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Abstract

This paper presents relationships for estimating horizontal
stresses based on the assumptions that the in situ stress state
in a petroleum basin is controlled by the bounding normal or
thrust faults at a limit equilibrium and that the fault block is
linear elastic and plane strain condition applies in the
direction parallel to the strike of the fault. These relation-
ships are an extension of an earlier study and include the
effect of residual friction angles on the estimation of
horizontal stresses at depth.

The result shows that re-orientation of the minimum
principal stress is possible after faulting depending on the
Poisson’s ratio of the formation. Predictions based on the
relationships are compared with the stress data obtained in
normal and thrust fault conditions as well as with the change
in the minimum horizontal stress induced by the pore
pressure depletion. The results show that to match the field
stress data, a relatively low residual friction angle (10° - 30°)
on the fault is required. This is further supported by the
numerical modelling of the in situ stresses in the Cusiana
field in Colombia, and is consistent with the residual friction
angles measured in laboratory or back-calculated based on
earthquake mechanism.

Introduction

A knowledge of in situ stresses at depth is essential for the
design of drilling and completions for oil and gas wells,
including well trajectory and mud weight selection, well
casing design, and sand production and horizontal well
stability prediction. Where the topographic surface in the area
of interest is horizontal, it is generally accepted that the

59

vertical stress is a principal stress and is equivalent to the
total weight of the overburden. Determination of horizontal
stresses is more complex, particularly the minimum
horizontal stress and is the first obstacle to overcome in the
quest for the knowledge of the in situ stresses at depth.

The standard leak-off test, routinely conducted to test
casing shoes strength, is commonly used but 1ncons1stently
interpreted as an estimate of the minimum horizontal stress’
*. The test is normally performed two or three times in a well
at the casing shoes, and they provide insufficient information
about the changes of the stress within different lithologies, at
different depths and at different stages of production. Indirect
estimates of the in situ stresses is often.required due to this
paucity of reliable field measurements.

The elastic uniaxial strain model, based on a passive basin
assumption, has been commonly used in estimations of the
horizontal stresses. The predictions of the horizontal stress
results from gravitational forces alone as the rock deformation
is laterally constrained and no horizontal displacement
occurs, under these conditions the horizontal stress is
calculated as:

1 1-2y
e (e o) ‘

where v is the Poisson’s ratio, p is the pore pressure and
o, and o, are vertical and horizontal stresses respectively. By
definition for the above boundary conditions, the two
horizontal stresses are equal in magnitude (Oy=0p).
Variations in stresses in different lithologies are accounted for
by using different Poisson’s ratios for different rock types.
However the Poisson’s ratio has a theoretical value of less
than 0.5, as such, a maximum principal stress oriented
horizontally cannot be accounted for. Furthermore, faults
bounding and compartmentalising reservoirs and breakouts in
boreholes are commonly observed, indicting that the two
horizontal stresses are not equal at depth. This makes the use
of the passive basin assumption (Eq. 1) for stress estimations
questionable.

Other methods and bases for horizontal stress estimation
have been proposed, the main hypotheses are based on
uniform strain applied horizontally to formations of varying
stiffness, which enables stress contrasts in different
lithologies to be accounted for. Secondly, failure based
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hypotheses have been proposed for two conditions: the rock
mass and the intact rock is at the point of limit equilibrium,
or that stress is controlled by the weakest element in the rock
mass - a favourable oriented and dominant fault, and the fault
is at the point of limit equilibrium. These models are still
relatively simple as they are monotonic loading models which
cannot consider, analytically, stress rotations following the
formation of the fault™S,

Reservoirs are commonly, if not invariably, bounded by
faults. Seismic activities associated with production and water
injection are recorded in a significant percentage of
hydrocarbon producing basins™®, indicating active fault
sliding. The stress changes to induce the seismic activity is
typically small, approximately 1 MPa’, implying that the
stress state on the fault is at or near limit equilibrium. In a
previous study™®, horizontal stresses are estimated based on a
boundary condition of limit equilibrium on the normal and
thrust faults, incorporating peak strength for fault friction
which is only applicable when new faults are generated or
when the fault residual friction and fault angle are consistent
(o= 45-¢°/2, where ¢’ is fault residual friction angle).

This paper develops new analytical expressions for
horizontal stress estimation by incorporating fault residual
friction strength. The relation between stress state and fault
angle is established. The effect of fault angles on the stress
estimation is assessed. Conditions under which the stress state
is affected by the fault are given. The paper will compare field
measurements with the numerical results and the analytical
expressions for the stresses acting at depth. Field stress
conditions as well as the stress magnitudes can be satisfied
using the analytical expressions with a range of fault angles
and fault friction angles.

