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A simulated-annealing-based inversion algorithm was developed for processing tri-axial
induction data to estimate the geometry and conductivity of hydraulic fractures. This method
successfully provides accurate estimates of fracture length, conductivity, and dip angle. By using a
mono-axial transmitter and tri-axial receiver coils with co-axial and cross-polarized configurations,
the fracture properties, including geometry and conductivity, are effectively recovered. For circular
fractures, the conductivity and radius are accurately estimated, while elliptical fractures result in
recovery of an equivalent circular radius. Variations in proppant concentration are reflected in
the inverted conductivity, approximating the average conductivity across the fracture. The tool
demonstrates sensitivity to fracture dip angle, with accurate estimates even in heterogeneous rock
formations, provided that signals from fractured and non-fractured states are properly subtracted.

The tool’s current configuration is capable of detecting conductive fractures up to 40 meters in
radius, with the accuracy of results improving through enhanced receiver sensitivity and increased
tool spacing. The study also reveals that neighboring fractures can influence inversion accuracy,
especially at closer spacing. A multi-fracture inversion strategy is proposed for efficient processing,
ensuring that multiple fractures can be accurately modeled in the inversion process without affecting
the final results. These findings suggest that electromagnetic induction logging, when appropriately
configured, holds great promise for real-time monitoring and diagnosing hydraulic fractures in
field conditions.
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BAKY XXOFAPb| M¥HAN MEKTEBI
O3sepbaxaH Pecnybnukacel, baky, buou-3nbat kamnychl

Cumynsayusnsik Kyudipy HezisiHOe uHeepcusi aneopummi 2udpasrukarsbiK xapblibicmapObiH
2eoMempusicbl MEeH emkisaiwumiaiH 6aranay ywiH yuw ocbmi UHOyKUUsi 0epekmepiH eHOey YWiH
a3ipneHdi. byn adic xapbirbIC y3bIHObIFbI, 6MKi32iumiei xaHe eHkelimy 6ypbiubiHbIH 0o bara-
napbIH Kammamachi3 emedi. MoHoocbmi mapamkbiw Kamyuwka XeHe yw ocbmi Kabblndaywibl Ka-
mywKanapMeH, Koakcuarnobl XeHe Kpecm mapi3di KoHguzypayusinapoa xapblinbiC Kacuemmepi,
OHbIH iWiHOe 2eoMempusiCbl MeH emki3dziumiei, muimOi mypoe KannbiHa kenmipinedi. [JeHaenek
JKapbliibicmap ywiH emkisaiwmik neH paduyc 0an baranaHadbl, an 3runmuKarsbiK Xapbiibicmap
yWiH akgusaneHmmi 0eHaernek paduyc KannbiHa kenmipinedi. [ponaH KOHYeHmpammapbiHbIH
e3z2epicmepi uHeepmmesn2eH emkizailumikme, xapbinbic 60lbIHOarbl opmalia emkizzilmikke
JKakbIHOalobI. Kyparn xapbinbic eHkelmy bypbiwbiHa ce3iMmarndbikmbi Kepcemedi, minmi 2eme-
poeeHOi XbIHbIC KoprapbiHOa 0a don baranaynap 6epedi, e2ep Xapbl/ibICCbI3 XOHE XKapblbICMbI
xarOalnapdaH arnblHFaH cueHandap OypbiC wezaepirnce.

KypandbiH Ka3sipai koHgueypayusicel 40 memp paduycbeiHa deliiHai emKi3eiw xapblibicmap-
Obl aHbIKmMat anadbl, HomuxenepdiH dandiai KabblndarbiwmapObiH ce3iMmarnobifbiH apmmbipy
JKOHe KyparOblH apakawblKmbifbIH yrralmy apKbiibl xakcapalbl. 3epmmey coHOal-aK kepuwli
JKapblribicmap uHeepcusi 0andieiHe acep emyi MyMKiH ekeHOieiH kepcemedi, acipece xaKbiH Op-
HanackaH xardatida. KemkapbliibIcmbl UHBepCUsI cmpameausicbl muimOi eHOey YWiH YCbiHblIalbl,
by bipHewe xapbliibicmbl UHEepcusi rpoyeciHde 0a Mmodernboeyze MyMKiHOIK 6epedi, Homuxxe-
nepze acep emneu. Ocbl HOMuXxernep kepcemkeHOel, sreKmpoMasHUMmIK UHOYKUUS 51022UH2IiH
OypbiC KOHuaypayusinay kesiHoe eudpasrnukarbiK xapblibicmapdbl HaKmMbl yakbim pexumiHoe
MOHUMOPUHamey XaHe QuasHocmuKaray yWwiH yriKeH aneyemke ue.

