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(57) Abstract: A method of subsurface imaging is disclosed, the method involving using input data relating to the geometry of a
fracture in a subsurface medium, mechanical properties of the medium and in-situ stress states in the medium, to model the be-
haviour of the fracture and obtain predicted information relating to deformation of the fracture. The predicted information is then
used to constrain the interpretation of measured microseismic data caused by movement of the fracture to determine characteristics
of the movement and/or failure of the fracture.



WO 2010/073072 A1 W00 00 N0

Published: —  before the expiration of the time limit for amending the
—  with international search report (Art. 21(3)) claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))




10

15

20

25

30

WO 2010/073072 PCT/IB2009/005589

METHOD OF SUBSURFACE IMAGING USING MICROSEISMIC DATA

Field

Embodiments of the present invention relate to a method of subsurface imaging
using microseismic data to determine characteristics of the movement and/or

failure of a fracture in a subsurface medium.

Background

The field of microseismics involves the monitoring of small scale seismic events which
are induced during hydrocarbon operations and result from small movements.along
faults and fractures. These are caused by changes in pore pressure or the total stress
resulting in release of shear stress or tensile opening. The variations in pore pressure

may be due to reservoir depletion or hydraulic fracturing operatibns.

Hydraulic fracturing is used to stimulate wells by pumping a mixture of fluid and
proppémt (usually sand) into the well to cause a fracture. Wheh the hydraulic pressure is
released the fluid may drain away, leaving the sand holding the fracture open and |
providing a porous médium through which the oil and/or gas can migrate. Thus, the
fractures penetrate into the reservoir to allow a wider area to be drained by the well.
However, there is a need for determining exactly where a fracture has been generated so
as to determine which areas of the reservoir are being explbited and therefore to plan for
drilling future wells, and to determine the movement of the fractures and how they will
respond to further hydraulic fracturing. Furthermore, the hydraulically induced
fractures may intersect natural fractures in the earth, thus providing fuﬁher conduits for
hydrocarbons. Microseismics can be used to monitor the position and movement of

hydraulic fractures and any natural fractures close to the hydraulic fractures.

Unlike in seismic surveying, in microseismics the origin time and location of the events
is not known. Furthermore, the monitoring of the seismic events is limited. Monitoring
is typically carried out by a line of sensors positioned in a nearby well. Therefore,

monitoring is limited by the availability and position of nearby wells in which to place
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" sensors. Furthermore, in order to use a well for monitoring, that well must be shut -

down for production purposes which results in substantial revenue loss. There are

therefore financial constraints on how many wells can be used for monitoring.

The sensors in the wells'detect the arrival of P waves and S waves. The timing
difference between the P arrivals (first) and the S arrivals (second), together with a
knowledge of the velocity profile of the rocks allow calculation of the distance of the
seismic event from the sensor. The polarization can be used to deduce a bearing.
Ideally, enough measurements would be taken to construct the moment tensor which is
a 3X3 matrix tensor which describes how a fault is deforming and which can be
represented by a “beach ball diagram”. However, there are rarely enough measurements
availéble to fully construct the moment tensor.

The microseismic data is usually sufficient to provide the geométry of the fractures as
no directionality is required to locate the position of seismic events. Thus the position
and extent of the fractures can usually be determined. However, there is usually not
enough information available to construct the full moment tensor (beach ball diagram)

and hence determine the deformatiQn on the faults.

Summary

One embodiment of the present invention provides a method of subsurface imaging
comprising:

using input data relating to the geometry of a fra\cture in a subsurface medium,
mechanical pfoperties of the medium and in-situ effective stress states in the medium to
model the behaviour of the fracture and obtain predicted information relating to the
deformation of the fracture; and

using the predicted information to constrain the interpretation of measured
microseismic data caused by movement of the fracture to determine characteristics of

the movement and/or failure of the fracture.

Therefore, starting from the information on the geometry of the cracks, which may be
obtained from the microseismic data or from another typé.of seismic survey, together

with mechanical properties of the earth, the cracks can be modelled. The mechanical

2-



10

15

20

25

30

WO 2010/073072 . ' PCT/IB2009/005589

properties such as pore pressure, failure properties, permeabilities, porosities etc. can be
obtained from the cores, géophysical_ logs etc. A picture of the sub-surface geology can

be obtained from a seismif: survey (which would have been carried out before drilling).