Horizontal Stress Estimation in Faulted Regions:
Analytical Expression

Andersonian fault system. In Anderson’s classification
system, faults are classified as three “pure” types, i.e., normal,
thrust and strike-slip''. It is assumed that one of the principal
stresses is vertical and the other two are horizontal. Faplt
types are related to the magnitudes of the vertical and
horizontal principal stresses. Normal faulting takes place
when the maximum stress is in the vertical direction. A thrust
fault is formed when the maximum principal stresses lies
horizontally and the vertical stress is the minimum principal
stress. For a strike-slip fault to take place, both maximum and
minimum principal stresses must be horizontal and the
vertical stress is the intermediate stress.

Fig.1 shows a simplified shear stress vs shear
displacement relation on a fault plane during and after
faulting. A fault is formed or re-activated when the shear
stresses on the fault exceeds the shear strength of the
formation or the fault. The shear strength may remain
unchanged as represented by the dashed line, or may drop to
the residual strength of the fault, as represented by the solid
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line. By assuming that the shear strength on the fault is
unchanged, Addis et al'® developed a set of stress equations
for the prediction of horizontal stresses. Following a similar
approach, this study focuses on the effect of decreasing shear
strength characteristics of the fault zone resulting from the
development of a residual friction at large deformations and
the effect of this residual friction on horizontal stress
estimation. In this study the stresses causing faulting or re-
activation of a pre-existing fault are represented by the Mohr-
Coulomb criterion.

Effect of fault angle on stress estimation. The normal and
shear stresses (T, 0,)on a fault plane can be written as

7=1(0, - 05)sin2a 5

o, =40, +0;)~1(0, - 0;)cos2ax
where « is the fault angle between the maximum principal
stress and fault plane. The sliding condition on a pre-existing
fault plane may be written as

T=0,'tan¢’ 3
where 0," = G, - p.

Substituting Eq.2 into Eq.3 and re-arranging, the fault
sliding condition can be expressed in terms of maximum and
minimum principal stresses as

O3 r
—= =K, +(1-Ky)— 4
o = Kat (1= Ka) >
where
- sin(2a + ¢') —sin ¢’
“  sinQRa + ¢') +sin ¢’

Fig.2 shows the effect of fault angle on the ratio of the
minimum to maximum principal stresses as a function of
fault angle. It is can be seen that the stress ratio reaches its
maximum

O3 _1-sing’

2sing’ p 5
Of max 1+sing’

1+sin¢' o,

when a = 45 - ¢'/2, i.e., the fault is the weakest at this fault
angle, hence maximum stress ratio is needed to maintain the
fault in a stable condition. This fault angle is said to be
consistent with the fault residual friction.

Conditions of sliding along a pre-existing fault. Limits on
fault residual friction and fault angle exist for sliding along a
pre-existing fault. For a given fault residual friction angle,
sliding will take place only when the fault angle is within the
range:

l[arcsin( si.n¢'] - ¢'] << l[l 80¢ — zu'csin( si.n¢') - ¢'} 6
2 sin¢g 2 sin¢

in which stress state is effected by the existence of the fault.
Outside the range, sliding cannot take place and the stress
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state is controlled by the strength of rock formations rather
than the fault strength. A new fault with a fault angle of o =
45 - ¢/2 will be formed when the stress state is greater than
the rock formation strength, where ¢ is the friction angle of
intact rock.

For a given fault angle o, the maximum allowable fault
residual friction angle can be expressed as:

sin 2o sin ¢ ] 7

' max < Brctan
¢ max (l—cosZasinq)

for which fault sliding will take place on the pre-existing
fault. When ¢’ > ¢, the fault has no effect on the stress
state which is limited by the strength of rock formation.

Horizontal stress models based on residual friction of
normal fault. Following the formation of a normal fault, the
friction angle is reduced from that of intact rock to the
residual friction angle on the fault plane/zone. Assuming that
the maximum principal stress remains vertical and equal to
the overburden, and the pore pressure is unchanged, from
Eq.4 the normalised minimum horizontal stress acting on the
fault can be expressed as:

a"‘=K‘,+(l—Ka)-6_’f: 8
Note that for sliding along a newly formed fault, the fault
angle is controlled by the friction angle of the intact rock. For
subsequent sliding along a pre-existing fault, the fault angle
and friction angle of intact rock may no longer be related to
each other directly. The normalised minimum horizontal
stress as a function of residual friction angle of the fault is
plotted in Fig.3.