TYWIH CO3LEP: 2udpasrnukansik XapbiKwak, Yl 0Cbmi 31eKmpomMazHummik UHOYKUUSABIK
Kapomax Kypandapbl, HaKmbl yakblimmarbl MOHUMOPUHE, UMUMaUUsIbIK WbIHbIKMbIPY, XapblKwak
2eo0MempusiCbIHbIH napamMempriepi, XapblKWwak eHKilmiei, kKepwinec xapbiKwakmap, bipHewe
Knacmepae apHasfaH UH8epCUsfibIK cmpameausi, monamsblpsbilumel 6611y, Xapy Ke3eHi, meMeH
JKUInikmi UHOYKUUSINIBIK Kyparl.
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BAKVMHCKAA BbICLUAA HEDPTAHAA LWKOJIA
Pecnybnuka AsepbaiigxaH, baky, kamnyc bubun-anbar

Bbin pazpabomaH UHEEPCUOHHBIU an2opumm, OCHO8aHHbIU Ha Memode UMUmMayUoOHHO20
onkuza 0ns1 o6pabomku 0aHHbIX Mpuocesoll UHOYKUUU C Ueslbio OUEHKU 2eoMempuu U rpogo-
oumocmu sudpasnuyeckux mpewuH. 3mom memod ycriewHo npedocmassnsiem moYHble OUeHKU
OnuHbI MPeWUH, MposoduMocmu U yana HakioHa. C ucnonb3o8aHueM MoHoocesol nepedaroweli
KamywKu U mpuocesbiX MpUeMHbIX Kamywek ¢ KoakcuanbHbIMU U KpecmosbIMU KOHgbuaypayusimu,
ceolicmea mpeujuH, 8KYasi 2e0Mempuro U nposoduMocmb, 3¢hgheKmuUBHO 80ccmaHasnueam-
cA. [ns kpyanbix mpewuH nposodumMocms U paduyc oueHU8aromcesi Mo4YHO, 8 Mo 8peMs Kak Osisi
MAUNMUYECKUX MpeujuH 80CCmaHasnueaemcs akeusaneHmHbil Kpyanbil paduyc. M3meHeHus 8
KOHUeHmpayuu npornaHma ompaxaromcsi 8 UHeepmuposaHHoU MpoeodumMocmu, npubnuxasice K
cpedHell nposodumocmu o eceli mpewuHe. MIHicmpymeHm deMoHCmpupyem 4yecmeumeribHOCMb
K yerny Hak/ioHa mpewuHbl C MOYHbIMU OUEHKaMu 0axe 8 2emepoceHHbIX 20pHbIX Mopodax npu
yCo8uU MpasuibHO20 8bIYUMAaHUs CU2HaIo8 U3 COCMOSIHUS C mpeuwuHamu u 6e3.

Tekyuwjasi KOHghu2ypayusi UHCmpymeHma crocobHa obHapyxueamse posodsue mpeujuHbl
paduycom 6o 40 Mempos, rpu 3MOM MOYHOCMb PE3yIbMaimos yry4uwaemcs ¢ nosblueHUeM Yys-
cmeumesnibHoCMU MPUEMHUKO8 U y8esiudeHUeM paccmosiHusi Mexoy UHcmpymeHmamu. Mccriedo-
saHUe makxe rokasbligaem, Ymo cocedOHUe MpPeLWUHbl MO2ym 6/1UsSiMb Ha MOYHOCMb UHBEePCUU,
0COBEHHO Mpu MeHbLeM paccmosiHuu. [Mpednasaemcs cmpameausi MHO20mpPeWUHHOU uHeepcuu
0ns aghcbekmuegHoli o6pabomku, komopasi obecriequeaem mMoOYHOE MOOEIUPOBAHUE HECKOTbKUX
mpeuwuH 8 npouecce UHBEPCUU 6e3 8USHUS Ha KOHEYHbIE pe3yibmambl. dmu pe3yibmamab|
rokasbigarom, Ymo 371eKmpomMacHUMHbIU UHOYKUUOHHBIU 51022UH2 NpU rpasuibHol Hacmpolke
umeem 6onbwol nomeHyuan 0551 peasibHo20 MOHUMOPUH2a U QuazgHOCMUKU 2UdpaesniudyecKux
mpewuH 8 ycrosusix aKcrayamayuu.

