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Abstract

The direction of the fast horizontal shear wave velocity (FSH direction) is frequently
used as an indication of the direction of the maximum horizontal principal stress. However,
together with the stress induced anisotropy, the wave velocity anisotropy will also be
dominated by the inherent anisotropy including the effects of sedimentary and tectonic
structures. This study carefully evaluates the influence factors of wave velocity anisotropy
in Taiwan Chelungpu-Fault Drilling Project (TCDP) borehole. The anisotropic compliance
tensors of sandstones and mudrocks were derived from the laboratory wave measurement.
The equivalently continue model was used to evaluate the compliance tensor of jointed
rocks, which considered the anisotropy distribution of discontinuities. The lithology was
identified as the most influential factor on the wave velocity anisotropy. The dip angle of
the bedding plan is also a dominating factor. Surprisingly, the joints distributed in the rock
mass are not significantly influencing the wave velocity anisotropy. Generally, the
measured FSH directions of sandstones can be accounted by the anisotropy of sandstones.
When the dip angles are steeper (in a depth greater than 1800 m), the measured FSH
directions of siltstones seems dominated by the dip direction of bedding planes. The spatial
variations of the FSH direction in siltstones could be related to the low inherent anisotropy.
This study demonstrated that determining the direction of the maximum horizontal principal
stress from the FSH directions should consider the influence of inherent anisotropy of rock

mass base on the TCDP borehole data.

Keywords: TCDP, shear wave anisotropy, inherent anisotropy, fast shear wave velocity,

maximum horizontal principal stress

1. Introduction

The directions of the fast horizontal shear wave
velocity (FSH) measured in boreholes are sometimes
used as indications of the maximum horizontal
and Zoback, 20063a).

However, the wave velocity anisotropy can orient

principal stress (Boness
from the inherent anisotropy of the medium (e.g.,
alignment of minerals or grains; bedding plane,
aligned macroscopic fractures, and faults) in addition
to the anisotropic stress state (Alford, 1986; Mueller,
1991; Sayers, 1994; Brie et al., 1998; Boness and
Zoback, 2004; Boness and Zoback, 2006b). In this
case study, the influence of inherent anisotropy
(including bedding planes and joints) on the direction
of FSH is quantitatively evaluated. The available data,
includes the borehole logging and laboratory testing
produced from the Taiwan Chelungpu fault Drilling

Project (TCDP) was used (Lin et al., 2007; Yeh et al.,
2007; Wu et al., 2008; Yabe et al., 2008; Louis et al.,
2008; 2012; Hung et al., 2009; Haimson et al., 2010).
The appropriateness of using the direction of FSH to
evaluate the direction of maximum horizontal

principal stress will be presented.
2. Methodology

In this study, two sources of inherent anisotropy
of rock mass were considered, namely: intact rocks
(bedding plane and micro-fractures), and joints.
Christoffel equation (Musgrave, 1971) was used to
link the anisotropic wave velocity and the elastic
stiffness (or elastic compliance) of the medium. The
coordinate system used is showed in Fig. 1. Axes 1, 2,
and 3 represent East, North, and up directions,
respectively. Axes 1°, 2°, and 3’ are the dip direction,
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strike, and normal directions of the bedding plane of
the sedimentary rocks.

2.1 Elastic compliance of intact rocks

If the wave velocities parallel and perpendicular
to the bedding plane of the intact rocks are available,
we can easily obtain the elastic stiffness matrix (in the
coordinate system of 1°, 2°, and 3°) as follows:
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The above elastic stiffness matrix (6%6) can be

expressed as a tensor by Voigt notation C{%),

(Musgrave, 1971). Accordingly, the compliance

tensor S,.(,ff’k),l, in the 1’-2’-3” coordinate system can
be derived from C\%), easily. After coordinate

system transformation, the compliance Sj;;’ of the

intact rocks in 1-2-3 coordinate system can be
obtained.
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Fig. 1 Coordinate system.

