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Summary

A novel method to map asymmetric hydraulic-fracture propaga-
tion using tiltmeter measurements is presented. Hydraulic fractur-
ing is primarily used for oil-and-gas well stimulation, and is also
applied to precondition rock before mining. The geometry of the
developing fracture is often remotely monitored with tiltmeters—
instruments that are able to remotely measure the fracture-induced
deformations. However, conventional analysis of tiltmeter data is
limited to determining the fracture orientation and volume. The
objective of this work is to detect asymmetric fracture growth dur-
ing a hydraulic-fracturing treatment, which will yield height-
growth information for vertical fracture growth and horizontal
asymmetry for lateral fracture growth or detect low precondition-
ing-treatment efficiency in mining. The technique proposed here
uses the extended Kalman filter (EKF) to assimilate tilt data into a
hydraulic-fracture model to track the geometry of the fracture
front. The EKF uses the implicit level set algorithm (ILSA) as the
dynamic model to locate the boundary of the fracture by solving
the coupled fluid-flow/fracture-propagation equations, and uses
the Okada half-space solution as the observation model (forward
model) to relate the fracture geometry to the measured tilts. The
3D fracture model uses the Okada analytical expressions for the
displacements and tilts caused by piecewise constant-displacement
discontinuity elements to discretize the fracture area. The pro-
posed technique is first validated by a numerical example in which
synthetic tilt data are generated by assuming a confining-stress
gradient to generate asymmetric fracture growth. The inversion is
carried in a two-step process in which the fracture dip and dip
direction are first obtained with an elliptical fracture-forward
model, and then the ILSA-EKF model is used to obtain the fracture
footprint by fixing the dip and dip direction to the values obtained
in the first step. Finally, the ILSA-EKF scheme is used to predict
the fracture width and geometry evolution from real field data,
which are compared with intersection data obtained by tempera-
ture and pressure monitoring in offset boreholes. The results show
that the procedure is able to satisfactorily capture fracture growth
and asymmetry even though the field data contain significant
noise, the tiltmeters are relatively far from the fracture, and the
dynamic model contains significant “unmodeled dynamics” such
as stress anisotropy, material heterogeneity, fluid leakoff into the
formation, and other physical processes that have not been explic-
itly accounted for in the dynamic ILSA model. However, all the
physical processes that affect the tilt signal are incorporated by the
EKF when the tilt measurements are used to obtain the maximum
likelihood estimates of the fracture widths and geometry.
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Introduction

Hydraulic fracturing has been used for oil-and-gas well stimula-
tion since the late 1940s (Montgomery and Smith 2010), and is
also used as a preconditioning method to promote earlier and
more-continuous caving in underground coal and metal mines
(Jeffrey et al. 2013). The goal of hydraulic-fracture design is to
optimize the treatment such that a fracture length and fracture
conductivity are achieved that maximize productivity while mini-
mizing cost. Hence, information about the fracture geometry
and fracture height, width, and orientation is required to study
the efficacy of a fracturing treatment and to further optimize
future treatments.

Most conventional hydraulic-fracture design models assume
symmetric/lateral fracture growth about the wellbore. In real treat-
ments, the fracture growth can be asymmetric. Asymmetric frac-
ture geometry develops when the fracture grows preferentially in
one direction with respect to the wellbore. In the case of vertical
fractures, asymmetric fracture growth may develop with unequal
lateral growth or unequal vertical growth or both. Unequal verti-
cal growth is common because the vertical growth occurs through
rock layers with contrasting properties and containing contrasting
confining stresses. Such vertical growth or height growth not only
leads to a less effective stimulation but can also result in the frac-
ture growing into water-bearing formations that may be affected
by the treatment or by the later production of the well. Asymmet-
ric growth is often associated with reduced fracture conductivity
over the pay zone, and may also lead to a proppant screenout,
further reducing the effectiveness of the fracturing treatment
(Bennett et al. 1983; Jeffrey 1996). Asymmetry in the lateral
growth of a fracture is attributed to interaction with adjacent, pre-
viously placed hydraulic fractures that impose an additional com-
pressive stress in the reservoir rock around the fracture. A new
fracture will then tend to avoid these more highly stressed areas,
leading to asymmetric growth and less-complete stimulation of
the reservoir. Because the fracture asymmetry can have a signifi-
cant effect on the effectiveness and efficiency of a hydraulic-frac-
turing treatment, it is useful to have methods to monitor
asymmetric fracture growth.

Fracture-monitoring techniques map hydraulic-fracture geom-
etry indirectly with remote-monitoring methods applied at the
wellsite, which provides helpful guidance for controlling the treat-
ment and for optimization of future hydraulic-fracturing designs.
Microseismic-event location and tilt measurements are two com-
monly used techniques to monitor fracture growth. Tiltmeters are
instruments that can measure small rotational movements with
respect to the gravity vector along two orthogonal directions. The
opening and shearing of the hydraulic-fracture surfaces result in
rock deformations, which, in turn, cause small rotational move-
ments at the tiltmeter location. The induced movements are
picked up by these instruments located either close to the surface



(surface tiltmeters) or in the interior of the Earth close to the well-
bore (downhole tiltmeters). The deformation map, collected over
a period of time, can be combined with an appropriate forward
model to estimate the fracture orientation, volume, and, in some
cases, the fracture geometry by an inversion process (Lecampion
and Gunning 2007). However, as with most inverse problems, the
problem can be ill-posed, leading to multiple solutions. It is often
difficult to uniquely recover the fracture width and shape when
the tiltmeters are located far away from the fracture plane
(Lecampion et al. 2005a). Also, the tilt data can be corrupted by
external disturbances not related to the actual fracture.

Recently, numerical hydraulic-fracture models have seen rapid
developments (Adachi et al. 2007), and new monitoring techni-
ques have been constantly evolving (Olson et al. 1997; Wright
et al., 1998; Cipolla and Wright 2000; Warpinski et al. 2006), but
not much effort has gone into integrating these efforts to monitor
the evolving hydraulic-fracture geometry. Integrating field data
with mathematical models can make the best use of both
approaches and provides valuable insights about the fracture ge-
ometry. In previous work, Peirce and Rochinha (2012) used the
EKF approach to assimilate tilt data into a dynamic fracture
model. A planar 3D fracture model making use of the ILSA
scheme (Peirce and Detournay 2008) was implemented to assimi-
late tilt data to make an improved prediction of the fracture shape
(footprint). Data assimilation is a statistical technique to include
noisy measurements into a physical model to make an improved
model (state) forecast. In a sense, the tilt data are used to provide
real-time feedback to the modeling process. In the earlier work,
the ILSA-EKF approach was used to predict geometry from syn-
thetic tilt data generated with 2D and 3D fractures propagating in
an infinite elastic medium, respectively (Rochinha and Peirce
2010; Peirce and Rochinha 2012). In this paper, the performance
and capability of this integrated ILSA-EKF approach are demon-
strated by applying it to analyze real field data and observations.
Further, the earlier approach had used the full-space elastic solu-
tion with synthetic measurements as the observation model (for-
ward model) to relate the fracture geometry to the measured tilts.
In this work, the Okada half-space solution is used as a building
block to establish the observation model. This is necessary because
the field tiltmeters were near the surface in 10-m deep boreholes,
and a half-space solution is an accurate representation of the defor-
mation produced by the actual fracture under these field condi-
tions. The half-space model, as used here, requires that the fracture
dip and dip direction be known a priori. Therefore, the analysis is
performed in a two-step process, in which the fracture-dip and dip-
direction values are obtained with an elliptical fracture forward
model (Pandurangan et al. 2015), which has been implemented
and integrated into a tilt-analysis library (TAL) (Lecampion and
Gunning 2007). The TAL is a FORTRAN code library developed
in-house at the CSIRO that uses different static fracture models
and a Bayesian approach for inverting tiltmeter data recorded dur-
ing a hydraulic-fracturing treatment. The library consists of differ-
ent fracture models that can be used to analyze tilt data generated
by fractures in an infinite or semi-infinite space, which is assumed
to be homogeneous, elastic, and isotropic. After obtaining the dip
and dip direction with the elliptical fracture model in the TAL, the
ILSA-EKF model is used to obtain the fracture shape by fixing the
dip and dip direction at the values obtained in the first step.

The method presented in this paper is different from other
approaches such as the one presented by Olson et al. (1997), in
which the estimation of hydraulic-fracture geometry from tilt-
meter data is based on discrete inversion of the ill-posed elliptic
problem with @ priori information and a penalty-function
approach to find the optimal fracture geometry that fits the tilt
data in such a way that the prior constraints are satisfied and the
solution is also physically reasonable. In this approach, the frac-
ture widths at each timestep are obtained by discrete linear inver-
sion of the tilt signal with a static fracture model. The ILSA-EKF
approach presented in our paper is different in many aspects.
First, it uses the Okada solution that provides a closed-form ana-
lytical solution for the displacement and strains caused by a point

source or tensile fault in a homogeneous elastic half-space. Sec-
ond, the ILSA algorithm solves the coupled hydraulic-fracture
propagation problem to determine the fracture opening and the
location of the fracture front. It then uses the EKF to assimilate
tilt measurements throughout the fracturing treatment with the
dynamic fracture-propagation model to arrive at the optimal esti-
mates of the state vector (fracture widths and footprints) and the
associated variance. This is quite distinct from the approach used
by Olson et al. (1997), which does not involve a dynamic fracture
model; instead, it relies on a priori constraints to artificially con-
strain the solution. The dynamic fracture model incorporates
physical constraints to the otherwise ill-posed elliptical problem
without resorting to artificial mathematical techniques such as
constrained optimization or regularization, which are difficult to
explain physically. The ILSA-EKF scheme can therefore be
expected to provide more-realistic estimates of the fracture geom-
etry and opening throughout its evolution instead of just providing
a best-fit solution applicable only at each timestep.

