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1 Introduction

Substantial quantities of oil and gas are currently being produced from UnconveRgsnalces /
Reservoirs. These reservoirs are usually characterized by high shale contdtredod matrix
permeabilities.Most completions itJnconventionBReservars are hydraulicallyracture stimulated

in order to establish a more effective floom the faffield reservoirandfracturenetworkto the
wellbore. Thesuccess offiydraulic fractue stimulationin horizontal wellshas resulted in it being
rankedasone of themajor distinguishing technologies of the 21sn@iy. It has alreadyealizedits
potential to dramatically change the oil and gas pridoindandscape across the globe, and the impact
will endure for decades to come.

For a giverfield developmenproject,the derivedeconomicss highly dependent on the effectiveness
of the drilling and completion operatiom establiskeffectiveand retainedontact with the
hydrocarborresourceThis paper introducea suggestedrocess to modgetalibrate and optimizethe
landing of the well and the optimization of thedraulic fractue stimulationdesign fomaturally
fractured reservoirs

The introduced wrkflow combines the commercial software packa§eSYS® [1] andmultiPlas[2]
within a 3D Hydraulic Fracturing Bnulator[3] for the parametrid=inite ElementFEM) Modeling
andmaterial modeling of naturally fractured sedimentary rogigh the utility of optiSLang®[4],
automatedsensitivity studiesf theuncertairy of reservoir engineeringand operationgbarameters
areperformedand are evaluated relative to the resulting Stimulated Resershimé (RV) and
Accessible HydrocarbondRourceResults fronthese studies are thesed to optimiz¢he well
placementand completion designs

Unlike most academic and commercial approadhesintroduced approactses a homogenized
continuum approacto modelthe 3D hydraulic fractuing in naturally fractured reservoirfhe
principalmotivationfor using a continuum approachtiee numerical efficiencpecessary to rufully
3D coupled hydraulieshechanical simations ofthe hydraulic fracturing of multiple stages and
multiple wellsin naturally fractured sedimentary rocksfully 3D discrete fracture simulator
respective of MohCoulomb failure is numericallguiteintensive A discrete fracturenodelhasnot
yetbeen deelopedusingafully 3D explicit fracture growth modelingystem

Hydraulic fracturing in shale reservoirsnimstlydominated by the anisotropic stress and strength
conditions resulting from the initiglatterns of planes of weakness, these usually beanpthral
joints and fracturesf the source rockT o capturethisimpact on fracture mechanics, ttmeee
dimensional modeling of anisotropic strength, strasd condativity of the matrix anaf the fracture
systemis required. Simulation simplificatioto 2D or pseud@D geometrianodelingwill fail to
capture the effectsecessary to properly modék potentiallymost important effectwhich maydrive
the hydraulic fracturingrocess and the resulting productgerformance

Thehomogenized continuuapproach asinitially developed andppliedin the Civil Engineering
field of Waterway and Damitgineeringo betterdeterminethe influence of water flow in naturally
fractureddam foundation§s]. It was improved and gerdized for the coupled hydraulimechanical
simulation of naturally fractured rocks using commercial FEM cf@leF hese developments provide
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the basis fothe software toofimultiPla [2], whichprovidesfor the nortlinear modehg of jointed
rocks

The introduced warkflow is an integrated wefplacemenand complabn design optimization
workflow. The toolkitintegrates geamechanial descriptionsformation charaetrizatiors, flow
dynamics, micreeismicevent cataloguesiydraulic fracturing monitoring data, well completiand
operatioral parameterén a modeling environmentith optimization capability. It is built upoa3D
geological model with mukldisciplinary inputs includig formation propertiesn-situ stresses, natural
fracture description@nd well and completion parameteirs.(well orientation, landing interval, fluid
rate and volume, perforation spacing, and stage spacing). Upon calibratitigefyiraulic

fracturing field observationghe introduced workflovoptimized well completion desigand
guidanceon data acquisition and diagnostieeds ¢ achieveEUR performance at optimized cast