KITFOYEBBIE CJIOBA: 2udpaenu4eckull pa3pblg, MpexoCcHble 351eKmpoMagHUMHbIe UHOYK-
UUOHHbIE KapomaHble UHCMPYMEHMbI, MOHUMOPUHE 8 peasibHOM 8peMeHU, UMumauyusi Omxu-
2a, napamempbl 2eoMempuu pa3pbiea, y2os HaKoHa paspblea, COCEOHUEe paspbiebl, cmpameausi
UHBepcuu 0115l HECKOMbKUX Knacmepos, pacrnpedeneHue HarnonHumerns, cmadus pa3pblea, HU3-
KOYacmomHbIl UHOYKUUOHHbIU UHCMpPYMeHM.

ntroduction. A combination of hydraulic fracturing treatments with horizontal
drilling has led to a breakthrough in hydrocarbon production by enabling
hydrocarbon recovery from low permeability shale rocks. While the unpropped
portions of induced fractures close under high net stress shortly after fracturing, it is the
proppant filled fracture that contributes to the well productivity (Sharma and Manchanda,
2015). Therefore, fracture monitoring techniques should be deployed to monitor, appraise
and quantify the geometry of such propped fractures.
Conventional fracture diagnostic techniques, such as microseismic monitoring and
tiltmeter mapping, are based on sensing physical events that occur during fracture growth.
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These techniques are not suitable for deducing the proppant distribution in fractures due
to the lack of correlation between the detected activity and proppant location. More recent
fiber optic-based measurements provide data that can be qualitatively interpreted for the
efficiency of proppant placement. The temperature based monitoring (DTS) lacks the same
correlation with proppant location, and in some applications, combined temperature and
acoustic (DAS) sensing have been used to infer dominant perforation clusters containing
most of the fracturing fluid and proppant (Sookprasong et al., 2014; Wheaton et al., 2016).

A more promising alternative for proppant detection is to use techniques that rely on
sensing electromagnetic (EM) fields scattered due to the contrast in EM material properties
between the propped fractures and the surrounding formation. Numerous proppant types
are reported to exhibit large effective electrical conductivities in LaBrecque et al. (2016),
Palisch et al. (2016), Zhang (2018) and Hoversten et al. (2015). They can be used for
such an application along with a variety of field data acquisition techniques to sense the
EM fields scattered from proppants. A tri-axial electromagnetic induction logging tool
is one of these techniques that utilizes downhole sources and receivers in the vicinity of
propped hydraulic fractures which enables improved spatial resolution of the fracture
properties. It has the potential to offer a far-field proppant detection technique that can
be executed from a single wellbore at any time during the well’s life cycle. Therefore, the
method can provide time-lapse analysis of fracture growth or closure, which can decrease
the uncertainties in reservoir parameters critical for long-term production forecasting
(Balan et al., 2017). Furthermore, the application of such measurements in the field can
be incorporated with complex-fracture proppant transport models (Blyton et al., 2015;
Shrivastava and Sharma, 2018) to improve their reliability.

Basu and Sharma (2014), Zhang et al. (2016), Dai et al. (2018) and Shiriyev et
al. (2018) studied such a low frequency induction tool (Figure I) numerically and
experimentally and found it to be sensitive to various propped fracture properties in open-
hole well completions. It includes a mono-axial transmitter coil that generates EM fields
and two tri-axial receiver coil sets (short and long spacing) recording the EM response
of the surrounding formation. The second receiver (bucking) coil in each set is used to
approximately cancel the dominant imaginary component of the primary field and to
detect signals only associated with fields arising due to the presence of a fracture filled
with an electrically conductive proppant. An actual measurement in the field involves
two passes of the tool along the wellbore, before and after the hydraulic fracturing, and
the difference between these two bucked signals is referred as the “differential signal”
(Shiriyev et al., 2018).