The remainder of the paper is organized as follows. The next
section presents an overview of the ILSA-EKF algorithm, the
dynamic ILSA model, and the half-space displacement disconti-
nuity-observation model. Then, we present results with synthetic
tilt data, in which asymmetry is artificially introduced with a grad-
ually varying in-situ stress field, and the tilt data are corrupted by
adding noise. In the next section, field data from a mining site are
analyzed with the ILSA-EKF model to map asymmetric fracture
growth. The final section summarizes the major findings.

ILSA-EKF Formulation

This section provides an overview of the ILSA-EKF scheme
for mapping hydraulic fractures from tilt data, developed by
Rochinha and Peirce (2010) and Peirce and Rochinha (2012).
Data assimilation is a statistical technique to include noisy meas-
urements in a physical model to provide an improved estimate of
the model state. In this paper, the idea is to assimilate all tiltmeter
observations until time tx in the ILSA model to make an improved
estimate of the fracture boundary up to time tx. In data assimila-
tion, the state variables are expressed in a Bayesian probabilistic
framework, which also helps to quantify the uncertainty associ-
ated with the results.

Kalman filters render the state-estimation problem of a linear
dynamical system tractable by assuming that the model and obser-
vation errors are Gaussian, independent, and white in time, mean-
ing that the probability-density function of the state can be
approximated by the first two moments: namely, the mean and co-
variance. The EKF (Gelb 1974) is the nonlinear version of the
Kalman filter that linearizes the covariance estimate about the cur-
rent mean. Consider a nonlinear dynamical system defined in
terms of a state vector x and a set of noisy measurements y,
related to the state:

X1 = fie(Xi) + q
Yk = Hixg + vy,

where Xy is the state vector at any time ti, y, is the tilt vector at a
given tiltmeter location, and qy, v correspond to the process and
measurement noise resulting from modeling errors and instrument
noise, which are assumed to be independent and normally distrib-
uted with zero mean and covariance I'qx and I'yy, respectively.
The process and measurement noise are also assumed to be uncor-
related, meaning that they can be expressed in the form I'gx = cﬁl
and vk = o21, with no cross-correlation; that is, E[qk, vk] = 0.
Here, fi(+), is the dynamic model that relates the state vector xi at
time tx to that at time txq whereas the observation model H(+)
relates the model state vector X to the measurement y,. In the
present paper, fi(-) and Hg(-) refer to the ILSA scheme and the
half-space displacement-discontinuity (DD) fracture model,
respectively, and are discussed in detail in the following.

With the dynamic model and the measurement data, the
EKF estimates the mean and variance of the state vector in a
predictor/corrector sequence. In the predictor step or time update,
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the state vector xi and the error covariance I'x at the time ty are
projected forward in time using the dynamic model:

Xk+1|k = fk()zklk>
D1k = FalFy + Lk

Because the dynamic model fy(+) is nonlinear, the Jacobian Fy
is used to linearize the covariance estimate about the predicted
state, and is defined as

o) o

In the correction step or measurement update, the predictions
are updated by adding a weighted difference between the actual
and predicted measurements. The weighting factor, known as the
Kalman gain Ky, minimizes the posteriori-error covariance:

Kir1 = DiopHy (Hin Ty HE + T, )

Xicr it = Xier i + Kot [V — Hicrr X i)
Diipert = (T = Ky B Dicp e

The following set of scaling parameters is introduced to deal
with the small magnitude of the tilt measurements:

&= [[Hill,,
— _ _ 2 e w2 22
Hk—SHk, Yk 783)](, l—‘l\‘l 76qgi\j7 V= Gv/Gqﬁ PR (5)

where Hy is the scaled Green’s function operator. The Kalman
gain and the measurement update equations can then be expressed
in terms of the scaled variables as follows:

1
K11 =& Ky,
where
Kyt = G My (M1 G Hy 0!
k1 = G My (1 G My g +71)
Xtk = Xkt + K1 (Yt — HiprXirak)s

where ICx.p is the scaled Kalman grain matrix. The scaling
parameter, y introduced previously in Eq. 5, provides a rationale for
selecting the prior process and measurement-noise covariance. A
larger value of y implies a smaller value of Kalman gain, meaning
that the filter gives more weighting (or confidence) to the dynamic
model in arriving at the predictions. Hence, to assimilate tilt data
into the models, it would be useful to work with smaller values of
y = ®%, where 6, = ®¢,,&2. The parameter ® can be adjusted to
reflect the resolution of the measurements relative to the fidelity of
the dynamic model. The parameter ® can therefore be used to
adjust the way in which the ILSA-EKF algorithm weights the
dynamic forward model relative to the tilt measurements. It is typi-
cally assigned a value in the range 0.01 < ® < 2 (Peirce and
Rochinha 2012). The smaller values 0.01 < ® < 0.5 are appropri-
ate when the measured data have a higher signal-noise ratio and the
dynamic forward model does not fully capture the physics of the
problem, and larger values 0.5 < ® < 2 when the measurements
are significantly noisier (Peirce and Rochinha 2012).

Though using higher values of ® can be useful when dealing
with noisy data, it also lowers the Kalman gain, meaning that the
measurements contribute little toward improving the model estimates.

Dynamic Model ILSA. The ILSA scheme (Peirce and Detour-
nay 2008) is a numerical technique to locate the boundary of a
propagating hydraulic fracture. As with any hydraulic-fracture
model, the ILSA model is built on three main components: the
elasticity equation relating the net pressure in the fracture to the
elastic fracture opening, the fluid-flow equation that governs the
pressure drop within the fracture consistent with mass conserva-
tion, and the fracture front-propagation condition. The novelty of
the ILSA scheme is that it uses a tip asymptotic relationship, valid
for a given propagation regime, in combination with an implicit
algorithm that is based on a level-set method to track the position
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of the fracture front. The method is briefly presented in this sec-
tion for completeness. The detailed formulation of the method can
be found in Peirce and Detournay (2008).

First, the elasticity equation relates the fracture width w(x, y, t)
and the fluid pressure p; within the fracture. For a planar fracture
in an infinite homogeneous medium occupying a region S at any
time t, the integral equation that relates p; to w is as follows:

P =pr(x.¥,t) — 6o(X,y)
_ E'J wx'y, )dS(x',y') ;
R 7
E
where E' = - is the plane-strain modulus and p the net pres-

sure or the pressure in excess of the far-field confining stress (min-
imum principal stress) 6. Because hydraulic fractures are
predominantly opening-mode fractures, the fracture width is
always taken to be positive.

Second, the Reynolds lubrication equation, describing fluid
flow within the fracture, is obtained by combining Poiseuille’s
law, which relates the fluid flux to the pressure drop within the
fracture, with the conservation of mass which implies that any
injected fluid stays within the fracture plane:

ow 1
i WV - (W'Vpp) + (%, y)Q(t).
Here, p’ = 12p is the scaled fluid viscosity, Q(t) is the fluid-injec-
tion rate, and 8(x, y) is the Dirac delta function. The coupled Egs.
7 and 8 are solved by assuming a zero-flux boundary condition
along the fracture front, and that the fluid completely fills the frac-
ture and there is no fluid lag at the tip; that is, by assigning

lim w* % =0.

g0 08

The energy required for propagating the fracture is primarily
supplied by the fluid pressure applied to the injected fluid, which is
dissipated during the propagation process. The dissipation phe-
nomenon is mainly governed by viscous losses as the fluid flows
through the fracture and the breakage of rock at the fracture tip,
each of which is associated with a characteristic length scale. This
results in a multiscale solution that is dependent on the propaga-
tion regime (Peirce 2015). For hydraulic-fracturing treatments car-
ried out under field conditions, the fracture propagation is
dominated by viscous dissipation (Adachi et al. 2007). Therefore,
in the present study, we consider the propagation to be in the vis-
cosity-dominated regime without leakoff, in which case the tip as-
ymptotic relationship is of the form

. W\ s
F’hqrrolcw ~ Bm()(E/) e
where B, = 2'/33%/°, v is the fluid tip velocity, and & is the dis-
tance to the fracture perimeter. The tip asymptotic relation pro-
vides the necessary information for determining the position of
the fracture front.

To solve the coupled Eqs. 7 and 8 numerically, the fracture
boundary S(t) is assumed to grow within a rectangular region
discretized with uniform rectangular elements. With piecewise-
constant DD elements, and the collocation technique, the elastic-
ity Eq. 7 can be converted to a set of algebraic equations that can
be written in a matrix form as

where the matrix elements are given as

x:x,.ﬁrﬂ >C:€..+§

eVt a-o] T

8n (e —0)(& =9 Ay
x

Ckfm,lfn = -



Fig. 1—Fracture parameters of the ILSA-EKF model. The dip,
strike, and dip direction are indicated as 0, 90°—¢, and 180°—¢,
respectively.

The fluid flow Eq. 8 is spatially discretized by a central-differ-
ence scheme, with the pressure p and fracture width w taken at
the element centers. After substituting for pressure from Eq. 11,
the coupled fluid-flow—elasticity equation can be expressed in a
discrete form as

w(t+ At) — w(t) = AtA[w(t + At)|Cw(t + At)+ Ats(t + At),

where A(w) is the central-difference operator obtained by spatial
discretization of Eq. 8, and s(t) corresponds to the source term
at the wellbore. Because the discretized Eq. 13 is very stiff, the
L-stable backward Euler scheme is used for marching the solution
forward in time.