The maximum horizontal stress will be related to the
stress conditions before as well as after a fault is formed.
Assuming that the in situ stress state is defined by a passive
basin condition before faulting (Eq.1), and that a plane strain
condition may apply in the direction parallel to the strike of
the fault during faulting and subsequent sliding - simulating a
pure dip-slip motion on the fault - the stresses acting on the
fault blocks can be estimated. It is further assumed that the
faulted block acts in a linear elastic manner. The magnitude
of the maximum horizontal stress can then be calculated as

%1‘—=v(1+x,,)+[1—v(1+1<,,)]3’—:— 9

The ratio of the maximum to minimum horizontal stresses as
a function of fault residual friction angle is plotted in Fig.3.
Two stress regimes can exist after faulting, depending on the
magnitudes of the Poisson’s ratio. If

v2 K, I (1+Ky) 10

is satisfied, the “pure” undisturbed normal fault stress
condition is maintained, and the minimum horizontal stress is
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acting on the fault, For v<K, /(1+K,), the minimum

horizontal stress re-orientates in the direction parallel to the
strike of the fault, i.e, normal to the plane strain boundary.
The value of the Poisson’s ratio separating the two stress
regimes is 0.33, for a fault with a fault angle of 30° and a
residual friction angle of 20°,

From Eqs.8 and 9, the ratio of the horizontal stresses can
be expressed as

oy 1 4
;’T=K{V(I+K‘X)+[Ka_V(1+Ka)]a} 11
Eqs.9 and 11 are plotted as a function of pore pressure
gradient in Fig.4. The anisotropy of the horizontal stresses
depends on the magnitude of the pore pressure gradient. Over
pressurizing leads to an increasingly isotropic stress state.

Horizontal stress models based on residual friction of
thrust faults. For thrust fault conditions, the maximum and
minimum principal stresses are the maximum horizontal and
the vertical stresses, respectively. Following the formation of
a thrust fault, the maximum and minimum horizontal stresses
can be derived following a similar procedure to that applied to
the normal fault condition. The magnitude of the maximum
horizontal stress acting on the fault plane can be expressed as

o p
L= Kp+(1-Kp) = 12
4 v
and the minimum horizontal stress as
oy 14
0—=v(1+Kp)+[1—v(1+Kﬂ)]o— 13
v v

which is orientated in the direction parallel to the strike of the
fault, where Kg= I/K, The normalised maximum and
minimum horizontal stresses are plotted as a function of fault
residual friction angle in Fig.5 for a range of the Poisson’s
ratios.

Again, two stress regimes exist depending on the value of
the Poisson’s ratio, fault angle and fault residual friction
angle. The horizontal dashed line in Fig.5 defines the
boundary between the two stress regimes. The “pure” thrust
fault condition is maintained after faulting above the
boundary. However, it becomes a strike-slip stress system
blow the dashed line and both the maximum and minimum
principal stresses lie in a horizontal plane. For a given fault
angle and fault friction angle, o, =20, when

v21/(1+Kp) 14

is satisfied, i.e., a “pure” thrust fault stress condition is
maintained. This corresponds to v > 0.33 for a fault angle of
30° and fault residual friction angle of 20°.

From Eqgs.12 and 13 the horizontal stress ratio for “pure”
dip-slip thrust deformation can be written as,

o

=
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On ___ ' k. _ vy vl 15
g, v(1+Kﬂ){Kp [Kp(l v) v]ov}

The stress state defined in Eqs. 13 and 15 becomes
increasingly isotropic with increasing in pore pressure
gradient, an observation similar to that for a normal fault
condition. This is purely a function of the use of frictional
criterion on the fault planes, as the normal effective stresses
diminish with increasing pore pressure, the differential stress
to mobilise the fault decreases.

Comparison Between Stress models and Field Data

Eqs.8 to 15 developed in this study provide relationships
between the three principal stresses based on boundary
conditions of normal or thrust faults. The principal stresses
are related to each other by a relationship based on fault
residual friction and an assumption of plane strain condition
in the direction parallel to the strike of the fault. The stress
equations predict that the minimum principal stress can re-
orientate by 90° for certain value of the Poisson's ratio, and
the stress orientations associated with the three “pure” types
of faults may no longer maintained after faulting.

A comparison between the model prediction and field data
is required in order to assess the validity of the stress
equations. Before estimates can be made for the horizontal
stresses, the fault and formation properties must be known,
including fault residual friction angle, fault angle in relation
to the maximum principal stress and the Poisson’s ratio of the
formation. These data are rarely available. As such, the
following examples are used to illustrate how these stress
equations can be used to reproduce field stress data, when the
input data are available or can be reasonably assumed.