_ Short Spacing —1.35m «— receivercoils .,

(@) 00 g 00
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transmitter coil

> 1 >
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03m - 12m

Figure 1— An electromagnetic induction logging tool with nominal spacing for short- and long-
distance transmitter-receiver couples
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After logging the well with the induction tool, information on the proppant
distribution in the fracture can be extracted in two different ways. The more practical
and computationally less intensive approach is the parametrization of fractures. Yang et al.
(2016) used circular/elliptical fractures to characterize the hydraulic fractures and utilized
parametric inversion technique where the model parameters are evaluated independently
in each iteration. This technique leads to a small number of model parameters, increasing
computation efficiency. The other approach is the generation of a conductivity map,
which provides information about the secondary fracture branches. In this case, one
challenge is the computational time required for the 3D volumetric solution of Maxwell’s
equations. The other challenge is the solution of the inherently under-determined problem
where the number of model parameters will be dependent on the resolution requirements.
In this paper, we have selected the first approach, and we apply a stochastic inversion
technique, which is based on a simulated-annealing method, to estimate the hydraulic
fracture properties. The inversion model is fully automated, fast and robust.

The paper first discusses open-hole simulation of electromagnetic signals as the
forward model used in the inversion algorithm. Following the forward model, the inversion
methodology is described, and it is tested on a synthetic data set to evaluate the sensitivity
of the signals to fracture electrical conductivity, size and dip-angle. The model was further
used to evaluate the area of investigation of the tool with the given optimized frequency
and tool spacing. Finally, we study the effect of neighboring fractures on the recorded
signals to accurately identify proppant distribution among many fractures in a stage. The
results and conclusions of the paper enable the design and interpretation of data from a
field deployable tool.

Electromagnetic Forward Modeling. While logging a well with the induction tool,
the tool is pulled along the wellbore, and the transmitter coil is excited at certain sampling
points requiring the forward model to calculate signals for each one. Therefore, a frequency
domain computation is ideal for the analyses where the system matrix obtained after
deploying a numerical technique is usually independent of changing sampling points. Once
this matrix is inverted or factorized, it can be used to obtain solutions for all excitations
providing significant computational advantages.

Maxwell’s equations in the frequency domain can be solved using one of several
numerical methods. In this paper, we have utilized two numerical approaches. In the first
approach, the system is solved with a method of moments (MOM; Rao et al., 1982). Since
the thickness of fractures is much smaller than their length and skin depth, we can make
the assumption of a zero thickness surface for the fracture models, rather than a very thin
volume (Zhang et al., 2016) facilitating the use of surface integral equations (Qian et al.,
2007) with the MOM. This approach is especially well suited for our analysis because it
confines the computational domain to the anomalous conductivity region only and allows
simulation of all fracture parameters listed in Yang et al. (2015; 2016; 2017): fracture
location, conductivity, size, shape factor and dip-angle.

The second numerical approach uses the assumption of axial symmetry to avoid an
outrageous increase in the number of unknowns when the simulation of heterogeneous
background conductivity is required (Zhang et al., 1999; Wang et al., 2009; Pardo and
Torres-Verdin, 2013). In cylindrical coordinates, the ¢-direction of the problem can be
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eliminated by using a Fourier series, and the set of 2D problems can be solved with
different types of numerical solvers. The axial hybrid method is used to solve the reduced
2D problem where the numerical solution is obtained in the wellbore direction, and a family
of normalized Bessel functions is used to describe the EM fields in the radial direction
(Gianzero et al., 1985; Pai, 1991; Li and Shen, 1993). In this approach, however, we lose
the capability of simulating the fracture parameters such as shape factor and dip-angle.
The details of the forward model calculation are provided in Shiriyev (2018).

Inversion Method. The short spacing receiver coil (Figure 1) can detect smaller
fractures but is insensitive to larger ones, and the long spacing responds to larger fractures,
although the signal is much weaker. To equalize their weight in the overall objective
function, all the relative errors are calculated as below:

AUL, — AT\
Eyp = Z —
=\ Alw (1)

where AU is the differential signal; subscripts u and v denote the orientation of receiver
and transmitter coil, respectively; i is the index of sampling point; and the tilde refers to
the measured (true or observed) data. For all our presentations here, “calculated data”
(w/o tilde) is computed using coarser surface meshes generated based on the new iteration
parameters. For the “measured data” (with tilde), finer surface mesh is used with an
additional one percent of random noise. We have also avoided running the same simulator
for the measured and calculated data in cases such as symmetrical and orthogonal fractures.
Finally, in all calculations, the differential signals are above the threshold values when
calculated with practical coil moments (Shiriyev, 2018).