The location of the fracture perimeter at any time (t + At) is
determined with the level-set method. In this method, the fracture
contour & is implicitly represented as the zeroth level set
T(x,y,t) = 0 of a surface Z = T(x,y,t) with T < 0 correspond-
ing to points inside the fracture boundary and vice-versa. Starting
with an initial guess of the fracture footprint, the coupled Eq. 13 is
solved to obtain the fracture width closest to the fracture boundary.
Assuming that the fracture propagation is in the viscous regime,
the asymptotic solution (Eq. 10) is inverted to obtain the distance
from reference points within the fracture to the fracture boundary:

7\1/3
T(x,y,t) = &~ — [BWO (%)

The frontal velocity is approximated by a finite-difference
quotient involving the signed distance functions at two successive
timesteps, resulting in a cubic equation that can be solved to
obtain the signed distance function T(x,y,t+ At). Using these
boundary values obtained from the solution of the cubic that
results from eliminating v from Eq. 15, the neighboring values
of the signed-distance function are obtained by solving the
Eikonal equation,

3/2
for all (x,y) € 9S°.

VT(x,y,t + A = 1.

Thus, by evolving the signed-distance surface Z = T(x,y,t+
At), we can identify the fracture perimeter as the zero level-set
curve T(x,y, t + At) = 0.

Forward-Observation-Model-Displacement-Discontinuity Me-
thod. Rock deformation associated with hydraulic-fracture
growth induces deformations and tilts at the tiltmeter locations,
and a forward-observation model is required to relate these defor-
mations and tilts to the generated fracture geometry. The DD
technique has been mainly used to construct 3D fracture models
such as the solution for the displacement and tilt caused by point
displacement discontinuities or rectangular fractures with a con-
stant or variable opening in an elastic half-space or full space
(Davis 1983; Yang and Davis 1986; Okada 1992; Olson et al.
1997). An elastic half-space model, as shown in Fig. 1, is useful
for analyzing data from a surface-tiltmeter array.

The displacements u; at any point x in the medium, caused by
a DD singularity at the point X', can be obtained using the princi-
ple of superposition as

mw:memmem@v

+ Uijk (X7 X,)Sjﬂsz (X,)]ds (ivja k=12, 3)7

where Uy (x,X') is the displacement vector that represents the
fundamental solution. D, = Djjnin; and Dy = Djjsin; correspond
to the normal and shear components of the DD vector, respec-
tively. The previous integral is singular when x = x/, but this
issue is easily resolved in the case of tiltmeter mapping because
the measurement points X are always outside the fracture plane. In
the DD method, the fracture plane is discretized with piecewise-
constant rectangular DD elements. Here, we consider a planar
fracture over the surface S, with a unit normal n and unit vector s
along the fracture plane, and discretize it with rectangular ele-
ments, each with a constant DD field. For these rectangular con-
stant-strength DD elements, Eq. 16 can be integrated analytically.
In this work, we have used the analytical expression for the inter-
nal deformation and strains caused by a rectangular DD in an elas-
tic half-space developed by Okada (1992). The Okada solution
provides simplified closed-form expressions for an arbitrarily ori-
ented shear or tensile fracture in an elastic half-space. The rectan-
gular elements, used to discretize the governing Eqgs. 7 and 8, can
also be used as the rectangular DD elements of the Okada model.

Because hydraulic fractures are predominantly opening-mode
fractures, only the normal component of the DD is considered in
this study. At a given tiltmeter location, the tiltmeter measures
rotation movements along two orthogonal directions ®; and ®;
with reference to the gravity vector that can be related to the curl
of the displacement vector as

@ =u3;] —Up3; @ =U3p — U3,

where the comma denotes the derivative with respect to the sec-
ond index. If the tiltmeters are set up on a free surface and used
like a typical carpenter’s level, the tilt data can be related to the
horizontal component of the vertical displacement alone, and we
have w; = —u3; and w, = —u3,. However, for monitoring hy-
draulic-fracture growth, tiltmeters are often installed in shallow
boreholes and are fully coupled to the rock mass. For an isotropic
elastic medium, the stresses o3 and g,3 vanish close to a free sur-
face, meaning that u3; = —u;3 and up3 = —u3,. In this case, the
two modes of deformation—the difference of horizontal displace-
ment as well as the difference of vertical displacement between
the endpoints of the instrument—induce tilt, and we have w; =

—2u3; and wy; = —2u3,. If this factor of 2 is not taken into
account and the tilt data are analyzed with w; = —u3; and
Wy = —Uu3p, it can result in an estimated fracture volume that is

twice the actual fracture volume. This can, in some cases, cause
the estimated treatment efficiency, which is the ratio of the
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fracture volume to the injected fluid volume, to increase beyond
100% which is physically not possible (Lecampion et al. 2005b).

ILSA-EKF Algorithm. With the ILSA framework and the ob-
servation model defined, this section describes the algorithmic
steps in the assimilation process. The first step is to identify the
state variables for the EKF. Referring to Fig. 1, the possible
choices are the fracture geometry 08, fracture width w, the frac-
ture dip 0, and dip direction 180 — ¢. However, in the current pa-
per, only the fracture widths wy,, for every rectangular element
ASmn over the fracture domain are chosen as the state variables. It
is possible to parameterize and include the fracture geometry or
the fracture boundary as additional state variables in the EKF,
instead of estimating them from the ILSA model. However, this
approach does not give satisfactory results because, in a majority
of cases, the tiltmeter measurements are in the far-field regime
(Lecampion et al. 2005a), meaning that the distance between the
tiltmeter location and the fracture plane is much greater (roughly
three times) than the characteristic dimension of the fracture.
Under such conditions, the fracture width and the geometry are
strongly correlated, making it difficult to uniquely recover them
by inverting tilt data (Lecampion et al. 2005a; Pandurangan et al.
2015). Including the dip and dip direction as state variables is also
not possible because the current ILSA model assumes the fracture
to be planar, and predicts the evolution of the fracture boundary at
any time t on the basis of the assumption that dip and dip direc-
tion are held constant. If the dip and dip direction are included as
additional state variables, their values will change with every
timestep, making the ILSA predictions invalid. Therefore, in the
current algorithm, the dip and dip direction are obtained with an
elliptical fracture-forward model (thus, referred to as the TAL-tilt
analysis library) (Lecampion and Gunning 2007; Pandurangan
et al. 2015), in the preliminary analysis step, and are fixed during
the simulation step with the ILSA-EKF algorithm.

In the prediction update step, the fracture widths Wy ;| at time
tx1 are obtained by solving the coupled Eq. 13, by fixing the frac-
ture front OSk at timestep tx. To begin with, the fracture front is
assumed to be radial. In the update step, all tilt data up to time t
are assimilated to obtain a corrected estimate of the fracture widths
Wit 1jk+1- In case the corrected fracture widths are negative, which
is physically not possible, they are reset to the predicted estimates.
Because the predicted values are obtained from the converged solu-
tion to the coupled Eq. 13, they are all positive. The ILSA algo-
rithm is then used to obtain the new front position Sy with the
corrected estimates of the fracture widths. This procedure is
repeated until the front positions have converged within a given
timestep. The algorithmic steps in the ILSA-EKF scheme are sum-
marized next. Superscripts are used to distinguish front iterations
from timesteps. For example, vi/Jk 1/ refers to the predicted fracture
width during the jth front iteration within the (k + 1)th timestep.

1. Set the fracture boundary to be the circle S; = [(y,§):

VO 1+ €8 < Peaa)-
2. Initialize the EKF parameters ® and the initial covariance
matrix I'y); = Ggl.
3. Do for N, timesteps:
a. Advance the timestep tx; = tx + At.
b. Fix the fracture front and error covariance from the pre-
vious timestep IS, | = 08k; Fllﬁ‘k = Ik
c. Do for N;j front iterations:
i leen Wk‘k and 8Sk +1» solve the coupled Eq. 13 to

predict Wk+1 Ik

ii. Compute the Jacobian F. using Eq. 3.

iii. Predict the error-covariance matrix n K1k with Eq. 2.

iv. Calculate the Kalman gain K and the corrected

k+1]k
widths warl‘kJr1

v. Set Wk+1\k+1 Wk+1\k for elements for which the

corrected width is negative.
vi. Update the posterior error covariance it
Eq. 4.

k+1|k+l with
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vii. Use the corrected widths and the level-set algorithm
(Egs. 14 and 15) to obtain the new front position

as+1

k+1[k+1"
c. End of front iteration.

4. End of timestep loop.

The EKF formulation used in this paper is based on the lineari-
zation of the governing equations that does not necessarily pre-
serve the variance and covariance of the full dynamical system,
but rather imposes the Gaussian variance and covariance inherited
from the linearized system. However, when the model is highly
nonlinear, this linear approximation can lead to a suboptimal and
biased solution, and the covariance update may not be exact. The
EKEF also requires the Jacobian matrix for propagating the error
covariance, which is computationally expensive. Particle-based
approaches such as the ensemble KF (EnKF) and the unscented
Kalman filter (UKF), in contrast, use a strategically chosen
“ensemble” of trajectories to evaluate the variance and covariance
numerically. The error covariance is thus obtained as an ensemble
estimate instead of the linear approximation used in the EKF. The
EnKF makes use of Monte Carlo sampling to select the ensemble
members whereas, in the case of the UKF, the ensemble members,
also known as sigma points, are chosen deterministically.
Although particle-based approaches can be more efficient than the
EKF and are better suited for highly nonlinear models, for the
coupled hydraulic-fracturing problem presented in this paper, this
would involve a solution to the coupled system of Eq. 13 at every
sample point. This would be computationally very demanding
and clearly requires more development. This is beyond the scope
of the current paper but is certainly an avenue for further
investigation.