1.1 Background onDynardod Blydraulic Fracturing Modeling Approach

Theinherentanisotropies of unconventionaservoirgesult fromlayering, deformatiomistory,
strengthand stress variabilitygndthe non-uniform conductivity of the fracturetbck massBecause
of these complexities yidraulic fracturingshould be simulad inafully threedimensional coupled
hydro-mechanicalmodel.Most shalehydrocarbon resources assentialljjointed even before
hydraulic fracturingakes placeTheseplanes of weaknessclude thebedding plane andsually two
or three additional sets of natupénes of weakness

Most commerciahydraulic fracturesimulators model hydraulitacturing using 1D2D, or pseudo
3D geometricapproachedn many casg thesesimplifications prevent thesimulatos from adequatsl
modelng the complexhydraulic fracturingmechanisms that are present. This mandhtically
oversimplify thesimulatedfracture geometryand mayfail to identify the opportuniésfor economic
production improvement in all but the most trivial of shalsource settinds].

For a fully 3D modeling approach, achievingedfectivenumerical disretizationcapable of
representingnultiple stages anchultiple wells ina complex reservoisetting is necessarm discrete
modeling approachf naturalfracturesor a homogenized moded approach of fractusean be
developedHowever, hediscrete modelingf a network of joints resuibg from thehydraulic
fracturingof the rock masss currentlycomputationallyfiextraordinaity expensivéto the pointof
impracticality for wellborescale modelsSuch models include discrete element padicle
approacks(DEM, Particle cod@sor discrete fracturenodelingin continuum mechanicgpproaches
(XFEM, cohesive zonelements)Currently, there are nmbmmerciakimulationsolutiors available
for thewellborescale fully3D hydraulic fracturing simulationf multiple stages and multiple wells
using discrete joint modelinglthough amajority ofresearchyroupsare folowing discrete fracture
modelng approaches, a fully 3D discrete solution appears elasive needed wellbosrale

The nodelng of coupledhydro-mechanical problems in rock mechanics usihgmogenized
continuum strategy wasiccessfully implemendiefor science and induséd applications byVittke [5]
andothers in the 1980s and 1990&e weak point of the numericahplementation at thaime was
the inability ofconsistent integrationf enulti-surface plasticitywhichis a result of dealingith
multiple yield criteriaat the material point level in the homogenized continuepnesenting intact
rock (matrix) and multiplgjoint sets. To overcome problem Wittke introduced a pseudoscous
numericalprocedure with dependdon pseudeparametes whichhad aseemingly unreasonable
influence on the resultilsinga homogenizeanodelingapproach for jointed rock iimplicit
integration algorithmsesulted in convergence difficultiesci8nce groups moved trial exgicit time
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integration procedures using discretedelingtechniqus or particle based modeldereconvergence
problemsare minimal. Howevehecause afhe stability requirements of explicit time integration
schemesthese approachesbetac o mput at i on al | tyme doasunminydenmatieélimgar i | y 0
transient 3Dwellbore scal@roblems

After attemptingdiscrete joint modeling and explicit time integratimethod<or severalyears
researchrsat the Bauhaus Universitg the late 90 s turnedto ahomogenized continuum approach
anddeveloped a solution for thEroblem of consistent integration of mestirface plasticity using
implicit time integratior{6]. As a resulthydraulic fracturing canow be efficiently modeledby using
implicit finite element formulations, incorporatimgal worldfully 3D reservoir conditiogincluding

all relevant anisotropies and therhgdro-mechanical couplingg].

1.2 Every Hydraulic Fracturing Simulator Needs to be Calibrated for Typical
Reservoir Conditions

A practical3D Hydraulic Fracturing i&ulatorthatcould simulate multiple stages multiple wells

with reasonable numerical effaras now available The challengevasthento properly characterize

the geomechanicgtress, strengths, moduli, cohesion, friction angle, YM, PR, a&tdithe hydraulic
(pressure, saturations, compressibility, permeability, etc.) setting of the resource. It is a formidable
task to accurately measutetotal state of the regvoir and bounding layers. However, in order t
modelrealistic fracturéheightgrowths, all relevantpotentialfracture barriers need to be modetewdi
parameterizedSignificantfracture barriersnayoccur due tdayered contrash deformation, stress

and strength characteristi&@milarly, faultsand previously created hydraulic fractuneay act as
preferredmechanisms foiracture growth. These are generally to be expected when horizormtl
fracturestimulations are closely staged.