2.2 Elastic compliance tensor of jointed rock mass
Oda (1988) proposed an equivalent continuum

model for describing the elastic compliance of jointed
rock mass. The joints were represented by sets of
parallel plates connected by two springs in normal
and shear directions. The elastic compliance tensor of
the jointed rock mass (excludes the influence of intact

rock) in 1-2-3 coordinate system can be expressed as
follows:

SG =/ h=1/g)Pyy +

- )
(1/4g)(0uPy + Sy Py + 6y Py + 6, Py)

where F;, P, are the crack tensors reflected the
joints characteristic (i.e. orientation (7 ), the volume
density of joint ( p.) and diameter of joints (r)),

which can be calculated as follows:

B; = (np, /4)J‘rm Lr3ninjE(nc,r)iler (3)

By = (ﬂpc /4)J;rm IQr3nin_/nkn,E(nC,r)der 4

The # and § in Eq. (2) represent the averaged

normal and shear stiffness, respectively, which can be
calculated using Egs. (5) and (6).

l?z(h+coy1N,-j) (5)
g =g0,N; Q)
Ny :JQn,-njE<nc)dQ (7)

The h and g in Egs. (5) and (6) are constants. ¢
is aspect ratio which is introduced as a measure of
crack shape. The ratio is assumed as a constant in this
study. The N; is a directional density function that
describe the probability of the normal vectors in
different direction.

2.3 The velocity anisotropy of rock mass
To calculate the velocity of rock mass along

certain direction, the Christofell equation (Eq. (8))

can be used.
Iy —plh2 I, I'; U,
F21 Fzz —pV2 r23 U2 = 0 (8)
I3 Iy Iy —pV2 || Us

Ty =Cii'nyny is the Christofell matrix, which is a
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function of the wave direction ny and elastic

stiffness tensor of the rock mass Cj . The p and

V' represent the density of rock and wave velocity
respectively. Based on the eigenvalue pl2 and the
eigenvector U , the wave velocities and the
polarized direction of three waves (one is P-wave

velocity V,, the others are S-waves V) can be

obtained.

2.4 Data

The data of sonic wave velocity of host rock we
used are from Louis et al. (2008; 2012). They
measured the P-wave velocity of the sandstone and
siltstone retrieved from TCDP hole A. Based on the
measured wave velocity, the siltstone is a transversely
isotropic material which is mainly dominated by the
bedding plane. Sandstone is orthotropic under
atmosphere pressure for the presence of micro
fractures normal to the bedding plane. However, with
increasing confining pressure, the orthotropic nature
gradually transformed into transversely isotropic
(Louis et al., 2012). As the results, both siltstone and
sandstone are considered as a transversely isotropic
material in this study. The measured P-wave velocity
of Louis et al. (2008; 2012) was used to evaluate the
elastic constants of intact rocks. The required S-wave
velocity of sandstone and siltstone was estimated

from velocity ratios (R=V,/V;) of 1.5 and 1.9

(Castagn et al., 1985). Notable, the wave velocities
propagating through shales and siltstones are assumed
identical and these two rock types are represented as
mudrocks in the following analysis. That is, the
laboratory wave velocity measurement of siltstones
was used to represent the wave velocity of mudrocks.

To determine the parameters of equivalent model
(normal vector of joints n and the volume density

of joint p.), we use the borehole image of TCDP

hole A documented by Wu et al. (2008). The normal
stiffness proposed by Cheng (2006) and the shear
stiffness proposed by Oda (1988) was used.

To evaluate the velocity anisotropy, the velocity

anisotropy ratio A and FSH direction Dgg; was

used. A can be calculated as follows:

A = 100 * (Vszfjast - I/'szfslow )/ V;%slovt' > (9)
where V2, and VZ,, are the fastest and slowest

shear wave velocity.
3. Results

3.1 Observed velocity anisotropy from logging

Fig. 2 shows the measured anisotropy ratio of
shear wave velocity A4 (purple line, unit: %), and
FSH direction Dpgsy (red line, unit: degree). The
fault zones (e.g. FZA1111, FZA1525, FZA1679)
were identified by Yeh et al. (2007) from core
analysis data. It can be observed that the Drsy is
influenced by the fault zones. Besides, it is obvious
that the changes of Drsy and A decrease with
increasing depth.

Furthermore, it appears that lithology is a
dominating factor of the anisotropy of shear wave
velocity. As shown in Fig. 2, Dpgsy in sandstone is
mostly distributed in 120° and A decreases with
and A of
siltstone and shale are relatively scattered. The

increasing depth. However, Dprsy

general trend of Dpsy and A are described as

follows:

(1) The velocity anisotropy ratio A in sandstone
decreases from about 30% to 10% with
increasing depth.