It is interesting to note that the horizontal stress calculated
using Eqs.8 to 15 are relatively insensitive to the choice of
fault angle ranging from 20 to 40 degree. A change in fault
angles from 20 to 40 degree causes a change in the calculated
minimum horizontal stress less than 5% (normalised by the
stress calculated at fault angle of 30°) for a fault residual
friction angle of 15°, and this change decreases to 3.5% for a
fault residual friction angle of 25°. A fault angle is related to
the intact rock friction angle when the fault is newly formed.
For a typical intact rock friction angle of 30 to 45°'% the
associated fault angle has a range of 30 to 22.5°. For the
calculations describéd below, this range of fault angles are
used in matching field stress data.

Two types of field data are analysed: the magnitudes of
the minimum horizontal stresses and their response to pore
pressure depletion.

In situ stress data, normal faults. Fig.6 shows the measured
and calculated minimum horizontal stresses together with the
back-calculated fault residual friction angle. The stress data
are obtained from three areas as described below. They were
selected because of relatively large number of high quality
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stress data and well defined rock properties.

Western Canadian Basin. Instantaneous shut-in and
closure stresses were published from the records of over 100
minifrac tests conducted in Western Canadian basin®.
Majority of the measurements were made in reservoir
sandstones, some of which exhibited formation pressures that
had been lowered by production. Many of the minimum
horizontal stress data suggested a normal faulting stress
boundary over much of the Alberta plains. However, higher
values of the minimum horizontal stress were obtained from
wells within or near the foothill of Rocky Mountains, due to
existence of a thrust faulting stress regime'*. The vertical
stress is assumed to be 25kPa/m, equal to the overburden
gradient'®, The data obtained within or near the foothill of
Rocky Mountains were excluded from analyses to avoid the
uncertainties in the stress regime.

Measurements on core samples showed that the
sandstones have a static Poisson’s ratio of greater than 0.3'S,
Assuming that this value of the Poisson’s ratio is
representative of the sandstone formations in the basin, then a
“pure” normal fault stress system is likely to be maintained
after faulting for a fault residual friction angle of greater than
19° (Eq.10). The calculated minimum horizontal stress, Eq.8,
based on these values is presented in Fig.6. A residual friction
angle of 20 - 22° is required to “best” match the field stress
data. Some large discrepancies exist between the stresses
calculated from Eq.8 and measured. This is probably due to
the fact the data set was obtained from a large area, and the
stress state may not be controlled by a single normal fault (or
a set of normal faults with similar fault properties).

East Texas basin. Stress measurements were made by
conducting small volume hydraulic fracturing tests in GRI's
SFEI, 2 and 3 wells in East Texas basin. The minimum
horizontal stress data were obtained from an estimation of
closure stresses®. The vertical stress is estimated to be 24
kPa/m and is the maximum principal stress. The tests were
conducted in sandstone, mudstone and shale formations. But
only the data obtained in the sandstone and mudstone
formations are analysed in this study.

Both static and dynamic Poisson’s ratios were measured
on the preserved sandstone cores®!’. The sandstones have an
average static and dynamic (saturated) Poisson’s ratio of 0.17
and 0.23 respectively. The mudstone has a static Poisson’s
ratio of 0.27 - the dynamic Poisson’s ratio is unavailable.

If the dynamic Poisson’s ratio for sandstones and static
one for mudstones are used in the analyses, a fault residual
friction angle of 31° to 32° is required in order to “best”
match the measured stress data. The minimum horizontal
stress is predicted to be acting on the fault, which is
consistent with the tensile and shear fractures observed in
sandstone and mudstone cores'®,

DOE MWX site Colorade. Small volume hydraulic stress
measurements (minifracs) were conducted at the US DOE’s
Multiwell Experiment (MWX) site to determined the
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distribution of the minimum horizontal stress magnitudes
with depth. The tests were conducted in sandstone and shale/
siltstone/mudstone formations'®, The minimum horizontal
stresses were estimated from closure stress while the vertical
stress was assumed to be equal to the weight of the
overburden rocks. The average minimum horizontal to
vertical stress ratio is approximately 0.85 in sandstone
formations and approaches 1 in shale/mudstone formations.