The use of a tri-axial receiver coil system allows the recovery of more fracture
parameters. In the previous numerical study (Yang et al., 2016), co-axial measurements
were shown to be sensitive to the fracture cross-sectional area but cannot differentiate
fractures of the same area with different cross-sectional shapes or dips. The co-polarized
measurements can discern axially symmetric from asymmetric fractures but are found to
be weak (Shiriyev et al. 2018), and therefore, excluded in the inversion analysis. The cross-
polarized measurements can quantify fracture dip-angle and become more pronounced
as the dip-angle increases. For an accurate estimation of all model parameters, we define
the overall objective function in such a way that it includes all the signals from different
coil spacings and configurations:

E = (Ez +Ey, + (Ez + Eyz)mg, 2)

zz is the co-axial configuration and yz is one of the cross-polarized configurations. This
cost function combines all four signals effectively and enables a global search on the
fracture parameters, which is described next, as opposed to parametric search suggested
in Yang et al (2016).

Derivative free directional search technique. Typically, stochastic inversion
techniques randomly select a starting point in the model space and moves are decided
based on control parameters. Simulated-annealing (Fouskakis and Draper, 2002; Sen and
Stoffa, 2013) uses temperature as a control parameter for accepting or rejecting a selected
model and for calculating the jump distance and direction at each iteration. In this study,

) short
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we start the iteration with multiple models, and the tuning parameters are 1) the cooling
schedule, 2) the number of models in an ensemble and 3) the number of iterations.

The main goal of the inversion algorithm is to minimize the error calculated using Eq.
2, and the work flow is outlined in Figure 2. First, we define the limits for each individual
model parameter. The lower bound is defined as m™" and upper bound as m™>, Then the
first ensemble of models is randomly generated as follows:

m' =m™"+ 7, . (m™>- m™i), (3)
where 7, is the random number generated from the uniform distribution. Errors for the
models are then evaluated, and the selection is carried to replace the selected number of
worst models with the best model. At the end of each iteration, new models are generated
from the old ones as follows:

mP = mPM4 T Amy, 4)
where 7 is the index number of the model in the ensemble and 7 is the control temperature
which gradually decreases by the iterations according to one of the predefined schedules
shown in Figure 3 (Fouskakis and Draper, 2002). The cooling schedule allows larger jumps
at the beginning of the search and smaller jumps toward the end of the search. Generally,
a faster cooling schedule may cause the solution to be stuck in a local minimum. A slower

cooling schedule is more likely to find a global minimum at the cost of an increase in the
computation time.

randomly generate first set of models,
evaluate the errors and select

old generation of models ‘

k2

5|3 '
5 % ‘ generate new models ‘
£I= I
Q
2 :’ calculate the objective function ‘
5|z I
E S| accept new models if conditions are
™ satisfied and select
gl
@ |~ |

new generation of models

1

Figure 2 — Flow diagram of simulated-annealing based inversion algorithm

The models in previous and new iterations are compared pairwise as follows:

EmPW) < E(mdY) or T >r, (&)

here, the temperature (7) is used to decide whether to keep a larger error model or

not. At the beginning of the search, we have a higher chance of accepting new models with
larger errors which decreases almost to zero toward the end of the search. After obtaining
a new set of models, the same selection procedure is applied. Finally, the algorithm is
terminated when the maximum number of iterations is achieved. The ensemble-based
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method used here avoids rejection of a large number of trial models as used in the
conventional simulated-annealing and thus converges in fewer iterations.
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Figure 3 — Temperature schedules used in simulated annealing

Results. We first apply the proposed algorithm to single fracture models, and then
an inversion strategy is proposed for use in the presence of multiple fractures. For all
results, the number of iterations is 100, the number of models in the ensemble is 5, which
makes 500 total forward model runs, and the number of model parameters is either 2 or
3 depending on the fracture under consideration (to avoid zero division in Eq. 1). The
first two model parameters are fracture conductivity and radius. The range for fracture
conductivity is selected to be 1-500 S/m, and it is 1-50 m for the fracture radius. If the
observed data has significant signal levels on the cross-polarized configuration, the model
parameters include another parameter — dip-angle as well where the selected range is
0-80°. A geometric temperature schedule was found to be the optimum temperature profile
for this problem, and in the selection, the two worst models are replaced with the best
model. In runs, meshes are coarsened to decrease the computation time. Typical single-
and multi-cluster analyses take 10 minutes and 10 hours, respectively.