Numerical Experiment

Synthetic Example. The robustness of the ILSA-EKF algorithm
has been demonstrated for 1D and 2D cases with the infinite-space
observation model in earlier studies (Peirce and Rochinha 2012) by
use of synthetic data sets, under both near-field and far-field
regimes. Therefore, the purpose of the numerical example presented
here is to demonstrate the performance of the ILSA-EKF algorithm
updated with the half-space observation model. Near- and far-field
measurements are differentiated on the basis of a term known as the
resolution index given by the ratio of the distance d between the tilt-
meter and the fracture plane and the characteristic half-length I of
the fracture. Measurements are considered to be in the far field if
this ratio is greater than three (Lecampion et al. 2005a).

Synthetic data were generated by considering a fracture that is
initially penny-shaped and growing in a homogeneous elastic
half-space, with the injection point 50 m below the surface. The
fracture orientation defined by the dip and dip direction is
assumed to be 30° and 20°, respectively. Further, the fracture is
assumed to propagate in the viscosity-dominated regime, and to
be subject to a linearly varying confining-stress field 6,(x,y) of
the form

o0(x,§) = M X

XM Xm

where y,,, and yy; refer to the minimum and maximum % coordi-
nates of the rectangular mesh, respectively. Hydraulic fractures
tend to grow from high-stress toward low-stress zones because
less energy is required to extend a fracture into the low-stress
zone (Wu et al. 2008). Therefore, the linearly decreasing confin-
ing-stress field (Eq. 18) with linearly increasing y causes asym-
metric fracture growth in the y direction. For the observation
model, we assume a surface-tiltmeter array, as shown in Fig. 2,
with coordinates defined as

x=0¢=1{7.25:10:57.25}, n= 10,
where 1 is the depth at which the tiltmeter array is located. The x

and y components of the tilt vector are measured at every tiltmeter
location for 100 discrete timesteps, generating a time-series. To
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Fig. 2—Tiltmeter layout used for generating the synthetic data
set.

simulate field conditions, a zero-mean Gaussian noise with var-
iance 0'2N in the range 0-8% is added to the generated tilt measure-
ments. The ILSA-EKF algorithm previously discussed is then
used to predict the fracture footprint from these noisy data. In the
simulation, the dynamic forward model assumes no confining
stress 6y = 0. This implies that the ILSA model would predict
radially symmetric fractures in the absence of feedback from the
tilt data. The performance of the ILSA-EKF scheme is evaluated
with the following error measures:

Jssuse1 W (0, & t) = wE (o, 6, 1) [dS

| cs

Ev(t; P, 0n) =

Al(SUSE O\ (SinSe ™)
AlSi '

Er(tx; p,0n) ==

Here, Ey(ty) is the width error that measures the relative differ-
ence between the actual (synthetic) and estimated fracture widths
at time ty, Ep(ty) is the footprint error that measures the relative
difference between the actual and estimated fracture geometries,

T T T
= True value
Inversion TAL-ILSA

— -~ Inversion TAL

1

Noise Level Dip Dip Direction
0.00 33.34 20.3
0.02 33.43 20.9
0.04 33.45 20.4
0.06 33.34 19.7
0.08 33.34 20.8

Table 1—Dip and dip direction obtained with the elliptical-fracture
model.

S and SET are the regions occupied by the actual and estimated
fractures, and A[] is the area of the region.

The ILSA-EKF algorithm requires that the fracture orientation
be known a priori, which is seldom the case in the field. To satisfy
this condition, the simulation is carried out in a two-step fashion,
where the fracture dip and dip direction are first obtained with an
elliptical fracture forward model (Lecampion and Gunning 2007;
Pandurangan et al. 2015). The ILSA-EKF model is then used to
obtain the fracture footprint by fixing the dip and dip direction to
the values obtained in the first step. In the TAL, the fracture dip,
dip direction, width, and geometry are chosen as the state varia-
bles, and a simple persistence model is used to predict their values
forward in time. The observation model on the basis of the analyt-
ical Okada solution is used. The dip and dip direction predicted
by the TAL for different noise levels are summarized in Table 1.

For the surface array coordinates defined in Eq. 19, the syn-
thetic measurements fall in the far-field regime with the resolution
index in the range 2.7-14.5. Considering the far-field nature of
the data, the EKF parameter ® was chosen from the range
(0.5-2), and convergence was achieved for ® = 0.8. Fig. 3 shows
the snapshots of the synthetic-fracture footprints (solid lines) cor-
responding to an initially radial fracture propagating in a linearly
varying stress field, and those predicted by the ILSA-EKF algo-
rithm (dotted lines), the TAL with an elliptical DD model (dashed
dotted), using the synthetic tilt measurements with a noise level
on = 6%, and assuming that the confining stress is absent. The
results on the left correspond to the two-step inversion, where the
fracture orientation was first obtained from the TAL. The pre-
dicted fronts show significant distortions that do not follow the
synthetic front, and develop spurious bulges at latter times. This
behavior can be mainly attributed to the errors introduced while
estimating the dip angle with the TAL. This can be verified from
the figure on the right that shows the same comparison when the
TAL step is skipped, and the simulation is repeated with the cor-
rect dip and dip direction (30°, 20°). Here, the results show good
agreement with the synthetic result in spite of the 6% Gaussian
noise added to the data. This highlights the fact that even small

L By T I iR & il § T it

= True value =
50 Inversion TAL-ILSA

FEFEPS IPIPIPIPE RIS PP B I PR B

20 25 30 35 40 45 50 55
x (m)

20 25 30 35 40 45 50 55
x (m)

Fig. 3—Left figure: Comparison of synthetic front (solid lines) with ILSA-EKF front (dotted lines) and TAL front (dashed dotted
lines) for measurements with noise level oy = 0.6 and dip and dip direction obtained from an elliptical fracture forward model. Right
figure: Comparison of synthetic front (solid lines) with ILSA-EKF front (dotted lines) and with noise level oy = 0.6 when correct dip
and dip direction are used. The results are plotted every 20 timesteps.
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Fig. 4—Left figure: Relative footprint error (relative difference between the actual and estimated fracture geometry) at different
noise levels. Right figure: Relative width error (relative difference between the actual and estimated fracture width) at different
noise levels by use of synthetic data sets. The fracture dip and dip direction for the different noise levels are obtained from the

TAL, and are summarized in Table 1.

errors in estimating the dip angles (close to 10% in this case) can
significantly affect ILSA-EKF front predictions. However, despite
the significant error in the dip angles, the ILSA-EKF scheme is
able to capture the significant asymmetry in the hydraulic frac-
tures that developed in the linearly varying stress field, which was
used to generate the synthetic tilt data. Although the TAL analysis
is also able to reasonably capture the fracture asymmetry, the pre-
dicted fracture footprints are smaller than those predicted by the
ILSA-EKF scheme. The maximum fracture volume predicted by
TAL and ILSA-EKF is 0.95 and 0.91m3, respectively, which
agrees well with the actual fracture volume of 0.94m> used for
generating the synthetic data. In the TAL analysis, the fracture
opening is constrained to obtain a physically reasonable solution.
In contrast, the ILSA-EKF model solves the coupled system of
Eq. 13 to compute the fracture opening as a function of time,
which results in more-realistic estimates of the fracture opening
and therefore the fracture footprint. The improved prediction of
the fracture geometry by ILSA-EKF can provide improved resolu-
tion of the fracture geometry in field applications, including better
estimates of fracture-height growth. This additional information
provides critical feedback to optimize hydraulic-fracture treat-
ments. The width and footprint errors for different noise levels are
summarized in Fig. 4. Both error curves exhibit similar character-
istics, peaking at a relatively early time and gradually reducing
thereafter. Because the fracture front evolves with time, there is a
reduction in the resolution index, and there is thus a gradual tran-
sition toward the near-field regime. Also, the EKF learns by
assimilating more data with time, resulting in a smaller error co-
variance and more accurate estimates.

Field Study. The field data presented in this study were obtained
from preconditioning trials carried out by the CSIRO at the Nar-
rabri longwall coal mine, New South Wales, Australia. Longwall
mining is an underground-mining technique for extracting rela-
tively flat coal seams. During the mining operation, hydraulic roof
supports are used to protect workers and equipment to allow the
mining of the coal. As the mining progresses, the roof supports
are moved forward along the longwall face, and the roof rock is
allowed to cave into the void region behind the supports. If the
roof is strong, failure does not occur immediately, and a large
open void may form behind the supports. Failure of the rock
above this void may then occur suddenly, significantly increasing
the loads on the roof supports and potentially producing a danger-
ous wind blast because the air and gas in the void are displaced
into the mine workings. Preconditioning with hydraulic fracturing
is a rock-caving control technique in which hydraulic fractures
are generated to weaken the roof rock and to promote earlier and
more-uniform caving, thereby improving the safety conditions at
the site (Jeffrey et al. 2013).
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During the preconditioning treatment at Narrabri, multiple par-
allel fractures with a spacing of 2.5 m were generated from verti-
cal boreholes at a depth of 140—175 m. Pressure monitoring and
temperature logging in offset boreholes, positioned 10-30 m from
the injection hole, were used to estimate fracture-arrival times and
to ascertain if the fractures remained horizontal over a 30-m dis-
tance. In addition, a tiltmeter array consisting of 12 tiltmeters,
secured firmly in 10-m deep holes around the injection well, was
used to determine the fracture orientation and geometry. When a
series of hydraulic fractures is started one after the other from dif-
ferent points along a borehole, they can alter the local stress field
around them, thereby increasing the chances for a newly started
fracture to develop asymmetrically. Therefore, the objective of
this exercise was to determine whether the ILSA-EKF algorithm
is able to provide some insight into the fracture asymmetry by
comparing the predicted fracture front estimates with the intersec-
tion data recorded in the offset monitoring wells.

