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SUMMARY elaborated below, induced fracturing is a complex prodess t

is not amenable to deterministic modeling. Stresses are re-
We present the problem of predicting hydraulically-indlice  distributed and the permeability field changes as old frastu
microseismic events in the field from geo-mechanical and flow are reactivated and new ones are created. Additionallyesom
data. Understanding this problem is key for formulating and underlying parameters, such as physical properties iffrict
solving the inverse problem of constraining fluid flow using cohesion,...) of the rock, are not known exactly well known,
observed microseismic events. We consider a diffusioedas and thus forecasts of fracturing events are intrinsicatiyeu-
fluid flow model and discuss some of the factors that cause tain. The probabilistic modeling therefore becomes neugss
rock failure and thus induce microseismicity. Accurate-pre
diction requires knowledge of many input parameters, mbst o
which are not well known in field applications. Careful uncer
tainty analysis is thus required if the resulting model i
used in practice.

What we are really interested in is solving the inverse prob-
lem of constraining the fluid flow using observed microseis-
micity. In the statistical Bayesian lingo, we seek the paste
distribution, p(m | d) of the model parameters given the data.
Within the Bayesian inversion, the posterior estimate @f th
model (diffusivity, stresses) given observed microsetstaita

is obtained from the likelihood function using Bayes’ rule:
INTRODUCTION

p(d | m) p(m)

p(m| d) = |
/ p(d | m) p(m) dm

@)

Hydraulic fracturing is the primary method of increasing th
production potential of unconventional hydrocarbon armtiger-
mal reservoirs. Fluid under high pressure is injected ihto t
subsurface, causing rock failure that creates new fragme/or  Evaluating the left-hand side of Equation 1 numerically dor
reactivates existing fractures. These fractures serveldis a  complex likelihood function is a challenge by itself thaeds
tional pathways that facilitate the extraction of reserfloids. to be addressed separately. In the remainder of this pager, w
This fracturing of the rock is usually accompanied by micro- focus in detail on individual components of the forward mode
seismic events. These events emit waves that are then egcord Qur aim is to summarize the necessary steps that must be un-
by a receiver array located at the surface and/or inside bne o dertaken before a physically meaningful inverse problem ca
more nearby well bores. The recorded microseismic data arepe formulated.

used to invert for the locations, initiation times, and seur

mechanisms of the microseismic events, and thus to under-Effective diffusion flow

stand the fracture system that has been created. Tradijiona Several models have been proposed in the literature for fluid

the Iocation§ and moment ten_sors of thg microseismic eventsﬂow in the subsurface. Among them are diffusion (Shapird.et a
are used to infer the most basic properties of the fractuse sy 2002) and discrete fracture networks
tem like the fracture length, height, spacing. This typeref i (McClure and Horne, 2011; Detring and Williams-Stroud, 201

fﬁrn;latlonk,] while ulnva:cluableh, 'Sf |nsuff_|C|en|t tohf_ully undﬂandd_ In this paper we will consider the effective diffusion madel
the flow that results from the fracturing. In this paper, we-di 4o thig model, fluid pressure diffuses away from the in-

cuss the problem of connecting the flow model to the induced . _ .. : C e
microseisr:nicity ayin articu?ar attention to the prgaton Jection point We 1se t_he word?ﬁect_we dlﬁl.ﬂ.on o em_pha_—
. » paying p nhep size that the diffusion in question is not limited to diffasi
.Of uncertainty through the steps of the analysis. Un(_:iedstan through the rock matrix. Effective diffusion may be observe
ing the forward model would pave the way to formulating, and on the macroscopic scale even when the matrix permealslity i

possiply solving, the inyerse _propl_em of _con_straining theif . zero, because fluid is also flowing through fractures. If tlee p
flow given observed microseismicity, which is one of the-ulti o, ;<4 fractures have a dominant orientation then theceff
mate goals of microseismic monitoring. tive diffusion may be anisotropic. Of course, diffusiondiagh
the rock matrix is also a special case of the effective diffius
so this model covers a wide range of physical scenarios.

THEORY
We propose to model this effective diffusion by the diffusio
Microseismic-to-flow equation. It has the form
The probability to observe some datlagiven a particular un- dP(t,x) 3
derlying model,m, is given by the likelihood functionp(d | . 0-[D(t,xPX)OPE,X)], xeR*,  (2)

m). In our context, the likelihood function predicts observed
microseismicity given our assumptions about the initigtriH
bution of stress, permeability, velocity model, etc. Asl\vi

whereP is the fluid pressure, and the effective diffusivily
may be time and space dependent and may also be a function of
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T

the current pressure at that point. If the diffusion is ainéguc,

thenD becomes a tensor.

The effective diffusivity,D, is the parameter that controls the
flow. The fluid pressureP, could be computed numerically
for any assumed diffusivityp. If the diffusivity is known only
approximately, then the calculated solution of Equationil2 w
dg\r/’iate from ¥he true flow in the subsurface. Tr?e uncertainty

in the calculated flow must be taken into account at latersstep Tn
of the forward problem.