Single cluster analysis. The results for a single fracture inversion are shown in
Figure 4. The first row shows the “true” results for circular-orthogonal (I), circular-rotated
(1), elliptical (III) and variable conductivity (IV) fractures. The first three models have
a constant conductivity on the entire face of the fracture, and the last model has radially
and linearly decreasing conductivity toward the fracture tip. The second row in the figure
shows the box plots with the statistical information for the fifty lowest error models. In
each box, the central mark indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the lower
and upper adjacent values, and outliers are shown with the ‘+’ symbol. In circular (I) and
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rotated (II) fractures, the whiskers of both box plots cover the interval very close to the
true parameters. In the elliptic fracture (I1I), the results for conductivity shows the same
success. For the box plot of fracture radius, however, results converged to the effective
radius (which is defined as the square root of the product of major and minor radii). In
the variable conductivity fracture (IV), the whiskers of box plots cover the interval,
which includes the effective parameters. The third row shows error values calculated at
the given iteration number for the different realizations, and for all cases, errors show
a decreasing trend with the number of iterations. Finally, the last row shows calculated
best models with the least error.

To see the effect of rotation in the inversion of elliptical and variable conductivity
fractures, we run Models III and IV with 30° dip-angle rotated about the vertical axis. For
the size and conductivity, we obtained the same results as in Figure 4, and the dip angle
with the lowest error was in 30.2° and 29.0°, respectively.
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Figure 4 — Inversion results for a single fracture

The above results were for a homogeneous background (rock) conductivity. Now,
the circular model (I) is simulated in a heterogeneous formation using the axial hybrid
method and the gridding scheme is shown in Figure 5. The uniform region of the mesh is
selected between -1 and 1 m with 10 cm intervals. The computation domain is truncated
at 156 m on both sides with the grid size ratio of 1.25 in the expanding region. At every
grid, in each of the three layers, we use a randomly selected conductivity between 0 and
1 S/m where the overall mean conductivity is 0.49 S/m which is the value used in the
inversion runs. We get the same level of accuracy as in Figure 4, only if we subtract the
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before and after fracturing signals accurately. If we repeat the same analysis without the
subtraction, the accuracy is very poor; for Model I we obtain a diameter of 4 m and a
conductivity of 150 S/m. This highlights the importance of making measurements both
before and after fracturing.
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Figure 5 — Meshing and radial layering scheme used in the axial hybrid method; right figure shows
closer view to the fracture located region

Depth of investigation. To estimate the area of investigation of the tool, we run
multiple realizations by increasing the radius of fractures and calculating a variation in the
inverted fracture parameters. Figure 6 shows results for the tool with nominal spacings and
properties, and there are at least five different realizations for a given radius of a fracture. A
hundred of the most successful results are shown in the box plots. The measured variation
is calculated by subtracting the true model parameter from the calculated value. In the
runs, the fracture conductivity for the true model is 100 S/m.

The results show that once the radius surpasses 40 m, the tool with our chosen spacing
and properties loses resolution. It is important to mention that this finding agrees with
Yang et al. (2016) results. The variation of fracture conductivity, however, is not increasing
for this uniformly distributed conductivity case. To determine fracture sizes larger than
40 m we can use a longer spacing for the tool but we need to make sure that signals are
detectable. One way to increase these signal levels is to deploy transmitter and receiver
coils with a higher magnetic dipole moment.
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Figure 6 — Box plots for the inverted results vs. actual fracture radius: calculated variation of fracture
radius (left) and fracture conductivity (right). The boxes include 100 of the lowest error results from 5
different realizations
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Multi-Cluster Inversion. In a typical hydraulic fracturing operation, there are more
than 20 stages and every stage includes 3 to 10 perforation clusters. Each of these fractures
will affect the signals received by the tool. To evaluate this effect, we run many cases
varying the number of fractures near the main fracture under consideration. Then, we
implement a multi-fracture inversion approach to get the distribution of proppant in each
fracture accurately.