In certain aspects, the modelling the behaviour of the fracture comprises taking into
account the effect of an adjacent fracture. The modelling can take into account the

effect of one or more fractures which are close enough to interact with each other, and

these may be hydrofractures or natural fractures. Preferably, the or each fracture is

modelled as a slot in an elastic material. Preferably, the or each fracture is modelled as
the sum of an empty,slot loaded by far field stresses and a slot loaded internally by

normal and shear stresses.

In the modelling, the slot may be divided into sections, each section having its own

internal normal and shear stresses.

In certain aspects, input data.comprises the in-situ total stress, pore pressure of the
medium, mechanical formation properties comprising elastic properties (for example in
the case of an isotropic medium a Young’s Modulus and Poisson’s ratio) and failure

properties (for example, a friction angle of the fracture).

In certain aspects, the input data relating to the geometry of the fracture is derived from
the microseismic data. The steps of determining characteristics of the movement and/or

failure of the fracture may comprise deriving a moment tensor for the fracture.

The method may further comprise the\obtaining of the microseismic data by‘ providing

sensors and recording seismic signals caused by movement of the fracture. Preferably,

- the sensors are provided in a borehole, on the earth’s surface or on the seabed, or any

combination of these.

Brief Description of the Drawings

Embodiments of the present invention will now be described with reference to the

accompanying drawings, in which:

-3-
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.Figure 11 illustrates the stress state of a slot és-the suAperpc‘)sitionz 6f a siof loaded
internally by normal and shear stresses and a sfot loaded by far field stre'sécs;
Figﬁre 2 illustrates a solution found by dividing the slot into segments;

Figure 3 shows an elliptical crack with Cartesian and elliptical coordinate systems;
Figure 4 illustrates two interacting cracks;

Figure 5 shows the relationship between friction angle and sheer displacement;

Figure 6 shows microseismicity génerated during and after hydrofracturing in Cotton
Valley;

Figure 7 shows the geometry of a crack system; and

Figure 8 (split into 8A and 8B) shows a summary of the results of the modelling

Detailed Description

The first step in the method of the present invention is to determine the geometry of the
fault. Ascan l?e seen from the data shown in Figures 6 and 7, the location of
microseismicity can be determined with sufficient accuracy that fault and fracture
planes can be discerned. Once the geometry is know, other parameters of the medium -
such as pore pressure, mechanical properties of the formation (for example, Poisson’s
ratio) and in situ total stress state can be determined from other types of data, such as

well logs.

To model the fault, as shown in Figure 1, each fault is represented as a slot of length 2a
embedded in an igotropic linear elastic medium. The slot is subjected to internal

* distributions of effective normal N and shear strésses 1, which are related through a
frictional law, and far field non-uniform loading comprising perpendicular compressive
effective normal stresses of magnitude ¢'y and o'y orderéd such that o'y > o', > 0. The
effective normal stress o'y acts along the axis 6 = B and 8 =« + 3, with o'y acting along
the axes 0 = /2 + B and 8 = 3n/2 + B. Deformation is restricted to the plane
perpendicular to the fault axis. |
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The stress state on and around each slot is determined by superposing the solutions for
an traction free slot loaded by biaxial stresses at infinity and a slot with distributed
normal and shear stresses on its surface with no external loading. Normal and shear
stresses on the fault surface are related through a frictional law. The stress state on and

around a single crack is derived as follows:

1) if the crack surfaces are in contact it is assumed that the normal stresses on the

~ crack surface are the in-situ normal stresses (at the same location in the absence of the

crack), with the shear stresses derived using the frictional law. Th1s approximation will -
be most accurate for long cracks, where the influence of end effects is negligible along

the majority of crack length.

2) if the crack surfaces are not in contact then the crack is assumed to be fluid filled

at a known pressure, which determines the normal stress, and the shear stress vanishes.

Figure 2 illustrates a solution disclosed by Pollard, D.D. and Holzhausen, G. (1979)
(“On the mechanical interaction between a fluid filled crack and the earth's surface”,
Tectnophysics 53, 27—57). Uniform effective normal and shear stressés, Nandt
respectively, act on a segment of the slot located between z; and z, and also between z3 |
and z4. The solution for the case where the slot is loaded along its entire lengtﬁ is found

by summing the solutions from each segment.