Plastic regimt

AW

c,0“\°“®

Tensire regim¢

Figure 2: Rock failure envel ope.
Mohr-Coulomb theory

Mohr-Coulomb theory is a mathematical model that describes (Marshak and Mitra, 1988,Chapter 10). The failure envelope
the response of brittle rocks to effective stresses. This-th is approximately linear for compressive normal stresshwit

retical modlelbhas a I_ong history, gnd it has begn _su_pportelq bysignificant non-linear plastic effects when the normalsstiis
numerous lab experiments. Our interest here is in its applic very large (Figure 2). When the normal stress is tensile, sig

bility to the reservoir scale. nificant nonlinearity is also observed (Griffith, 1921).

Effective stress is a stress that is carried by the rock (\amaghi,
1943). Itis calculated using the matrix stress and the flcedp
sure in the pores and/or the pre-existing fractures. Inttess
principal-component reference frame, the effective stiiss
written as:

We will focus on characterizing the failure envelope dilect

from microseismic and log measurements. The equation for

the linear failure envelope in the compressive regime: is

KOn, Wheretg is the cohesionk is the internal friction of the

rock, andoy, is the applied normal stress (Byerlee, 1978).
Oeffective = Omatrix — P- ©)

In situ stresses prior to the injectiomnayix, are estimated  The two physical parameters, andk, are experimentally de-

from density, sonicl and other measurements, and the porerived. They are often much better known in Iaboratory condi-

pressureP, is modeled numerically as described above. The tions where the rock sample can be carefully studied; hotveve

uncertainty in the estimated stresses and the pore premsiyre these quantities should be estimated in the field. Becawase th

agate to the calculated values for the effective stresses. rock in the field is highly heterogeneous, we can expect to est
' mate the cohesion and the internal friction only approxétyat
Mohr’s circle This means that both the slope and the intercept of the éilur

Mohr —Coulomb failure e_nvelope carry uncertainty, which propagates into seigsic
T timates of flow.

Mohr-Coulomb failure criterion

The Coulomb criterion for brittle rock failure—one of most
commonly used failure criteria—states that fracturingussc
when the shear stress along the reference planeatisfies
(Byerlee, 1978)

T=Tc+KOn. (4)

N Because failure occurs as soon as the Coulomb criteriontis me
i.e, Equation 4 is satisfied, the shear stress for a given normal
stress will not exceed the failure threshold. We assume that
‘ rock failure sometimes results in a microseismic event. eOnc
20 failure has occurred, the shear stress at that point is eeduc

On

P -P . . .
73 o1 Figure 1 summarizes the process of rock failure under pressu

of the injected fluid. Higher pore pressure moves the Mohr's
circles to the left until the circle intersects the failurerelope.
The location and the angl#, of the failure plane is derived
directly from Figure 1.

Figure 1: Mohr’s circle and failure envel ope.

Mohr’s circle is a graphical representation of the normal an
shear stresses for any reference plane passing througbittie p
in question. Ifo; and o3 are the maximal and minimal prin-  Given the predicted effective stress and the orientatioef
cipal stresses respectively estimated at a particulat ptbien failure plane (taken from the moment tensor of the seismic
the Mohr’s circle is constructed as shown in Figure 1 event), each microseismic event can be plotted on a Mohr-
Coulomb diagram. The locus of such points define the effec-
tive failure envelope. In the presence of more than one syste
The rock failure envelope is a plot of the shear stress attwhic of pre-existing fractures or planes of weakness, each may be
a rock will fail (with or without a pre-existing fracture)er- associated with its own failure envelope.

susthe applied normal stress across the reference failureplan

Failure envelope
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Stress redistribution

When the failure of rock occurs at a particular locatioresses
are redistributed in the vicinity of the failure point. Deibe

ing the exact mechanism of stress redistribution is stititicn
versial and a question of on-going research (Maruyama, ;1968
King et al., 1994; GoertzAllmann et al., 2011; Williams-&td et al.,
2012; Catalli et al., 2013). It is already clear, howevestth
even if thein situ stress was known before the failure, it is
only approximately known after the failure. This uncertgin
will propagate into the values for the effective stress, lznce
affect predictions of induced failure predictions at otlea-
tions or subsequent failures at the same location.

Local changes in diffusivity

Seismic events may or may not accompany fracture growth.
Creation of a new fracture or the growth of a pre-existing{fra
ture will affect local permeability and hence the effectliéu-
sivity coefficient in Equation 2. Subsequent modeling ofdflui
flow ideally should be performed with these changes incor-
porated in the model. Because these changes cannot be pre-
dicted precisely at this time, they may be modeled probsbili
tically as random perturbations to the initial diffusivifigld.

As with other random parameters, uncertainty in the diffusi
ity will propagate onward and affect fluid flow and rock fail-
ures at later times. The precise nature of this effect resrain

be investigated.

DISCUSSION AND CONCLUSIONS

Microseismic monitoring may provide an important consttai
on effective stress (pressure) and effective fracturiraper-
ties (failure envelope) in a hydraulic fracturing conte&a far
its use has been limited to extracting basic informatioruabo
approximate fracture size, geometry, spacing, etc.

In this paper we have considered a problem of tying fluid flow
more closely to observed microseismicity. Understandivgg t
forward model is key for proper formulation of the inverse
problem. Due to the complexity of the fracturing process, th
research emphasis should likely be on understanding the ef-
fective flow parameters that could be constrained by obgerve
microseismicity.

Each step in the forward model should be viewed through a
probabilistic lens, and uncertainty propagation shoulddre-
fully modeled. Once this part is completed, the inverse prob
lem can be attempted.
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