Application of Eq.8 to the data set shows a fault residual
friction angle in the range of 18 to 20°. The Poisson’s ratios
measured from sonic logs were 0.24 and 0.2 for
shale/mudstone and sandstone formations respectively'’,
These values are lower than the Poisson’s ratio required to
maintain a “pure” normal fault stress system for the range of
fault angles (22.5 to 30°). As such the minimum horizontal
stress would be predicted to re-orientate to the direction
parallel to the strike of the fault, i.e., on the plane strain
boundary. Application of Eq.9 shows that a very low fault
friction angle of 10 - 13° is required to “best” match the field
stress data. Although some differences exist between the
measured and calculated horizontal stresses, the model is able
to predict the trend of the stress magnitudes in different
lithologies (higher stress in shale/mudstone and lower stress
in sandstone formations),

In situ stress data, thrust faults. Eq.14 predicts that for
certain low values of Poisson’s ratio re-orientation of the
minimum principal stress by 90° is possible, and the stress
system changes to “strike-slip” after faulting. The re-
orientated minimum principal stress lies in a horizontal plane
in a direction parallel to the strike of the fault and the vertical
stress becomes the intermediate principal stress. This
predicted stress system is consistent with the measurement in
the Western Canadian foothills'*'*,

The minimum horizontal stress measured in the foothills
has a magnitude of 0.92+0.2 psi/ft, and is acting in a
direction parallel to the structural trends of the fault planes.
The vertical stress is the intermediate principal stress and has
a gradient ranging 1.09 - 1.23 psi/ft. The maximum
horizontal stress, acting on the fault, is the major principal
stress and its gradient is 1.28 + 0.48 psi/ft.

Assuming the pore pressure in the foothills is defined by a
hydrostatic gradient, this thrust fault stress system can be
satisfied with Poisson’s ratio of 0.25 - 0.3, a fault residual
friction angle of 10° and fault angle of 30°.

Depletion data. The passive basin assumption is most
commonly used in predicting the minimum horizontal stress
responses to variation in reservoir pressures. This is expressed
as (from Eq.1):

&‘_a_=(’_ﬂ) 16
Ap 1-v

The stress equation developed for normal and thrust fault
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conditions provided alternates to Eq.16. For a normal fault
condition, a change in the ratio of the minimum horizontal
stress to depletion may be expressed as:

A% .-k, 17

Ap
forv2 K, /(1+K,) and

AA‘;" =[1-v(+ &) 18

for v< K, /(1+K,);

For a thrust fault stress condition, a change in the ratio of
the minimum horizontal stress to depletion may be expressed
as:

Ao,
Ap

=[1—v(1+1<ﬂ)] 19

for v<1/(1+ Kg) . For a Poisson’s ratio less than this value,

the vertical stress is the minimum principal stress and is not
affected by the pore pressure depletion. The depletion
relationships of Eqgs.17 to 19 are presented in Fig.7 as a
function of fault residual friction angle and Poisson’s ratio for
both normal and thrust fault conditions. A wide range of
depletion ratios from O to 1 is predicted.

Measurements of the minimum horizontal stress using
hydraulic fracturing technique at different stages of
production allow the changes of the minimum horizontal
stress to be assessed as a function of reservoir pressures. Pore
pressure depletion induced minimum horizontal stress
changes and their effect on wellbore stability was discussed
extensively by Addis?®?'. Some of the field depletion data
together with the Poisson’s ratios for the fields are reproduced
in Table 1.

The minimum horizontal stress responses to the pore
pressure change are calculated using the Poisson’s ratio
derived for the fields based on passive basin assumption,
Eq.16 and are presented in Table 1. A discrepancy exists
between the calculated and measured depletion ratio. This
could be caused by the choice of representative Poisson’s
ratio, as discussed by Addis et al'®, or due to incorrect
assumption of passive basin.

Assuming that the stress fields in the reservoirs are
controlled by active normal faulting, Eq.17 or 18 is used to
match the filed data. For the given Poisson’s ratios, the field
depletion data can be closely matched by a fault residual
friction angle of 19 - 23° for a fault angle range between 22.5
to 30°, with exception of Ekofisk field (Table 1). A high fault
friction angle of 40 - 41 is required to match the Ekofisk data.
The fault friction angle appears too high, in the range of
expected value of intact formation friction strength. The
discrepancy could be due to incorrect choice of Poisson’s ratio
or fault angle range but is more likely due to the structure of
Ekofisk and the fact that the reservoirs has undergone
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considerable compaction.