It is convenient to work in the {-plane, where the points {; correspond to z; for

i=1,2,3,4. In general z and ( are related through the Jowkowsky transformation:
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| In the latter equation, the positive root should be adopted for Im(z) > 0, and the negative

root for Im(z) < 0.

The stress distribution is given by:

The stress functions o(() and () are -

where
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The first and second derivatives of ¢ and v are easily derived using (2.3) and (2.4).

The solution for a traction free slit loaded by far field biaxial stresses is given by J.C.
Jaeger and N.G.W. Cook, Fundamentals of Rock Mechanics, 3rd Edition, Chapman and
Hall, London)(1979). Figure 3 shows an elliptical crack with Cartesian (x,y) and elliptic

coordinate systems. These are related through

where z= x + iy and Z;‘ ={+in. Expanding gives

The surface of the elliptic hole is defined by { =Co, so the length of the major and minor
. semi-axes are acosh {y and asinh Co, respectively. The ellipse becomes a slit from [x|[<a

when {, = 0. The stresses at the slit wall, in { coordinates, then are

where w({) =acosh{ and
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Fault Interaction

Each fracture perturbs the stress state in its own vicinity. When the fractures are |
sufficiently far apart then the perturbed zones do not overlap and the fractures behave
independently. When the pertﬁrbed zones do overlap, then the behaviour of the
fractures is coupled. In particular the normal stress at any point on one fault depends on
the normal and shear stresses on all other coupled faults and the far-field stress state. .

Similarly, the shear stress at any point on one fault is related to the normal stress at the

same point through a constitutive law (e.g., friction) and also depends on the normal and

shear stresses on all other coupled faults and the far-field stress state. It is possible to
use superposition to construct a linear system of equations to determine the stress state
on the fractures of the form Ao = B. Here o is the vector of effective normal and shear
stresses acting on the cracks (which are segmented into many elements) and B
comprises the in-situ effective stress state plus the effect that each empty slot loaded by
far field stresses has on every other slot. The coefficients of matrix A define the effect
that the effective shear and normal stresses on ‘c.)ne crack have on all other cracks and the
relationship between the effective normal and shear stresses within each cfack. This

method is applicable to a system comprised of any number of cracks.

Figure 4 shows an eXamplé where there are two slots. Each slot is split into a plurality
of segments, to allow for non-uniform loading. Let Nj and 7 denote the unknown
effective normal and shear stresses acting in the jth element of the ith crack. Further, lef
nnijkl and n'jy denote the effective normal and shear stresses on the jth element of the i
crack generated by a normal stress of unit magnitude acting on the 1™ element of the k™

crack. Similarly, s"jq and s'jjq denote the effective normal and shear stresses on the jth

-8-
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element of the i™ crack generated by an effective shéar stress of unit magnitude acting
on the I element of the k™ crack. It is physically reasonable to aSsume; for the
representation depicted in Figure 1, that the effective normal stress on a segment is the
sum of the in-situ effective normal stress (at the location of the segment in the absence
of the crack) and the effective normal stresses created by the presence of other cracks.
This assumption is valid provided (i) crack surfaces remain in contact, (ii) each créck
senses the others through stress fields and not via any kinematic interaction, and (iii) the

density of cracks is not so large that local effects overwhelm the regional stresses.

The problem has been formulated to avoid using a successive approximations method
such as the Schwartz-Neumann alternating technique. These techniques for problems
where all the boundary conditions are prescribed. i.e., in cases where the crack surfaces
are not in contact and there is internal pressurization by a known pore pressure. Here,
successive elastic solutions are superposed until the boundary conditions are satisfied.
As the number of elastic solutions that is deployed increases, the contribution of the last
solution becomes ever smaller, to the point where adding further solutions has no

material influence on the global result.

Hence, the effective normal Nj; and shear stresses t; on the j™ element of the i™ crack

can be written as:

Here N°% and fij1%; denote the effective and normal stresses on segment j of crack i
created by effects such as internal friction and shear displacements somewhere in the
crack system; f;; defines the direction in which the shear stresses act, ojjis the effective
in-situ stress acting at the location of the jth segment of the i crack. Note that the stress
components in all of the abové terms are referenced in the crack i coordinate system.