First, we present the results for Fracture 1 started from Bore-
hole J (F1J) at a depth of 146.8 m. In this case, data from 11 tilt-
meters were available. The fracturing treatments typically lasted
approximately 45 minutes, but the tiltmeter data were collected
over a larger time window, which included some time period
before the start of injection and sometime after shut-in. Fig. 5
shows the raw data obtained from one of the tiltmeters used in the
study. The raw data are first filtered to remove noise from external
events such as instrument drift, vehicle movements and others.
Random spikes in the data are then removed and substituted with
a local signal after which the low-frequency noise is removed by
fitting a trend function to the tilt data recorded before the actual
fracturing treatment. Finally, this trend is subtracted from the
denoised signal to extract the tilt signal induced by the hydraulic
fracture, which is then used for further analysis with the ILSA-
EKF algorithm.

The Young’s modulus and Poisson’s ratio of the conglomerate
roof rock were measured from core samples (Jeffrey et al. 2013)
and were found to be 20 GPa and 0.2, respectively. The dip and
dip direction were first estimated with the TAL and were found to
be 20° and 174°, respectively. The apparent dip angles were also
estimated by knowing the depth of the intersections of the frac-
tures with the offset boreholes. In this case, the fracture was found
to be nearly horizontal with apparent dip angles between 0° and
5°. The apparent dip estimate, which was the result of a direct ob-
servation/measurement, was assumed to be correct with confi-
dence, and therefore a smaller dip angle of 3° was used in the
asymmetry analysis.

Fig. 6 shows the ILSA-EKF fracture footprints at different
times in the fracture coordinate system with the origin (0, 0) at the
injection point in Borehole J. The black-dashed contour lines
refer to the fracture footprints before shut-in, and the green-solid
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Fig. 5—Left figure: The original measured noisy data and the denoised signal from one tiltmeter corresponding to Fracture 1 in
Borehole J. Right figure: Tilt signal induced by the hydraulic fracture after subtracting the trend that is used in the ILSA-EKF

analysis.

lines show the footprints after shut-in. The circles represent the
boreholes. Fig. 7 shows a 3D view of the fracture footprints with
the z-axis representing the time in minutes. The vertical lines cor-
respond to the injection Borehole J and offset Boreholes A, C,
and E, with blobs indicating the measured intersection times (red)
and estimated intersection times (green), in minutes. It can be
seen from the contour plot that the fracture growth is asymmetric
about the injection Borehole J, with the growth preferentially
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Fig. 6—Left figure: Plot of the ILSA-EKF fracture footprints at
different times for Fracture 01 in orthogonal view with the origin
(0, 0) at the injection point in Borehole J and the offset monitor
boreholes (A, C, E). The fracture dip and dip direction are not
represented in this orthogonal view. The black-dashed con-
tours indicate footprints before shut-in, and the solid-green line
shows the results after shut-in. The red triangles show the loca-
tion of the closest points on the t =9 and t = 37 ILSA-EKF foot-
prints corresponding to the observed arrival times at
Boreholes E and C, respectively. The number (7.2) refers to the
shortest distance (m) from the triangle closest to Borehole E at
time t=9, and the number (1.9) refers to the shortest distance
(m) from the triangle closest to Borehole C at time t =37. The
shortest distance between Borehole E and the closest ILSA-
EKF footprint at any time during the inversion was 0 m (at time
t=58) and the shortest distance between Borehole C and the
closest ILSA-EKF footprint at any time during the inversion was
1.6m (at time t=58). Note that the borehole locations have
been rotated to the fracture coordinate system.

being in the negative { direction. F1J was the first fracture in the
borehole, and therefore, a somewhat symmetric profile was
expected. Hence, the exact reason for the asymmetry is not
known. The footprints after shut-in also show spurious herniation.
Recall that such spurious bulges were also observed in the earlier
investigation with the synthetic data when the incorrect fracture
orientation was used. However, with field data, it is difficult to
verify if the herniations are the result of incorrect fracture orienta-
tion or noise in the data.

The measured intersection times with offset boreholes serve as
a reference to compare and validate the ILSA-EKF footprints.
Table 2 shows the measured intersection times for F1J with Bore-
holes A, C, and E. Fig. 6 also shows the shortest distance in
meters between each borehole and the point on the fracture front
closest to the borehole at the measured intersection times, which
is indicated by a triangle. The number (7.2) for example refers to
the shortest distance (m) from the triangle closest to the Borehole
E at time t = 9 minutes. We have used this as an error measure to
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Fig. 7—Right figure: Shows the 3D view of fracture footprints
with the z-axis representing time. The vertical lines correspond
to the Injection Borehole J and the offset boreholes A, C, and E.
The figure also shows the measured intersection times (red)
observed in the field, and intersection times obtained from the
simulation (green), in minutes. Note that the borehole locations
have been rotated to the fracture coordinate system.

2017 SPE Journal



Fracture Start of Intersected Intersection
Date Number Borehole Depth (m) Injection (t1) Borehole Time (£2) At=12-11

E 13:09:56 0:08:46
2/6/2011 1 J 146.8 13:01:10 C 13:38:12 0:37:02
A 13:17:00 0:15:50

AB 15:05 0:32

22/9/2011 3 168.1 14:33
AA AC 14:40 0:07
23/9/2011 5 175.6 09:26 AC 09:52 0:26

Table 2—Measured intersection times for different fractures with monitoring holes.

compare the simulation results. The offset borehole monitoring
shows that F1J intersects Borehole A at 16 minutes, whereas in
the simulation, it takes 9 minutes for the fracture to intersect
Borehole A. The arrival time at Borehole A was determined by
pressure monitoring in which the intersection time was taken as
the time when the pressure exceeded the vertical or minimum
principal stress. The arrival time is thus deduced from the pressure
plots, and can sometimes be complicated, unlike temperature
monitoring (used in Boreholes E and C) in which arrival times
are sharper and more clear-cut. This might have resulted in some
of the discrepancy with the simulated intersection times. The pre-
dicted fracture front does not show intersection with Borehole C
although it reaches very close (1.9 m) to it at the observed inter-
section time of 37 minutes. The borehole-survey process does
contain an uncertainty in the determined bottomhole location,
which is typically approximately 1m at depths of 200 m. There-
fore, an error of 1.9m in ILSA-EKF arrivals compared with the
plotted borehole location can be regarded as insignificant. The
simulation also shows interaction with Borehole E only at 58
minutes against the observed time of 9 minutes. Because the sim-
ulation shows that intersection occurs only after shut-in, it is most
likely a degenerate case and cannot be considered as a true mea-
sure of the arrival time. Therefore, we have used the distance error
to indicate the distance from the borehole to the fracture front at
the measured intersection time t = 9. It can be seen that the dis-
tance error (7.2 m) in this case is larger compared with that of C
(1.9m). As per the intersection data, F1J grows into Borehole E
earlier during the treatment (9 minutes), but grows into Borehole
C much later, toward the end of the fracture treatment (37
minutes). Previously, with synthetic data, we had seen that the
ILSA-EKEF predictions improve with time as the filter assimilates
more data. At t = 37 minutes, the filter has already assimilated
considerable data compared with time t = 9. Also, the fracture

Tilt fit at maximum fracture volume

600 . .
—_— “ ——a= Data
550 0.5 urad — Fit
500 J ]

E 450F A V <

o 400f L= |

£ °

£ g0} @ —— 4— 1

S _—

Z 300} ]
2501 4 ;
200¢ .

6622150 - . - . . :
776250 300 350 400 450 500 550 600 650

Easting (m)

Fig. 8—Left figure: Tilt vectors at the end of injection for Frac-
ture 01 in Borehole J. The divergent radial pattern is typical of
horizontal fractures.
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dimensions and volume are much larger at t = 37, resulting in a
stronger tilt signal and therefore a larger signal-noise ratio. These
are the probable reasons for the relatively larger distance error
observed for Borehole £ compared with Borehole C. A compari-
son between the measured tilt vectors and the estimated tilt vec-
tors at the end of injection is shown in Fig. 8. It can be observed
that the ILSA-EKF algorithm is able to reasonably fit the
observed tilt data, in spite of the far-field nature of the data. The
radially divergent tilt pattern is characteristic of subhorizontal
fractures. Fig. 9 shows the predicted final fracture footprint at t =
58 minutes superimposed on the site layout, which shows the
borehole locations and tiltmeter positions.