(2) Generally speaking, FSH direction Dpgsy in
sandstone mostly distributed in 110° - 120°.
Above 750 m, Dgsy is relatively scattered,
which abruptly approached to north (0°) or east
(90°) than back to 120° soon, especially in
500m — 650m. Right below -1650 m, Dgsy
abruptly approached to 180° and gradually
decreased to 60°, than back to 120°.

(3) The velocity anisotropy ratio A4 in siltstones
and shales (mudrocks) are more scattered than in
sandstone. The velocity anisotropy ratio A4 is
significantly influenced by fault zones. Notable,
A abruptly increases from 10% into 30% below
1785 m.

(4) Similar to the case of sandstones, FSH direction
Dpsy in  siltstones and shales are mostly
concentrated within 110° - 120°. However, the
measured Dpsy  for siltstone and shale is
relatively scattered. Apparently, the Dpgsy is
also influenced by the presence of fault zones.
Interestingly, at a depth greater than 1785m, the
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FSH direction Dpgsg concentrated at about
105° (The dip direction of formation). Notable,
the dip angle abruptly changed from 30° to about
60° below 1785m (Yeh et al., 2007).
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Fig. 2 The shear wave velocity anisotropy of
sandstone, siltstone and shale. Purple line represents
the velocity anisotropy ratio A4 . Red line represents
the FSH direction Dpgsy . FZA represents fault zone.

3.2 Calculated velocity anisotropy neglecting the
influence of joints
Based on the Christoffel equation and the elastic

compliance matrix of intact rocks (sandstone and
mudrock) derived from the wave velocity measured
by Louis et al. (2008, 2012), the anisotropy ratio A

and the FSH direction Dgsy on arbitrary plane can
be calculated. It is indicated by Louis et al. (2008,
2012) that the anisotropy of intact rocks is mainly
dominated by the bedding plane for mudrocks and
dominated by the micro fractures which are parallel
to the dip direction for sandstones. As aforementioned,
the orthotropic nature of sandstones transformed
gradually into transversely isotropic nature when the
confining stress increased. The studied rocks are

assumed as transversely isotropic materials. The
isotropic plane of mudrock is bedding plane while
that of the sandstone is the micro fracture which is
perpendicular to the bedding plane. That is, the
anisotropy of sandstone is only dominated by the
micro fractures. Since the shear wave velocities of
sandstones are confining stress sensitive, the pressure
dependent nature of sandstone was considered.

The elastic compliance tensor was derived from
the measured P-wave velocity (Louis et al., 2008;
2012) and the estimated S-wave velocity (from the

velocity ratios (R=V,/V;)). Based on the inferred

elastic compliance tensor, the A, Drsy , fastest and
slowest shear velocity ( Sy, and Sy, s) of siltstone
and sandstones can be calculated by Eq. (8). Fig. 3
shows Syyr and S),s of siltstone with different
dip angles, which propagating in vertical direction
and polarized in horizontal direction. The red and
blue lines represent the fastest and slowest shear
wave velocities. The pink line is the velocity
anisotropy ratio A . From Fig. 3, A of siltstone is
increased with increasing dip angle. Notable, A is
low (~5%) when the dip angle below 30 degree. A4
of sandstone will not be influenced by the dip angle
of bedding plane for the normal of the micro fractures
is on the horizontal plane. However, the Drsy will
identical to the dip direction of the bedding plane
since the strike of the micro fractures is parallel to the
dip direction. Meanwhile, the velocity anisotropy
ratio of sandstone is decreased with confining stress
(Fig. 4) where a lower law is assumed to represent the

stress dependence (Louis et al., 2012).
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Fig. 3 Shear wave velocity anisotropy changes with
dip angle in siltstone.
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Fig. 4 Shear wave velocity anisotropy changes with

confining pressure in sandstone.

Yeh et al. (2007) documented that the dip
direction is 105°. The dip angle is about 30 degree
above 1710 m and 60 degree below 1710 m. The
calculated and measured anisotropic shear wave
velocities are shown in Fig. 5. It is obvious that
Drpsy and A of sandstone are decreased with

increasing depth. The spatial variation is insignificant.

