
2Cy, V2 (0%)
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Cee — C44 _ VS?‘ (900 ) _VSﬁ (OO ) (10)
2C,, 3 (0°)

(C13 + C44 )2 B (C33 B C44 )
2C33 (C33 - C44 )

2

5= (11)

3. Result and Discussion

Four types of rock samples that represent elastic and
anisotropy behaviour in the sedimentary column: dry
sandstone, saturated sandstone, shale and sandy shale
have been collected from Tripura oil filed. Each of these
rocks types exhibit varying sensitivities to confining
pressure, and as a consequence the anisotropies are af-
fected differently as the confining pressure varies. The
behaviour of the elastic anisotropy for the different rock
types as the confining pressure is increased (Figures 3-6).

2 ] /

£

9 30 —

[0}

2

D .

1S

(0]

o

= .

@

[02]

= 10 —

o

=

= .

00— K=K Zo 1 XK e

Ik y
He—d—X 5

0 10 20 30 40
Confining Pressure in Mpa

Figure 3. Comparison of Thomsen’s parameters as a func-
tion of confining pressure for dry sandstone.
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Figure 4. Comparison of Thomsen’s parameters as a func-
tion of confining pressure for shale.
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Figure 6. Comparison of Thomsen’s parameters as a func-
tion of confining pressure for saturated sandstone.

The analysis shows that the anisotropy parameters are
increased as the confining pressures are increased for all
the rock samples except saturated sandstone. Figure 6,
shows that the anisotropy parameters are decreased when
confining pressure are increase up to 15 Mpa, but again
anisotropy parameters are increased with increasing con-
fining pressure beyond 15 Mpa up to 40 Mpa for satu-
rated sandstone.

3.1. Shale

Figure 7 shows that the Poisson’s ratio 4,,%, and
9, varies as the confining pressure is raised. It has been
observed that 8, and &, are slightly decreased as
confining pressure is increased. The difference between
9, and 9, remains approximately constant over the
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whole range of frequency, while §, remains approxi-
mately constant as the confining pressure is raised. 4,
is an indirect measure of the ratio of lateral to axial strain
when the specimen is under uniaxial stress in the direc-
tion X. The high and almost constant value of &, indi-
cated that the rock is very stiff and linearly elastic in the
plane XY as consequence of the absence of voids and
discontinuities in this plane.

9, is an indirect measurement of the ratio of lateral
strain to axial strain when the sample is subjected to
uniaxial stress in the direction normal to the plane of
isotropy Z 8, is smaller than §, because the speci-
men is softer in the vertical direction than in the horizon-
tal direction. The vertical direction is perpendicular to the
foliation plane. Between the layers, there are discontinui-
ties or void space filled with gas, liquid, or viscous or-
ganic material that increase the compliance of the rock in
this direction. Thus the axial strain is larger than the lat-
eral strain, resulting %, <4,. Consequently, the axial
strain rate is also less than the lateral strain rate, resulting
in a decrease in 9, as the pressure increased. The
analysis of the sample shows that , has similar be-
haviour to 9, , however, the coefficients larger because
the strain in the X direction is smaller than the strain in
the Z direction, when the rock is compressed in the Z
direction.

Figure 4 shows that the variation of velocity anisot-
ropy as a function of confining pressure. Our analysis
found that & remains approximately constant while
confining pressure is increased, but ¢ and y are in-
creased slightly as the pressure is increased.

3.2. Sandy Shale

Figure 5 shows that, the V, anisotropy, &, is bigger that
the Sh-anisotropy, y within the confining pressure
range. Oriented fractures affect the V,-anisotropy more
than the Vg,-anisotropy. When an Sh-wave propagates in
the vertical and horizontal directions, the particle is po-
larized parallel to the plane of isotropy, and it always
encounters more rigid material. However, when a P-wave
propagates in the vertical and horizontal directions, the
polarization of the particle and the direction of propaga-
tion are perpendicular and parallel to the plane of isot-
ropy, respectively. The P-wave polarized in the vertical
direction encounter softer material than the P-wave po-
larized in the horizontal direction. But our analysis shows
that the V,-anisotropy and Vg-anisotropy are not ap-
proaching same value within our confining pressure
range. That implies that the fracture of the specimen is
not close within our pressure range. However, the ani-
sotropic caused by preferred orientation of minerals, by
fracture, and by layering are always due to the fact that
the material is softer in the direction perpendicular to the
direction of preferential orientation than in the direction
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Figure 7. Relationship between Poisson’s ratio and confining pressure for shale.

parallel to it.