In the synthetic example presented in the previous section, we
had compared the mismatch between the actual and the estimated
fracture geometry at different noise levels. In the field example
presented here, the actual fracture geometry is unknown whereas
intersection data provided a means to indirectly validate the
ILSA-EKF estimates. Therefore, to study the influence of tilt-
meter data on model prediction, the tilt data were corrupted by a
noise amplitude ¢ where ¢ refers to the standard deviation of the
measured signal in each of the tiltmeters, and the ILSA-EKF sim-
ulation was repeated with the noisy signal. The addition of noise
to the tilt signal can also affect the predicted dip angle. Hence, the
simulation was carried out in a two-step fashion, in which the
fracture dip and dip-direction were first obtained with the ellipti-
cal DD model in the TAL to determine the change in dip angle as
a result of introducing the noise, and then the ILSA-EKF simula-
tion was carried out with a fixed dip and dip direction. The effect
of the noise level on the dip angle is predicted with the TAL;
then, the predicted change in the dip angle from the TAL is added
to the dip angle used in the ILSA-EKF simulation (3° 4 changes),
to reflect the influence of noise of tilt measurements. For example,
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Fig. 9—Right figure: Site layout showing the fracture footprint
predicted by ILSA-EKF at the end of injection, the injection and
monitoring boreholes, and the locations of the tiltmeters.
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Fig. 10—Comparison of ILSA-EKF fracture footprints at the end
of injection at different noise levels with the original fracture
footprint for Fracture 1 in Borehole J and the offset monitor
boreholes (A, C, E).

if the TAL predicts a change of 9° in the dip angle for a given
noise level, the dip angle used in the ILSA-EKF is 3° +9°. The
change in dip angles corresponding to noise levels 1, 1.5, and 2¢
were 6°, 9°, and 12.7°. Fig. 10 shows a comparison between the
fracture footprints at the end of injection (t = 45 minutes) for dif-
ferent noise levels with the original footprint obtained before the
addition of noise. Although the shape of the estimated fractures at
different noise levels is similar to the original estimates, the frac-
ture area/size is different and shows an increase with increased
noise levels. Because the dip angle is strongly coupled to the frac-
ture geometry, both the increase in tilt magnitude with the addi-
tion of noise and corresponding change in dip angle are
responsible for the increase in the fracture footprint. The root-
mean-square (RMS) error between measured and estimated tilt
vectors at the end of injection was used to compare the quality of
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the resulting fit at different noise levels. The RMS error at the end
of injection for noise levels 1, 1.5, and 2¢ were 0.59, 0.69, and
0.83 prad, respectively. In comparison, the RMS error for the
original signal was 0.48 prad, which clearly shows that the quality
of the resulting fit deteriorates with an increase in noise level
although the fracture volume in all the cases is less than the
injected fluid volume.

Next, we present the results for Fractures 03 and 05 started at
a second different test site from Borehole AA at a depth of 168.1
and 175.6 m, respectively. In this case, data from 12 tiltmeters
were available. In the first analysis step, the TAL was used to
obtain an estimate of the fracture dip and dip-direction, which
were 21°, 310°, and 13°, 330° for Fractures 03 and 05, respec-
tively. As before, the data from the offset boreholes were also
used to obtain an estimate of the apparent dip angle. On the basis
of these results, the dip angle was fixed at 5°, and the dip
directions were fixed at 310° and 330° for Fractures 03 and 05,
respectively. Figs. 11 and 12 show the plan and 3D views of the
ILSA-EKF fracture footprints at different times, in the fracture
coordinate system with the origin (0, 0) at the injection point in
Borehole AA. The black-dashed and green-contour lines refer to
the fracture footprints before and after shut-in respectively. In
Fig. 11, it can be observed that Fracture 03 develops asymmetri-
cally with respect to Borehole AA. Previously placed fractures
cause stress changes and perhaps an even bigger pore-pressure
change and concomitant stress changes. In this case, Fracture 02
was placed 45 minutes before Fracture 03 in Borehole AA, at a
depth of 178.1 m. This might have locally altered the stress field
around Fracture 03 and caused the observed asymmetry.

As before, intersection times with offset Boreholes AB and
AC, summarized in Table 2, were used as a reference to validate
the ILSA-EKEF footprints. In Fig. 11, it can be observed that the
fracture front grows into Borehole AC (7 minutes), much earlier
than AB (32 minutes). The simulation shows intersection with
both holes, but the ILSA-EKF intersection time of 45 minutes
with AC occurs after shut-in. Pressure monitoring was used in
AC, and temperature monitoring was used in AB, which means
that the observed arrival time of 7 minutes at Borehole AC might
be subject to a larger error than that in AB. This, along with the
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Fig. 11—Left figure: Plot of the ILSA-EKF fracture footprints at different times for Fracture 03 in orthogonal view with the origin (0,
0) at the injection point in Borehole AA and the offset monitor boreholes (AB, AC). The fracture dip and dip direction are not repre-
sented in this orthogonal view. The black-dashed contours indicate footprints before shut-in, and the solid-green line shows the
results after shut-in. The red triangles show the location of the closest points on the t =7 and t = 32 ILSA-EKF footprints corre-
sponding to the observed arrival times at Boreholes AC and AB, respectively. The number (19.2) refers to the shortest distance (m)
from the triangle closest to Borehole AC at time t =7, and the number (3.7) refers to the shortest distance (m) from the triangle
closest to Borehole C at time t = 32. Right figure: Shows 3D view of fracture footprints with the z-axis representing time. The verti-
cal lines correspond to the Injection AA and the offset Boreholes AB and AC. The figure also shows the measured intersection
times (red) observed in the field, and intersection times obtained from the simulation (green), in minutes. Note that the borehole

locations have been rotated to the fracture coordinate system.
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Fig. 12—Left figure: Plot of the ILSA-EKF fracture footprints at different times for Fracture 05 in orthogonal view with the origin (0,
0) at the injection point in Borehole AA and the offset monitor boreholes (AB, AC). The fracture dip and dip direction are not repre-
sented in this orthogonal view. The black-dashed contours indicate footprints before shut-in, and the solid-green line shows the
results after shut-in. The red triangles show the location of the closest points on the t = 26 ILSA-EKF footprint corresponding to
the observed arrival time at Boreholes AC. The number (5.6) refers to the shortest distance (m) from the triangle closest to Bore-
hole AC at time t = 26. Right figure: Shows 3D view of fracture footprints with the z-axis representing time. The vertical lines corre-

spond to the Injection AA and the offset Boreholes AB and AC.

The figure also shows the measured intersection times (red)

observed in the field, and intersection times obtained from the simulation (green), in minutes. Note that the borehole locations

have been rotated to the fracture coordinate system.

fact that the observed intersection time occurs close to the start of
injection, explains why the distance error is larger (19.2m) for
Borehole AC. In the case of Borehole AB, intersection occurs
later in the simulation, allowing the filter to assimilate more data,
which is why the ILSA-EKF time estimate (39 minutes) shows
better agreement with the measured intersection time (32
minutes), with a smaller distance error of 3.2 m.

In the case of Fracture 05, the simulation shows intersection
with AC at 31 minutes against the observed time of 26 minutes,
with a distance error of 5.2 m. Considering that pressure monitor-
ing was used in this hole, this estimate is very reasonable. It is
interesting to observe that the simulation shows no intersection
with Borehole AB, exactly as was observed at the site. This dem-
onstrates that the ILSA-EKF is able to make a reasonable predic-
tion of the fracture front and is also able to capture fracture
asymmetry. Fig. 13 shows the predicted final fracture footprint
superimposed on the site layout, which shows the borehole loca-
tions and tiltmeter positions. Fig. 14 shows the measured and the

950 T — T T
ILSA-EKF footprint
®  Tiltmeter positions
# Monitoring holes
@ Injection hole
900f . .
£ 850t
g’ L] [ ] L]
.:C:
S I
> 800
(] ] L]
750F
-
6622700 - - L . 1
775550 600 650 700 750 800 850
Easting (m)

estimated tilt vectors at the end of injection, which once again
shows a radially diverging pattern typically associated with sub-
horizontal fractures.

Fig. 15 shows the average fracture width and the width at the
wellbore for all the three fractures discussed so far. The wellbore
width is the width at the injection point, and the average width is
the simple average over all elements in the Eulerian mesh. If we
assume the fracture to be a line crack opened by a net pressure
that is linearly varying within the fracture, the opening profile
would be ellipsoidal with maximum width at the center (Valké
and Michael 1995). Hence, we find that the wellbore width is
higher than the average width for Fractures 03 and 05, and ini-
tially for Fracture O1. The fracture center coincides with the injec-
tion point for a symmetric fracture, but moves farther away from
the injection point as the fracture develops asymmetry. In the case
of Fracture 01, the fracture, which is initially symmetric, develops
strong asymmetry at later times. This implies that the fracture
center has moved significantly away from the injection point,
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Fig. 13—Site layout showing the fracture footprint predicted by ILSA-EKF at the end of injection for Fracture 03 (left) and Fracture
05 (right), the injection and monitoring boreholes, and the locations of the tiltmeters. Note that borehole locations shown are sur-

face locations in this figure.
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Fig. 14—Tilt vectors at the end of injection for Fracture 03 (left) and Fracture 05 (right).

which is now toward one end of the fracture. Therefore, in the
case of Fracture 01, the wellbore width is smaller than the average
width at later times and also shows large fluctuations.

Fig. 16 shows a comparison between the estimated fracture
volume and injected-fluid volume for all three fractures. The
injected-fluid volume is the cumulative volume of fluid injected
into the well during the fracture treatment. The predicted fracture-
volume profile is consistent with the injected-fluid volume in all
three cases. The volume increases until the end of injection, and
there is a drop in volume as the fracture faces close because of
fluid loss and decreasing net pressure. Fracture 03 shows an
increase in volume above the injected volume after shut-in, which
is physically not possible. The reason for this behavior is not
clear. A possible reason is that the residual tilt signals from Frac-
ture 02 placed 45 minutes before Fracture 03 in Borehole AA
could have affected the tilt signals from Fracture 03.

In all the three cases, the fracture volume is less than the
injected volume, meaning that some amount of fluid leaks off into
the formation or there is some spurious leakoff. There are several
possible mechanisms other than the leakoff that would affect the
fracture volume and reduce the tilt signal. The fractures are con-
tained in a conglomerate, which most probably has a Young’s
modulus similar to that of the overburden rock. However, the coal
seam, which is 6 to 7m thick and is located 5 to 10 m below the
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Fig. 15—Plot of the average fracture width and the width at the
wellbore for Fracture 01 in Borehole J, and Fractures 03 and 05
in Borehole AA.