That is, the anisotropy of sandstones is well depicted
based on the elastic compliance of intact rock.
However, in mudrock, there is a significant mismatch
between the predicted and measured anisotropy. It
indicated that other factors such as joints or in-situ
stress could dominate the anisotropy. Notable, the
predicted results in depth below 1785 m of mudrocks
are closed to the measured ones. The dip angle
abruptly increased from 30° to 60° (Yeh et al., 2007)
could account for the good prediction. That is, the
wave anisotropy below 1785m is mainly dominated
by dip angle.

3.3 Calculated velocity anisotropy considering the
influence of joints

Wu et al. (2008) reported TCDP core image.
Accordingly, the joint orientations required for Oda’s
equivalent model are available and the anisotropic
characteristics of the elastic wave of rock mass
around TCDP hole-A. Six depth intervals were
selected with uniform lithology to calculate the
Drsy and A . The results are summarized in Table
1. The influence of joints on the anisotropy of
sandstone and mudrock is insignificant. It is
reasonable for the anisotropy induced by joints will
decrease with increasing depth.
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Fig. 5 Calculated and measured anisotropy (velocity
anisotropy ratio 4 and FSH direction Dpgsy ) of
the elastic wave velocities.
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Table 1 The calculated wave anisotropy of the rock

mass around TCDP hole A.
Rock mass Rock mass
Depth . . .
(m) Lithology | (neglecting (considering
joints) joints)
700- A%) | 27 | 4©®%) | 24
sandstone
740 Dign | 105" | Dpgy | 105
840- A%) | 26 | A%) | 24
sandstone
856 Drsiy | 105 | Dpgy | 106
856- A (%) 5.5 A (%) 5.0
mudrock
1012 DFSII 150 DFSII 140
1350- A (%) 5.5 A (%) 53
mudrock
1529 Drgy 15° Dy 14
1600- A (%) 23 A (%) 21
sandstone
1641 Drsyy | 105" | Dpgy | 106°
1785- | ek LA 200 A (%) 200
1855 Dpsy | 15 Dpsy | 14

4. Discussion

4.1 Host rock induced wave anisotropy factors

Based on the measured anisotropy (logging data),
lithology is the most important factors inducing wave
velocity anisotropy. Furthermore, the depth and dip
angle are also dominating factors on the wave
velocity anisotropy.

The measured and calculated Dpsy and A are
listed in Fig. 5. The corresponding lithology are also
indicated (yellow: sandstone; brown: siltstone; green:
shale). Fig. 5 shows that the measured FSH direction
Drsy of sandstone (blue dots) is well predicted
(Drsu is 105° for the dip direction of the bedding
plane is 105°; Fig. 6) using the laboratory obtained
elastic compliance of intact rocks although the
measured one demonstrated spatial variations. Fig. 7
is the histogram of Drgsy (concentrated in about
100° — 120°) measured in sandstone from borehole
logging data. That is, the measured Dpgsy is well
depict only based on the elastic compliance
anisotropy of intact rock Drsy .

The predicted Dpgsy of mudrock (siltstone and
shale) is 15° (Fig. 5), which is highly deviated from
the measured one. However, the measured Drsy
gradually changed below 1785 m and the direction
varied from east (90°) to north (0°). This difference is
caused by the variation of the dip angle changing
from about 30 degree to 60 degree. As indicated in
Fig. 3, the anisotropy of the mudrock will increase

with the dip angle of the bedding plane. Above 1785
m, the anisotropy of the mudrocks is too low to
obtain an identical Dpgsy . For velocity anisotropy
ratio increased significantly below 1785 m (purple
color, left part of Fig. 3), the measured Dpgsy tends
to be dominated by the strike of the bedding plane
(N15°E), which is illustrated in Fig. 6. The measured
anisotropy ratio is close to the calculated ones (20%).
The spatial variation of the measured Drsy of
the sandstones is relatively low. The high anisotropy
ratio accounts for the stable Dpgsy . Meanwhile, the
measured anisotropy ratio support that anisotropy
ratio of sandstones will increase with increasing
depth (Fig. 4; pink dash line). Based on Fig. 4, the
A decreased from about 30% to 20% when the
depth increased from 500 to 1860m (effective
confining pressure increased from 6 to 23 MPa if a
submerge unit weight of 1.22 g/cm’ is assumed).