Hence if i' and j' are unit vectors in the x and y coordinate system for crack i with (i", j")

9.
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and (i", j'") being the corresponding quantities for crack k and the in-situ stress

directions, then for the case shown in Figure 4:

No slippage in the fault system

5 If there is no shear or tensile displacements and a frictional interaction then 1°%; = f;;uNj;
and N% = 0. The frictional coefficient, p, is given by p = V{(1+sing)/(1-sinp)}, where @
is the friction angle.

The system of equations 2.10 for the case depicted in Figure 4 can then be written as:

10

Let crack i be discretized into n; elements (i=1,2). Then the matrices a; (i = 1,2, ..., 16)

are readily derived and are given below in Tables 1 and 2. Clearly this formulation can

be readily extended to cases where there are more than two interacting cracks.

-10-
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- The solution of the governing system (2.10) gives the stress distribution along the

cracks. The stress state at a point not located on a crack can then be computed by

applying the solutions of Pollard and Holzhausen (1979) together with Jaeger and Cook
(1979) to every crack, and then summing the results.

Slippage somewhere in the fault system

A pre-existing fault does not norfnally slip simultaneously along its entire length.
Usually, only part of a fault slips at any instant. Stress is transferred to other segments
which then may or may not slip, depending on their cohesive and frictional properties

and the magnitude of the stress transfer.

During shear slippage, rough surfaces slide relative to one another. Initially, due to the
presence of surface asperities, "shear dilation" is causes the fracture aperture to widen.
As the further slippage occurs, or as the magnitude of the stress normal to the fault

increases, then the fault surfaces become smoother as asperities are reduced and ,
evenfuélly eliminated. The presence, type of mineral deposition (e.g, crystallirie, clay)

and the pore pressure will influence the fault behaviour.

It is assumed, for simplicity, that the frictional coefficient depends on the shear

displacement. ~

The stress drop due to shear slippage assumed to be of the form.

where g denotes the post slip friction angle. Clearly the shear stress before and after
slippage are uNjj and pgipNjj, respectively. The post slip friction angle can be related to

the shear displacement, d, by

-12-
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Here. pslib, Wfinal and Winitiar are the current, limiting and initial values of the friction angle,
respectively, with d denoting the total shear displacement and | is a constant. Figure 5

illustrates this relationship.

‘Equations (3.13) and (3.14) imply that the behaviour ofa system of pre-existing natural

fractures can be fully determined if all slippage is detectable and can be quantified. This
is never the case: aseismic slip occurs due to créep; additionally events may simply not
be detectable. It is also known that aseismic slip cah be the predominant component of
total displacements. Hence aseismic/non-detectable slip will have to be inferred from

the characteristics of the detected events.

The governing equations at each stage, from (2.11), are

- are derived as disclosed in Okada, Y. (1992), “Internal
deformation due to shear and tensile faults in a half-space.” [Bulletin of the
Seismological Society of America 82(2), 1018-1040]. This paper is important in

where * and

earthquake studies; many workers in the field have coded the solution and have made
their efforts publicly available. The present invention uses a convenient Matlab
implementation developed by Cai et al. [Cai, M.J., Wu, Z.L. and Wan, Y.G. (2004) “A
Matlab implementation of internal deformation field for static stress tri ggering
calculatiorf’; Earthquake Hazard, risk and strong ground motion, [UGG Special Edition,
191-203]. Thus the governing equations in the case of slip are a slightly modified form
of (2.12):

-13-
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The elements of N and 7" (i=1,2) are the slip induced components of N% and 1% in

(3.15). The Elements of a; are also slightly amended: on slipped segments p is replaced
by psiip- Thus in c/ases where there is slippage the additional computational elements are
(i) the use of Okada's algorithm to compute the change in stress state along cracks, and
(ii) additional book-keeping to track which segments have slipped. '

Example

Figure 6 shows the microseismicity generated during and after hydraulic ffacturing in
Cotton Valley, Texas. This example considers treatment B in well 21-10 (see the left

"hand plot in Figure 6). There are two monitoring wells, labelled 21-09 and 22-09, both

of which are approximately 1200ft from well 21-10.