Horizontal Stress Estimation in Fauited Regions:
Numerical Modelling

An example of the limitations of trying to estimate horizontal
stresses by traditional methods is provided by the Cusiana?®?’
oil field in the Eastern Cordillera of Colombia, South
America. The field is set in tectonically active foothills where
the geology is characterised by high horizontal stresses,
steeply dipping beds, numerous faults and alternating
sand/shale sequences. The active deformation is dominated by
movement on thrust faults. Many drilling difficulties were
attributable to wellbore instability with hole sizes often
exceeding two or even three times bit size. The conventional
approach to addressing this requires at least a knowledge of
the stress state and rock strengths so that theoretical stability
calculations can be applied to calculate the range of mud
weights which will maintain hole stability.

In this case, it soon became apparent that the stresses
could not be estimated by traditional methods. In a true thrust
regime, Andersonian fault mechanics predict the maximum
principal stress to be horizontal and in the thrust direction,
and the minimum to be vertical. However, the growing field
evidence suggested that the minimum principal stress was
horizontal and parallel to the mountain front - more
representative in theory of a strike-slip setting. All subsequent
information has confirmed this. How can this be explained?
Indeed, it was this basic question that initially prompted the
theoretical work described in this paper (and in Addis et
al.!%). Moreover, at the same time it was recognised that due
to the complex structure of the area, the stress state was likely
to vary spatially, and that to gain further insight into the
wellbore instability issue, a more complete description of the
stresses was desirable - something that the simpler analytical
expressions were unlikely to yield. The likely variability of
the stress field and the inability to characterise it completely
by measurement - an operationally difficult and prohibitively
expensive approach - led to the decision to gain an
understanding of the stress field by computational stress
analysis - a novel application of this established engineering
tool.

The chosen modelling tool®® incorporated the identified
key structural features - the basic geometry, the faults (as
discrete interfaces), the lithological contrasts and the current
tectonic loading. The modelling was based on a series of two
dimensional, plane strain, vertical cross sections
corresponding to interpreted seismic lines through the
Cusiana structure. Stress orientation determined from
wellbore breakout analysis confirmed a very uniform direction
for the maximum horizontal stress, which is consistent with
the thrust direction, and with the assumption that the
modelled section is a principal plane. The material was
modelled in the simplest way that incorporates the main
aspects of the mechanical behaviour of the system - intact
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rock as an elastic, Mohr Coulomb plastic solid, and the faults
as simple frictional surfaces. After applying gravitational
loading, representative tectonic boundary conditions were
derived by laterally loading each model so as to mobilise (the
right direction of) movement on the major faults. In other
words, the modelling aim was to satisfy all geomechanical
requirements (kinetic and kinematic) for an incremental
displacement on the existing geometry - no attempt was made
to reproduce the entire structural evolution. As such,
computed solutions were expected to represent upper bounds
to the stresses.

Intact rock properties were measured from core which
showed typical measured peak friction angles of 20° and >40°
for shales and sandstones, respectively. The friction angle of
the faults was one of the variable parameters in the numerical
models and was varied between 10° and 30°. To honour the
geomechanical requirements and maintain consistency with
the known geometry, the faults had to be much weaker than
the intact rock - typically with friction angles of less than one
half of the intact rock value; a fault friction angle of 18° was
used to match the available field data in most of the models.
A typical result, Fig.8, illustrates some important points
which the simple analytical calculations presented in this
paper cannot readily capture - for example, faults are rarely
planar, and principal stresses can be rotated away from
lithostatic (particularly near major faults), and the predicted
stress magnitudes are inhomogeneous. The numerical
modelling however also confirms some of the predictions
from the simple analytical solutions, Egs. 12 to 14, and
confirms that under some circumstances, the principal
stresses can re-orientate post-faulting so that the stress
magnitudes would indicate a “strike-slip” regime, whereas in
reality the kinematic constraint imposed by the existing fault
geometries combined with the reduced fault strength
determines the character of subsequent movements - thrust
versus - strike-slip. In this sense, the numerical modelling
agreed with the simpler analytical predictions, and provided a
potential key to understanding the Cusiana stress state.

The Friction Controlling Movement on Faults

The work to date has concentrated on the assumption that
stresses acting in elastic rock masses bounded by faults can be
defined by the strength of the fault planes or fault zones. The
approach developed earlier'® of a fault plane orientation
which is consistent with the fault friction, has been expanded
to differentiate between the fault orientation dictated by a rock
mass peak friction angle and the subsequent residual friction
angle which develops on the fault as a result of increasing
deformation and fault gouge development®.