Up Up
Mudrock

Sandstone

Strike
Dip direction

Strike
Dip direction

«— Fast shear wave
«—» Slow shear wave

— Wave propagating
direction

Fig. 6 The sources of wave anisotropy of sandstones
and mudrocks.
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FSH Direction Dy, (°)

Fig. 7 The histogram of Dgsy measured in

sandstone from borehole logging data.
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4.2 Influence of Joints on anisotropy of elastic
wave velocity

The joint induced wave anisotropy decreases with
increasing depth (or stress), which is significant in
shallow depth (Boness and Zoback, 2006a). To
demonstrate the influence of stress on the anisotropy,
the rock mass in the depth interval of 828 — 884m
(sandstones here is taken into account an isotopic
material) is evaluated. Fig. 8(a) shows the
orientations of the joint distributed in the studied
depth interval. The parameters used were listed in

Table 2.

Table 2 Parameters used in the Oda model.

r (m) 0.2
h (MPa) 360
g () 200

Fig. 8(b) shows that the anisotropy ratio is
decreased rapidly with increasing depth. It is because
that the aperture decreased with increasing confining
stress rapidly. Therefore, the compliance tensor of

(©)

joints S,/ becomes smaller than the compliance

tensor of host rock Sf;;’. As depth reaches 800 m,

the joint induced anisotropy ratio is only 3%.
Meanwhile, the predicted wave anisotropy A is
26% at -800m if the host rock (sandstone) is assumed
as a transversely isotropic material. It suggests that
the wave anisotropy will be dominated gradually by
host rock with increasing depth. In TCDP logging
data (Fig. 2), the tendency of wave anisotropy 4
gets smaller with depth is because the effect of joints
decreases gradually.

(b) 50

%
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1
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Wave velocity
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=}
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Fig. 8 (a) Orientations of the joints distributed in the
depth interval of 828 — 884 m. (b) The velocity

anisotropy ratio of rock mass in the studied depth

interval.

Besides, the joint length is uncertain in this
study because the data are from logging and core.
Besides, the wvertical resolution of the average
transmitter-receive spacing of DSI logger is about 4
meters (Schlumberger, 2004). Therefore, it is possible
that the acute variation of 4 and Dgrsy is caused
by local change of joint orientation or existence of
longer joint. The Oda model (1986) is only valid for a
representative elementary volume (REV) which
contains enough number of cracks. The measurement
volume of velocity log is less than the REV of the
Oda model. We speculate that the model prediction
failed to capture the local variation of the wave
anisotropy which dominated by the abruptly change
of joint characteristics (e.g. length, orientation or joint
density).

5. Conclusions

This study used the laboratory wave velocity
measurement of intact rocks, equivalent continuum
model for describing the elastic compliance of jointed
rock mass, and discontinuities data to evaluate the
dominating factors of the wave anisotropy. The
TCDP borehole A was used as a studied case. Based
on the logging data, it is obvious that the wave
anisotropy characteristics in sandstone and siltstone
are different. The wave anisotropy in sandstone is
mainly dominated by confining pressure, but the
influence of bedding plane is significant for siltstone.

Based on the anisotropic elastic compliance of
sandstones and mudrocks derived from laboratory
wave velocity measurement, the calculated wave
anisotropy of intact rocks (neglecting the influence of
joints) generally comparable to the measured
anisotropy from borehole velocity logs. The
measured FSH directions of sandstones could be
dominated by the micro fractures perpendicular to the
bedding planes. When the dip angles become steeper
(in a depth greater than 1785 m), the measured FSH
directions of mudrocks seems dominated by the dip
direction of bedding planes. It suggests that the
inherent anisotropy of intact rocks accounts for the
wave anisotropy.

Relatively, the influence of joints is insignificant
using the Oda model and assumed parameters,
especially at a depth greater than 500 m. However,
the discontinuities separate the source and receiver of
the velocity logging could explain the scatters of the
measured FSH directions and the wave velocity
anisotropy ratio.

To conclude, determining the direction of the
maximum horizontal principal stress from the
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direction of the fast horizontal shear wave velocity
should carefully consider the influence of inherent
anisotropy of rock mass.
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