12

fracture plane, has a Young’s modulus that is an order of magni-
tude lower than that of the rock. The drainage of water and gas to
variable degrees from the coal seam before the fracturing will
cause some shrinkage of the softer coal seam. Consequently,
some of the deformation caused by the actual fracture may be
absorbed by the softer coal layer, resulting in smaller tilt signals
at the surface. The conglomerate has low permeability but does
contain natural fractures, so leakoff can occur. Shearing on faults
and fractures is another energy-dissipation mechanism that has
not been accounted for in the current study. The other loss process
is fracture intersection with adjacent boreholes and fluid loss from
these boreholes. Any or all these factors could have contributed to
a reduced fracture volume.

Conclusion

In this work, we proposed a technique that uses tilt data to detect
asymmetric hydraulic-fracture growth in a homogeneous elastic
half-space. The algorithm uses the EKF to integrate the dynamic
ILSA scheme with tilt data to obtain real-time estimates of the
fracture footprint. The highlight of the ILSA-EKF scheme is that
only the fracture width is treated as the state variable in the EKF,
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Fig. 16—Comparison of the injected-fluid volume (solid lines)
and the estimated fracture volumes (dashed lines) for Fractures
01, 03, and 05. The fracture volume predicted by ILSA-EKF and
|n|ected-flu|d volumes (in parentheses) at the end of |n|ect|on
for Fractures 01, 03, and 05 were, respectively, 4.2 (9.3) m®, 13.8
(16) m3, and 13.1 (19.6) m®, respectively.
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and the fracture boundary is located with the ILSA algorithm using
the tip asymptotic relationship, avoiding the need to parametrize
the fracture boundary. Further, the scheme uses the Okada half-
space solution as a building block to establish the observation
model (forward model) to relate the fracture geometry to the
observed tilt. This is a more faithful representation of a fracture
propagating below the surface in which the characteristic length of
the fracture is not too small compared with the fracture depth, and
the tilt measurements are near the ground surface. The fracture dip
and dip direction, together with the fracture geometry, are required
to completely describe the fracture. Because the Okada model pro-
vides analytical expressions for the displacements and tilts caused
by a given fracture, it is computationally highly efficient.

Numerical experiments involving synthetic data show that the
algorithm is able to filter out measurement noise, but an error in
dip angle can have a significant impact on the predicted footprint
and may result in spurious herniations. After validating the ILSA-
EKF algorithm with the synthetic data set and ensuring that the
algorithm provides a reasonable estimate of the fracture geometry
(Fig. 3), we have used it to further analyze field data. The analysis
of field tilt data collected during preconditioning trials and corre-
sponding to three different hydraulic fractures showed that the
ILSA-EKF scheme was able to make reasonable estimates of the
fracture footprint, which agreed well with the intersection data
from offset monitoring boreholes. In the case of field data, the
exact geometry of the developing fracture is unknown. The meas-
ured intersection times with offset boreholes were therefore used
as a “reference” to validate the ILSA-EKF footprints. The
“distance error” is defined as the distance between an intersection
borehole and the closest point on the ILSA-EKF fracture front at
the time the fracture intersects the borehole. The distance error is
thus used to provide a quantitative way to indicate the extent to
which the ILSA-EKF predictions differ from the expected geome-
try on the basis of the intersection data. Considering the uncertain-
ties associated with determining the intersection times, the
distance errors were relatively small, meaning that ILSA-EKF
predictions most likely reflect reality and correlate fairly well
with the intersection field data. Further, for Fracture 05, the
ILSA-EKF front registered no intersection with the offset Bore-
hole AB, in agreement with the field observation, showing that
the ILSA-EKF algorithm is able to capture fracture asymmetry.
The filter performance also showed improvement with time,
which was evident from the smaller distance errors for intersec-
tions that occurred toward the end of injection.

Typically, the conglomerate in which hydraulic fracturing is
performed consists of multiple layers, each with different material
properties such as Young’s modulus, toughness, and Poisson’s ra-
tio and others. Furthermore, the stress distribution is rarely homo-
geneous, and the rock permeability means that a portion of the
injected fluid will leak into the surrounding formation. There are
also other factors such as stress shadows from previous fractures,
soft coal seams, fluid loss to natural fractures, and others that
have not been explicitly accounted for in the dynamic ILSA
model. These features were omitted to make the problem compu-
tationally feasible without ignoring the essential physics of the
problem. However, these unmodeled factors, which we have
termed as “unmodeled dynamics,” do have an impact on the
measured tilt signal. The ILSA-EKF algorithm presented in this
paper does therefore, to a certain extent, account for these missing
features in the models. When the feedback from the tilt measure-
ments is assimilated with the dynamic model through the EKF to
obtain the maximum likelihood estimates of the fracture widths
and geometry, we are, in some sense, indirectly accounting for
these factors and therefore expect that the predicted geometry that
we obtain is a more realistic representation of what is happening
in reality. For example, the ILSA-EKF predicts a volume smaller
than the injected volume, possibly caused by unmodeled leakoff.

The ILSA-EKF algorithm is a novel approach for integrating
mathematical modeling and monitoring techniques for a better
evaluation of hydraulic-fracture treatments. Although the algo-
rithm, in its current form, can be used for real-time mapping of
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hydraulic fractures, there is scope to improve its efficiency and ac-
curacy by making further improvements to the forward model to
reduce the “unmodeled dynamics.” As seen in the synthetic exam-
ple, the fracture dip and orientation can have a significant impact
on the predicted results, and, therefore, the immediate goal would
be to obtain more-accurate estimates of these quantities. Though
the ILSA-EKF algorithm uses the half-space observation model,
the ILSA scheme still considers the fracture to be in an infinite ho-
mogeneous medium, defined by a single value of Young’s modu-
lus and Poisson’s ratio. Therefore, a possible improvement to the
ILSA algorithm includes the use of half-space kernels to deter-
mine the elastic fracture opening (Zhang et al. 2002), and
accounting for the heterogeneous nature of the rock mass with a
multilayer elastic model, in which the elastic properties vary
across each layer (Peirce and Siebrits 2001; Siebrits and Peirce
2002). Leakoff is an important aspect of hydraulic fracturing, and
obtaining a better quantification of it would be very useful. If the
conglomerate is highly porous, leakoff can result in a poroelastic-
ity-induced tilt signal, which has to be separated from the meas-
ured tilt signal to obtain more-realistic estimates of the fracture
geometry. The focus of our future work will be to develop a uni-
fied algorithm that addresses some of these issues, and to test it
across a wide range of field conditions.

Nomenclature

A(-) = area function

displacement discontinuity

Young’s modulus, GPa

plane-strain modulus, E/ = E/(1 — v?), GPa
dynamic fracture-propagation model

Jacobian of the function f(-)

scaled Green’s-function operator

observation model

= Kalman gain matrix

unit normal vector

net fluid pressure, Pa

fluid pressure, Pa

= normally distributed process noise, ¢ = N(0,T)
= fluid-injection rate, m®/s

= source term at wellbore

= region occupied by fracture

= time, seconds

= signed distance function

= displacement, m

= displacement fundamental solution

= normally distributed measurement noise, v ~ N (0, T'y)
= fracture opening, m

= predicted fracture opening, m

= model state vector

= observation vector

= signed-distance surface

= Dirac Delta function, 1/m

= fracture dip, degrees

dip direction, degrees

= distance to fracture perimeter, m

= fluid dynamic viscosity, Pa-s

= fluid dynamic viscosity, @/ = 12u, Pa-s

= fluid tip velocity, m/s
dimensionless constant, 3
= width error

= footprint error

= EKF parameter

= x-coordinate of rectangular mesh
= y-coordinate of rectangular mesh
= depth of tiltmeter array, m

= rotational movement, radians

= timestep

= minimum principal stress, MPa
= noise amplitude

= process-noise covariance matrix
= measurement-noise covariance matrix
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¢,7 = scaling parameters
0S = fracture-front position

Acknowledgment

Permission to publish from CSIRO is gratefully acknowledged.
Anthony Pierce gratefully acknowledges the grant support of NSERC.

References

Adachi, J., Siebrits, E., Peirce, A. et al. 2007. Computer Simulation of
Hydraulic Fractures. International Journal of Rock Mechanics and
Mining Sciences 44: 739-757. https://doi.org/10.1016/j.ijrmms.2006.
11.006.

Bennett, C. O., Rosato, N. D., Reynolds, A. C. et al. 1983. Influence of
Fracture Heterogeneity and Wing Length on the Response of Verti-
cally Fractured Wells. SPE J. 23: 219-230. SPE-9886-PA. https://
doi.org/10.2118/9886-PA.

Cipolla, C. L. and Wright, C. A. 2000. State-of-the-Art in Hydraulic Frac-
ture Diagnostics. Presented at the SPE Asia Pacific Oil and Gas Con-
ference and Exhibition, Brisbane, Australia. SPE-64434-MS. https://
doi.org/10.2118/64434-MS.

Davis, P. M. 1983. Surface Deformation Associated With a Dipping
Hydrofracture. J. Geophys. Res. 88: 5826-5834. https://doi.org/
10.1029/1B088iB07p05826.

Gelb, A. (ed.). 1974. Applied Optimal Estimation. MIT Press.