Figure 7 shows in-phase signals for short (upper figure) and long (lower figure)
spacing configurations in three different cases (a, b and c). In all of the cases, the distance
between clusters is selected to be 9 m (~30 ft.) and the radius of the fractures is 10 m. The
number of fractures in the neighborhood of the fracture of interest (located at 0 m) are
1, 2 and 3 for cases a, b and c, respectively. In the short spacing receiver, we do not see
any significant effect of the neighboring fractures. In the long spacing receiver, however,
the two closest neighbors are interfering with the signal of interest. The cases with two
and three neighbors give almost the same signals around the fracture of interest. Hence,
in the multi-fracture inversion, we include the effect of only the closest two neighboring
fractures in the multi-fracture inversion to minimize the computation time.

104 E T T T T T T T

=)
W

T

Fl

Differential signal [puV]
5’\:
T
-
,
S,
{
-
-
7
~
P
L

o

=%

100

Differential signal [1V]
3
T

Distance [m]

Figure 7 — The effect of neighbors on the differential signals recorded in short (upper) and long (lower)
coil spacings. Plots show differential signals for one (a), two (b) and three (c) neighbors on both sides
of the middle fracture

The technique used for the inversion is to first invert the data for each fracture assuming
that it has no neighbors. Then, these results are used as initial guesses for the neighbors in
multi-fracture inversion. In this second iterative step, we include the two closest neighbor
fractures on both sides of the fracture of interest (maximum of five total fractures in each
forward model). To demonstrate this procedure, we use two cases shown in Figure §.

In Figure 8, the first column shows “true” models for the two cases. Then, for each
fracture, we invert the signals in the interval of (-1, 1) m and show the best results for the single
fracture inversion in the second column. The best models after two sets of iterations are shown
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in the third column. In Case 1, we are using two model parameters, fracture conductivity
and size. In Case 2, we use three model parameters (conductivity, size and dip-angle) for the
third and fourth fractures (from left) and two parameters (conductivity and size) for the rest.
The calculated multi-fracture inversion results are in good agreement with the true models.
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Figure 8 — Multi-fracture inversion analysis: left figure shows the true model; middle and right figures
show the best result after single- and multi-fracture inversion, respectively

Conclusion. In this paper, we have developed a simulated-annealing based stochastic
inversion algorithm to process tri-axial induction data to estimate the geometry and
conductivity of hydraulic fractures. It is shown that this inversion analysis can successfully
provide good estimates of fracture length, conductivity and dip-angle. In all cases, good
agreement is obtained between the true and estimated fracture parameters suggesting that
EM induction logging can be a good candidate for detecting the proppant distribution in
hydraulic fractures. The following conclusions are obtained from this study.

By using a mono-axial transmitter coil and tri-axial receiver coils, it is possible to
recover the effective properties of hydraulic fractures; two coil configurations (co-axial
and cross-polarized) and two coil spacings (short and long) are essential to provide the
demonstrated description of fracture geometries and conductivities.

For fractures that are assumed to be circular, parameters such as fracture conductivity
and radius were shown to be recovered very accurately. For fractures that are assumed to
be elliptical, we recover the effective radius for a circle which has the same area as the
ellipse. When the proppant concentration varies radially in a fracture (linearly decreasing
conductivities towards the fracture tip), the inverted conductivity value is approximately
equal to the average conductivity of the fracture. In all these cases, the fracture dip-angle
estimated from the measurements is very close to the “true” value because of the sensitivity
of the cross-polarized receiver signals to the fracture dip-angle.

For heterogeneous conductivity rock, an accurate estimate of fracture parameters is
obtained only after subtraction of the bucked signals with and without a hydraulic fracture.
The bucked signals without a fracture can be large enough to affect the inversion accuracy.
This highlights the importance of logging the well before and after fracturing operations.
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The tool in its current configuration has the capability of detecting conductive fractures

up to 40 m in radius. Further improvement can be obtained by improving the sensitivity
of the receivers and increasing the tool spacing. This can be achieved with better coil
design or a larger conductivity contrast between the rock and the proppants.

For a tool spacing of 18 m, differential signals for the fracture of interest are affected

by two neighboring fractures on each side when 9 m spacing is used for the distance
between fractures. To invert the results for multiple fractures in a time efficient manner,

five

fractures should be included in each forward model run. This approach is shown to

provide a very accurate estimation of fracture parameters. Including additional fractures
in the forward model and the inversion does not influence the final inversion results. &
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