3.3. Dry and Saturated Sandstone

At low pressure, the V, anisotropy ¢, is higher than the
Vg, anisotropy y, and they trend to approach the same
value at higher confining pressure. However, & shows
almost constant at all pressure. At higher pressure, the
anisotropy is still controlled by the incomplete closures
at the cracks.

After saturation Vy(0°) and V(45°) increase , while
Vs (0°) decreases. Vj(0°) and V((45°) increase because the
material is less compressible. A pore filled with fluid
resists compression in a similar way when it is filled with
solid material. The difference between V,(0°) for dry and
for saturated sandstone decreases as the confining pres-
sure is increased However, the difference between
V¢(0°) for dry and for saturated sandstones remain ap-
proximately constant The decrease in Vy(0°) is caused
by a significant increase in the bulk density, while Cy4
remains approximately constant (Figure 8). This ex-
plains why the difference between V4 (0°) for dry and
V4(0°) for saturated does not change as the confining
pressure is increased. V,(90°) shows a significant in-
crease after saturation. The significant increase is due to
the polarization of the particle and the directions of
propagation are perpendicular to the plane of isotropy,
and fluid have a strong effect in this direction. The stiff-
ness Ca; shows a pronounced increase reaching the same
value as Cy;. C44 remains approximately constant and Ceg
shows a slight decrease (Figure 8) after saturation.

After saturation, the P-wave anisotropy significantly
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decrease. However, y shows only a slight increase and
remains increasing as the confining pressure is increased.

3.4. The Effect of Anisotropy on the Young’s
Moduli and Poison’s Ratios

The strong effects of anisotropy parameters &, and
o on vertical and horizontal Young’s moduli and the
Poisson’s ratios are shown in the Figures 9-16. The ver-
tical Poisson’s ratio significantly decreases with ¢ for
all four rock samples, while the horizontal Poisson’s ratio
increases. On the other hand, both of the Young’s moduli
increase with ¢. The anisotropy parameter y has a
completely different type of effect, the horizontal and
vertical moduli show slightly constant at low » but it
increases as y increased. The vertical and horizontal
Poisson’s ratio show opposite effects with .

We showed that anisotropy has significant effect on
the two key parameters; the Young’s modulus and the
Poisson’s ratio. In fact there are two Young’s moduli and
at least two Poisson’s ratios and they vary significantly
with the magnitudes of the anisotropy parameters &,y
and &.

4. Conclusions

The study found that, the elastic anisotropy parameters
are key factors which affect the estimation of hydrocar-
bon reservoir characterisation parameters. To estimate
more accurate hydrocarbon reservoir characterisation
parameters, we need vertical P-wave and S-wave veloci-
ties and three anisotropy parameters. With high quality
and high resolution surface seismic data, we can reason-
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ably estimate &,y and &, and for the remaining pa-
rameters, we must depend on the downhole data, wire
line measurements including sonic scanner and borehole
seismic such as walk away vertical seismic profiling. Our
laboratory experiments on core samples will only be
beneficial to obtain valid empirical relationships among
some of the parameters to develop a starting model.

Thus through this study we proposed a prestack full
waveform AVO inversion in a VTI medium constraining
elastic parameters based on depth velocity analysis of
P-wave surface seismic data and other information
available.

This study also suggested that the Young’s moduli and
Poisson’s ratios that the driller must have are the static
moduli, not the dynamic moduli estimated through seis-
mic experiment. The relationship established themselves
in this study is laboratory based. The static moduli is
larger than dynamic Young’s moduli by the factor 2 and
it may vary basin to basin.

The initial model can be integrated by adding drilling
and micro seismic monitoring, initial production, and
estimated ultimate recovery data for updation.
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