The main hydrofracture is shown in the middle plot of Figure 6. As expected, the
fracture is parallel to the maximum principal stress direction. However the fracture is
very asymmetric. Part of this asymmetry is due to the left hand fracture wing being
furthest from the monitoring wells, which inevitable leads to detectability issues. The
most interesting aspect of this stimulation, however, is the behaviour of cluster 4, which

is comprised of a set of natural fractures (see the annotations on Figure 6). It can be seen

- on the right hand plot that during three pumping and shut in cycles, microseismicity in

this cluster begins far away from well 21-10 and migrates towards the well over time.
Moreover the magnitude of the events, as denoted by the size of the hexagons, increases |
over time. Préviously, Bradford (UK Patent Application GB2438571, US Patent |
Application 20080004847 ) showed that the microseismicity pattern for cluster 4 can be
qualitatively predicted by simply integrating geological and engineering data in order to
determine the stresses acting on the natural fraf:tures. This analysis, however, is not

sophisticated enough for quantitative predictions (e.g, for the decay in microseismicity

-14- -
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N

during each shut-in interval) because it does not account for the effect of slip between

segments on the same fault. The present invention corrects for this effect.

The stress state has been computed for the crack system shown in Figure 7 over one
pumping and shut-in cycle using the parameter set given below (the behaviour of the
system can be observed over one pumping and shut-in cycle: two further cycles merely

accentuate any effects). The results are summarized in Figure 8.

In Figure 8, row (a) shows the stress state along the cracks under in-situ conditions.
Neither crack is failing. However, crack three is more likely to fail than crack two, at its

left hand end.
Row (b) shows the stress state during early part of the pumping interval where the right
hand end of the hydraulic fracture is between the} left hand end of crack two and the left

hand end of crack three. Right lateral shear slip is induced at the left hand end of crack

-15-
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- three. This is aseismic deformatlon it was not detected by geophones in the momtormg

wells. Moreover, it is important to note:

1) Without this slippage during the pumping interval, it would not be possible to
explain the behaviour of the natural fracture system over a pumping and shut-in cycle.
This demonstrates the importance of using modelling to predict aseismic slip, in |

conjunction with microseismic monitoring to detect seismic slip.

2) The stress transfer due to slippage on one segment is sufficient to cause failure
on neighbouring segments. By iteration, this may cause failure along significant
proportions of faults (i.e., a domino effect).

\

Crack two remains stable.

Row (c) shows the stress state during the later part of the pumping interval where the
right hand end of the hydraulic fracture is to left of the right of crack three. The increase
in the normal stress acting along the entire length of crack three prevents further shear

slippage (effectively crack three is clamped by the additional confining pressure). Crack

. two again remains stable.

Row (d) shows the stress state during the early part of the shut-in interval where the
right hand end of the hydraulic fracture is to left of the right of crack three and is 7
extending towards the left side of Figure 7, albeit ever more slowly, while the fracture
tip fluid pressure continues to exceed the propagation pressure. The sudden reduction in
normal stress acting en crack three causes significant slippage: it is necessary to
increase the slippage on each segment to 1cm per segment (a typical segment is 67cm in
length) to match microseismic activity observed from crack two in the latter part of the
shut-in period (see row (e) comments below). The physical reasons for the increased |
microseismic magnitude are (i) dynamic effects caused by the.sudden reduction in
pressure and (ii) the reduced friction angle on the slipped segments, which causes the

shear stress drop to be larger than would otherwise be the case.

-16-
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In this early part of the shut-in interval, however, crack two again remains stable.

Row (e) shows the stress state during the latfer part of the shut-in interval where the
hydraulic fracture is no longer propagating and the pressuré it is significantly less than
that required for propagation. Here the slippage on each segment of crack three has been
increased to 7 cm per segment: this is sufficient to induce failure along a significant
portion of crack two, beginning from its right hand end. This matches the observations
of Rutledge et al. [“Faulting induced by forced fluid injection and fluid flow forced by
faulting: an interpretation of hydraulic fracture microseismicity”, Carthage Cotton
Valley Gas field, Texas; Bulletin of the Seismological Society of America, 94(5), 1817-
1830].

In rows (d) and (e), it should be noted that the stress state on crack three is Strictly in an.
inadmissible region (i.e., outside of the Mohr-Coulomb envelope). This is because the

| description of a partly slipping fault that has been adopted here requires modification.