In the comparison of the published field data and the
predictions from the equations presented here, the orientation
of the fault plane has been assumed, as this is rarely noted in
publications, and the residual friction angle required to match
the field measured stresses have been back-calculated. The
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derived residual friction angles are in the range 10-30°: 20-
22° for the Western Canadian Basin, 31-32° for the East
Texas basin, 18-20° (10-13°) DOE MWX site Colorado, 10°
for the Western Canadian foothills and 18° from the Cusiana
numerical models. As these values are based on certain
assumptions, the effective friction values likely to characterise
fault sliding has been sought from other sources, as input to
analytical expressions described in this paper for stress
estimation.

The first reference that is normally quoted for frictional
strengths of faults is the work undertaken by Byerlee!? who
collated the friction of a range of rock types reported in the

open literature. The conclusion by Byerlee was that the
expressions,
1 = 0850, for ¢, < 200MPa 20

7 =05+0.60, for 6o > 200MPa 21

could describe the majority of frictional responses in intact
rocks and rocks with finely ground surfaces. However,
Byerlee states that faults normally contain gouge and that the
frictional resistance of these faults will be “strongly
dependent” upon the properties of the gouge, the values of
which can be very low if comprised of clay minerals.
Consequently, a maximum value for fault friction could be
taken as 31° (friction coefficient = 0.6)%.

A collation of residual friction angles and friction angles
measured on fault gouge material measured in the laboratory
and back calculated from fault movements®®*! is presented in
Table 2. The data comes from low stress tests but with large
shear dispalcements*>*, from high stress tests but in triaxial
tests with characteristically low displacements ***6%7 and
from a back calculated value from analysis of field seismic
events’®, Table 2 shows that the range of friction angles from
different sources point to values which are significantly lower
than those represented by Egs. 20 and 21. The friction angles
typically vary from 4 to 39°, with the detailed values in the
references tending to show values less than 20°: these residual
friction angles would be obtained with material compositions
exceeding 50% clay content®®3*, The values presented in
Table 2 do not all correspond to residual friction angles,
which would be the large strain friction values which best
represent the friction angle on a fault plane, as these are
limited to the low stress results. However, the extrapolation of
this residual friction angle data to high stress environments
would normally lead to even lower values. These laboratory
and field data tend to support the fault friction angles back-
calculated in this study.

Another issue concerning the selection of the most
appropriate fault friction angles to include in numerical and
analytical models concerns the drainage state of the fault
gouge. The tests results reported in Table 2 are friction angles
measured during drained tests. The deformation along a fault
will vary and can behave in a drained or undrained manner as
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the rate of deformation increases: the pore pressures
generated during high deformation strain rates resulting from
an “undrained shear”. Such an undrained shear will lead to
“self lubrication™ of the fault surface and result in even lower
apparent friction angles for the fault gouge than expected.

Conclusions

Relationships are established for the horizontal stresses based
on assumptions that the in situ stress state in a petroleum
basin is controlled by the bounding normal or thrust faults at
a limit equilibrium and that the fault block is linear elastic
and plane strain condition applies in the direction parallel to
the strike of the fault. The horizontal stresses are estimated
from the vertical stress, pore pressure and the mechanical
properties on the fault plane and the rock formations. These
relationships are an extension of an earlier study'® and
include the effect of residual friction angles on the estimation
of horizontal stresses at depth.

The result shows that re-orientation of the minimum
principal stress is possible after faulting depending on the
Poisson’s ratio of the formation. This re-orientation in the
minimum principal stress direction is confirmed by the stress
measurements in the thrust fault regions. Predictions based on
the relationships are compared with the stress data obtained
in normal and thrust fault conditions as well as with the
change in the minimum horizontal stress induced by the pore
pressure depletion. The results show that to match the field
stress data, a relatively low residual friction angle (10° - 30%)
on the fault is required. This is further supported by the
numerical modelling of the Cusiana field in Colombia, a
relatively structurally complex region, and is consistent with
the residual friction angles measured in laboratory or back-
calculated based on earthquake mechanism.

Caution should be taken in applying these relatively
simple relationships in estimating the horizontal stresses.
Further validation of the relationships is needed with well
defined fault and formation mechanical properties, including
the fault angle, and high quality in situ stress data.

NOMENCLATURE

C, = Vertical total stress, m/Lt?, MPa

0, = Maximum horizontal total stress, m/Lt%, MPa

o,= Minimum horizontal total stress, m/Lt*, MPa

o, = Normal stress on the fault, m/Lt?, MPa
= Shear stress on the fault, m/Lt?, MPa
p= Pore Pressure, m/Lt>, MPa

Ap = Pore pressure depletion, m/Lt3, MPa

Ao‘h = Min. horizontal stress change, m/Lt%2, MPa

¢=Internal friction angle of the intact rock, deg.
¢'= Residual friction angle of the fault, deg.