Jeffrey, R. G. 1996. Asymmetrically Propped Hydraulic Fractures. SPE
Prod & Fac 11. SPE-28079-PA. https://doi.org/10.2118/28079-PA.
Jeffrey, R. G., Chen, Z. R., Mills, K. W. et al. 2013. Monitoring and Meas-
uring Hydraulic Fracturing Growth During Preconditioning of a Roof
Rock Over a Coal Longwall Panel. In Effective and Sustainable Hy-

draulic Fracturing, ed. R. Jeffrey. InTech.

Lecampion, B., Jeffrey, R., and Detournay, E. 2005a. Resolving the Geom-
etry of Hydraulic Fractures From Tilt Measurements. Pure Appl. Geo-
phys. 162: 2433-2452. https://doi.org/10.1007/s00024-005-2786-4.

Lecampion, B., Jeffrey, R., and Detournay, E. 2005b. Resolving the Geom-
etry of Hydraulic Fractures From Tilt Measurements. Pure Appl. Geo-
phys. 162: 2433-2452. https://doi.org/10.1007/s00024-005-2786-4.

Lecampion, B. and Gunning, J. 2007. Model Selection in Fracture Map-
ping From Elastostatic Data. International Journal of Solids and Struc-
tures 44: 1391-1408. https://doi.org/10.1016/j.ijsolstr.2006.06.022.

Montgomery, C. T. and Smith, M. B. 2010. Hydraulic Fracturing: History
of an Enduring Technology. J Pet Technol 62 (12): 26-40. SPE-1210-
0026-JPT. https://doi.org/10.2118/1210-0026-JPT.

Okada, Y. 1992. Internal Deformation Due to Shear and Tensile Faults in
a Half-Space. Bull. of the Seismological Society of America 82 (2):
1018-1040. https://doi.org/10.1016/0148-9062(86)90674-1.

Olson, J. E., Du, Y., and Du, J. 1997. Tiltmeter Data Inversion With Con-
tinuous, Non-Uniform Opening Distributions: A New Method for
Detecting Hydraulic Fracture Geometry. International Journal of Rock
Mechanics and Mining Sciences 34 (3—4): 236.e1-236.e10. https://
doi.org/10.1016/S1365-1609(97)00120-2.

Pandurangan, V., Chen, Z., and Jeffrey, R. G. 2015. Mapping Hydraulic
Fractures From Tiltmeter Data Using the Ensemble Kalman Filter. Int.
J. Numer. Anal. Meth. Geomech. 40 (4): 546-567. https://doi.org/
10.1002/nag.2415.

Peirce, A. P. and Siebrits, E. 2001. Uniform Asymptotic Approximations
for Accurate Modeling of Cracks in Layered Elastic Media. Interna-
tional Journal of Fracture 110: 205-239. https://doi.org/10.1023/
A:1010861821959.

Peirce, A. and Detournay, E. 2008. An Implicit Level Set Method for
Modeling Hydraulically Driven Fractures. Computer Methods in
Applied Mechanics and Engineering 197: 2858-2885. https://doi.org/
10.1016/j.cma.2008.01.013.

Peirce, A. and Rochinha, F. 2012. An Integrated Extended Kalman Filter—
Implicit Level Set Algorithm for Monitoring Planar Hydraulic Frac-
tures. Inverse Problems 28: 15009. https://doi.org/10.1088/0266-5611/
28/1/015009.

Peirce, A. 2015. Modeling Multi-Scale Processes in Hydraulic Fracture
Propagation Using the Implicit Level Set Algorithm. Computer Meth-

14

ods in Applied Mechanics and Engineering 283: 881-908. https://
doi.org/10.1016/j.cma.2014.08.024.

Rochinha, F. A. and Peirce, A. 2010. Monitoring Hydraulic Fractures:
State Estimation Using an Extended Kalman Filter. Inverse Problems
26: 250009. https://doi.org/10.1088/0266-5611/26/2/0250009.

Siebrits, E. and Peirce, A. P. 2002. An Efficient Multi-Layer Planar 3D
Fracture Growth Algorithm Using a Fixed Mesh Approach. Int. J.
Numer. Meth. Engng. 53: 691-717. https://doi.org/10.1002/nme.308.

Valké, P. and Michael, J. E. 1995. Hydraulic Fracture Mechanics. New
York: Wiley.

Warpinski, N. R., Griffin, L. G., Davis, E. J. et al. 2006. Improving Hy-
draulic Fracture Diagnostics by Joint Inversion of Downhole Micro-
seismic and Tiltmeter Data. Presented at the SPE Annual Technical
Conference and Exhibition, San Antonio, Texas, USA, 24-27 Septem-
ber. SPE-102690-MS. https://doi.org/10.2118/102690-MS.

Wright, C. A., Davis, E. J., Minner, W. A. et al. 1998. Surface Tiltmeter
Fracture Mapping Reaches New Depths—10,000 Feet and Beyond?
Presented at the SPE Rocky Mountain Regional/Low-Permeability
Reservoirs Symposium, Denver, 5-8 April. SPE-39919-MS. https://
doi.org/10.2118/39919-MS.

Wu, R., Bunger, A. P., Jeffrey, R. G. et al. 2008. A Comparison of Numer-
ical and Experimental Results of Hydraulic Fracture Growth Into a
Zone of Lower Confining Stress. Presented at the the 42nd US Rock
Mechanics Symposium (USRMS), San Francisco, 29 June-2 July.
ARMA-08-267.

Yang, X.-M. and Davis, P. M. 1986. Deformation Due to a Rectangular
Tension Crack in an Elastic Half-Space. Bull. of the Seismological So-
ciety of America 76 (3): 865-881.

Zhang, X., Detournay, E., and Jeffrey, R. 2002. Propagation of a Penny-
Shaped Hydraulic Fracture Parallel to the Free-Surface of an Elastic
Half-Space. International Journal of Fracture 115: 125-158. https://
doi.org/10.1023/A:1016345906315.

Venkataraman Pandurangan is a research scientist in the hy-
draulic-fracturing group at CSIRO. Previously, he worked for
the Fraunhofer Institute of Industrial Mathematics, Germany, in
the department of flow and material simulation. Panduran-
gan’s current research includes monitoring and mapping of
hydraulic fractures with far-field measurements and data-
assimilation techniques. He holds a PhD degree in mechanical
engineering from Nanyang Technological  University,
Singapore.

Anthony Peirce is a professor in the Department of Mathemat-
ics at the University of British Columbia, Canada. Previously, he
worked as an applied mathematician at the Chamber of
Mines Research Laboratories in South Africa, where he investi-
gated rock-fracture processes around underground excava-
tions. Peirce’s research interests include the application of
control to molecular systems, the analysis of instabilities in
elasto-plastic materials, the development of specialized nu-
merical algorithms to model large-scale rock-fracture proc-
esses, numerical and analytic studies of reactive flows in
porous media, and, more recently, the asymptotic and nu-
merical analysis of fluid-driven-fracture propagation. He has
authored or coauthored more than 75 refereed papers.
Peirce holds a PhD degree in applied and computational
mathematics from Princeton University.

Zuorong Chen is a research scientist with CSIRO. Previously, he
worked for the University of Sydney in the Department of Me-
chanical Engineering. Chen’s current research interests
include hydraulic-fracture monitoring and modeling, reservoir
simulation, geomechanics, and the finite-element method. He
holds a PhD degree in solid mechanics from Beijing University
of Aeronautics and Astronautics. Chen is a member of SPE.

Rob Jeffrey is a senior geotechnical engineer with SCT Opera-
fions. Before July 2015, he worked with the hydraulic-fracturing
team at CSIRO Energy. Jeffrey’s research interests include
hydraulic fracturing of naturally fractured rocks with applica-
tions in the petroleum, geothermal, and mining industries. He
holds a PhD degree in geological engineering from the Univer-
sity of Arizona. Jeffrey is currently an associate editor for SPE
Journal.

2017 SPE Journal


https://doi.org/10.1016/j.ijrmms.2006.11.006
https://doi.org/10.1016/j.ijrmms.2006.11.006
https://doi.org/10.2118/9886-PA
https://doi.org/10.2118/9886-PA
https://doi.org/10.2118/64434-MS
https://doi.org/10.2118/64434-MS
https://doi.org/10.1029/JB088iB07p05826
https://doi.org/10.1029/JB088iB07p05826
https://doi.org/10.2118/28079-PA
https://doi.org/10.1007/s00024-005-2786-4
https://doi.org/10.1007/s00024-005-2786-4
https://doi.org/10.1016/j.ijsolstr.2006.06.022
https://doi.org/10.2118/1210-0026-JPT
https://doi.org/10.1016/0148-9062(86)90674-1
https://doi.org/10.1016/S1365-1609(97)00120-2
https://doi.org/10.1016/S1365-1609(97)00120-2
https://doi.org/10.1002/nag.2415
https://doi.org/10.1002/nag.2415
https://doi.org/10.1023/A:1010861821959
https://doi.org/10.1023/A:1010861821959
https://doi.org/10.1016/j.cma.2008.01.013
https://doi.org/10.1016/j.cma.2008.01.013
https://doi.org/10.1088/0266-5611/28/1/015009
https://doi.org/10.1088/0266-5611/28/1/015009
https://doi.org/10.1016/j.cma.2014.08.024
https://doi.org/10.1016/j.cma.2014.08.024
https://doi.org/10.1088/0266-5611/26/2/025009
https://doi.org/10.1002/nme.308
https://doi.org/10.2118/102690-MS
https://doi.org/10.2118/39919-MS
https://doi.org/10.2118/39919-MS
https://doi.org/10.1023/A:1016345906315
https://doi.org/10.1023/A:1016345906315


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