This description has been taken directly from earthquake mechanics and clearly further
work is required to clarify the mechanics appropriate to natural fractures in hydrocarbon

reservoirs. Similarly, it is also necessary to reliably link stress drop and deformation (a

- straightforward relation exists for circular sources), although elementary history

matching dictated the use of 1cm and 7cm shear slippage to compute the results on row

(d) and (e), respectively.

Finally, it is interesting to note the following from rows (b) and (c). When pumping first
started, a "domino" failure effect began on crack three. This failure was suppressed
when the hydrofracture growth caused this crack to be clamped under increased
confining pressure. This shows that, in certain environments, it may be beneficial to
pump slowly to allow the "domino effect" to take place and if this effect occurs, there

may be a beneficial increase in the conductivity of natural fracture systems.

According to the present invention, a semi-analytic model has been derived which

describes the behaviour of a set of planar interacting faults, where there is shear

-17-
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slippage somewhere in the system, and the model has been validated using a case study

from a Cotton Valley stimulation.

Once the deformation mechanism of a fault or fracture has been predicted from the
above modelling, it is possible to use the prédiction to disambiguate the measured
microseismic data to more tightly constrain or even fully determine the moment tensor.
This allows a full picture to be obtained of how hydrofractures have developed and how
they interact with natural fracture systems, to assist in blanning of future drilling and/or
hydrofracturing and to ensure that reservoirs are exploited to their full capacity in the
most cost effective manner. Jechumtalova and Eisner (“Non-double-couple seismic
events induced by hydraulic fracturing observed from a linear array of receivers,
Proceedings of the 70® EAGE Conference & Exhibition, Rome, Italy, June 9-12, 2008)
showed that a vertical array of receivers in a 1-D isotropic medium does not allow all six
components of the moment tensor to be determined. It is only possible to invert for five
coﬁponents of the moment tenso} in a specially orientated coordinate system. If additional
information on a possible source mechanism is available, as detailed here, then it is possible to

determine all six components of the moment tensor.

The present invention also allows for the possibility of manipulating the behaviour of
natural fracture systems in the vicinity of hydrofractures, which are important for
productivity in some environments. Relatively slow propagation of hydrofractures may
allow additional shear defprmation in adjacent natural fracture systems, which may

beneficially increase their hydraulic conductivity.

-18-
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Claims

1. A method of subsurface imaging comprising:

using input data relating to the geometry of a fracture in a subsurface medium,
mechanical properties of the medium and in-situ stress states in the medium to model
the behaviour of the fracture and obtain predicted information relating to deformation of
the fracture; and

using the predicted information to constrain the interpretation of measured
microseismic data caused by movement of the fracture to determine characteristics of

the movement and/or failure of the fracture.

2. The method of claim 1, wherein the modelling the behaviour of the fracture

comprises taking into account the effect of an adjacent fracture.

3. The method of claim 1, wherein the fracture is modelled as a slot m an elastic
material.
4.  The method of claim 3, wherein the fracture is modelled as the sum of an empty

slot loaded by far field stresses and a slot loaded internally by normal and shear stresses.

5. The method of claim 4, wherein the slot is divided into sections, each section

having its own internal normal and shear stresses.

6. The method of claim 1, wherein the input data comprises the total in-situ stress
state and pore pressure of the medium, and the mechanical properties of the medium

include elastic properties and failure properties.

7. The method of claim 1, wherein the input data relating to the geometry of the

fracture is derived from the microseismic data.

8. The method of claim 1, wherein determining characteristics of the movement

and/or failure of the fracture comprises deriving a moment tensor for the fracture.

-19-
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9. -~ The method of claim 1, further comprising providing sensors and recording

" seismic signals caused by movement of the fracture to obtain the microseismic data.

10. The method of claim 9, wherein the sensors are provided in a borehole, on the

earth’s surface or on the seabed, or any combination of these three.

11.  The method of claim 1, further comprising using the interpretation to modify the
operation of hydraulic fracturing of the fracture.

12. A computer program comprising code which, when run on a computer causes

the computer to carry out the method of claim 1.

13. A computer readable medium having a computer program according to claim 12

stored thereon.

-20-
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