@'max = Max. residual friction angle of the fault, deg.
Poisson’s ratio
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o= Angle of fault plane to C,, deg.

. - 2
0,> 0,> 0,= Principal stresses, m/Lt*, MPa

81 Metric Conversion Factors

ft x 3.048" E0l=m
psix 6.894757 E+00 =kPa
.Conversionfactorisexact.
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Acy/Ap v Eq.(17)
0.8 0.33-0.38 0.75-0.5
0.56 0.3 0.57
057 02-03 0.75-0.57

0.532 0.2-0.25 0.75-0.67

0.55 0.21 0.73

¢ Eq()
40-41 0.78-0.8
21-22 0.55-0.56
22-23 0.56-0.58
19-21 0.532
20 -22 0.55

Table 2 Residual friction values for faults and discontinuities.
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Ref. Gouge Type Residual Friction Residual/Fault Friction  Friction Value Source Stress range
Angle Friction Coefficient
30 Clay 11.3° 0.2 Mechanical test Low Stress range
31 Various 8.5-25° 0.15-0.47 Filled Discontinuities
32  Sand-bentonite 4-30.5° 0.589-0.075 Mechanical test Low <1 MPa
32  Happisburgh - 6-33° 0.640-0.107 Mechanical test Low <1 MPa
London clay
32 sand-mica 15-30° 0.573 - 0.277 Mechanical test Low <1 MPa
32 Various 7.0°-39° 0.122-0.81 Mechanical test Low <1 MPa
33 Clays <25% >20° >0.364 Mechanical test Low <1 MPa
33 Clays >50% 5-15° 0.087-0.267 Mechanical test Low <1 MPa
33 Ca -smectite’ 4-10° 0.07-0.18 Mechanical test 1-10 MPa
35 Chrysotile” 6-27° 0.1-0.5 Mechanical test 100MPa
36 Lopez Fault' 22-31° 0.4-0.6 Mechanical test 150MPa
37 San Andreas 14° 0.25 Mechanical test 200MPa
Fault’
38 Kinki district 11.3° <0.2 Earthquake mechanisms -
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Fig.2-Effect of fault angle on the minimum to maximum
stress ratio.



10

B. WU, M. A. ADDIS, N. C. LAST

SPE 47210

1 (]
o= 198l = * Residusl riction engle w 20-22degres, .7
= 0,432 pailtt intenc Aberta e
i“ vu08 o= 28 degree !” .Mmmm-m-umm LI Tty . va M
e, Minimurn sirees acting g ey WSS angle « 10+ 13 degree, DOE T, M
on normel fault MWX, Colorade s .
i. - . oot
-8 . * ‘. -
-E.J ¥=03 oh/o, § » . R T
. . ’.'01 g
§ W § ‘:.~"';" .
o5 ! 2 .-‘ .
[
b— vnot alo, g ;.',,4
o8 Winbmum siress acting vro '
paraitel to nonmel feult g ““““““
e ‘ [
° 5 1o . 20 ] 0 » L ° 10 20 20 40 0 0
Fault residusi angle (deg.) Measured minimum horizontal stress (MPa)
Fig.3-Fault-parallel horizontal stress as a function of fault Fig.6-Scatter plot of measured and calculated minimum
friction: Normal faulting. horizontal to vertical stress ratio, normal faulting.
13 o2 ——— Normat faull, Eq(18)
w ——— Normat {acit, Eq(19)
; ’ v 00 == == Trust fauk, Eq(20)
gu e XL U
o8 =y N02 T =
g S ~.. "~
g 04 +< v may S
§°2 V=04 ..~~.. ~ T S
'E d S -~ -~ tea
e ¢'ut0 3 -05“‘., S AN
[ — + o + + -
[ L] 048 o 058 s 088 [ &4 .78 os oas [X] 0988 1 [ 5 10 15 2 25 0 ¥ 40
Pore Presaure Gradient (psi/ft) Fault Friction Angle {degree)

Fig.4-Stress ratio as a function of pore pressure gradient,
normal faulting.

b

&

P
W

Plans strain stress to vertical stress ratic
-- ~

&

10 1 20 28 » 38 40
Fault Residusl Friction Angle (deg. )

Fig.5-Ratio of horizontal to vertical stress as a function of
fault residual friction angle, thrust fault condition.
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lithological contrasts and predicted in plane stresses (as
tensors)
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