After constructing a layeregservar and bounding rocknodelinclusive of the potentidracture
barriers the calibratiorof large amounts of uncertain rock parameteithe best available
measurements waecessary. Adaraneter identification probleraxistssimply because of tHarge
number $100) of modeparametersand thg may have a consideraldesociated uncertainlipuring
the calibration phase, theorkflow applies optiSlan§d], acommercial tool box for variatiogpace
managemenrdnd optimization analysi3he process involves running a set of calibration models
respective of the variation space of the modéth optiSLangall parameters in a parametric
hydraulic fracturingnodd can be identified andpdatedefficiently for successive model runs, which
are therinitialized andexecuted in an automated processamye number o€alibrationsensitivity
designruns can bexecutedn acomparativelyshort period of time.

The alibrationphase ideally requireguality datameasurementd his includes theressure
measurementhat areused toderivelSIP/DFIT (Instantaneous Shin PressurePynamic Fracture
Intensity Testkonditionsas well as the projectdmttom-hole pressuraistory. The representative
microseismicevent catalogs also used in the calibration phakcertainy analysis is integrated in
thecalibration process toetteridentify the mostinfluential parametes controlling fracture geometry.
This calibration proessalsoprovidesthe potential to focus additional data gathering to those
parameters that significantly affect the simulation results.

Once a calibrated model is developed that is respecting of the resource data as well as the
microseismic event datthe simulator can then be used in a forecast mode to better optimize the well
landing depth and the completion design.
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1.3 What is the Right Value to be Qotimized?

After having a 3D Hydraulic FracturingrBulatorthatis well calibrated to the reservpthe rext

g uest i bahardhesrighi gifantiesto optimiz?0 Conventionally Stimulated Rock Volume
(SRV)is used to quantify the effectiveness of the fracture stimuleBiBW variation iclearly
dominded by fluid volume variatiormorefracfluid simgy creates more fracturemdmorefrac
volume The simulation results can be used to fully quamifych reservoir layers atgeing
fractured, how mchfrac height andraclength isproduce, whichfractures acceptgproppantased
on aperturesandhow the createftacture networkmight effectivelydrain the resenio.

First, only createdractureshatare acceptardf proppant withsustaineadonnectivity to aleast one
perforation clusteor flow portarecredited with production potentialhe elatedproppartaccepting
volumeis referred to a¥aluable SRV (VSRYV). Secondthedrainage volumeover theproductive
life of the wellis calculated based dhe VSRVwith consideration foanaveragalrainage radiusBy
integrationof the pore and hydrearbon content in threservoir layerever he drainage volumehe
AccessibleHydrocarbon Initially In Place (AHCIIP) can be calculated his representshe
producible hydroarbons connected to the vimlte By applying a representativecovery factorthe
estimated hydrcarbon productioexpectedver the lifetime of the welk calculatedTheeconomic
maximization of AHCIIP isusuallythe optimization goal.

A very important verification ofheforecast quality of the calibrated reservoir model is the
comparison of the estimated hydarbon production from the hydraulic fracturing simulator
Estimated Ultima¢ Recovery (EUR) of the calibration waldneighboring wells

Optimization of hydro carbon production in
unconventional oil and gas reservoirs

All available reservoir data is

Generate Pareto optimality usedforinput

between estimated ultimate
recovery uplift and related unit
development costs

Automatic generation of a
parametric 30 reservoir model
| of one or multiple wells

= Forecast neighboring wells and
B | verify prognosis quality of the
"‘ simulator to ultimate recovery

Reservoir model calibration to
the best available measure-
ments of hydraulic fracturing
performance

| scanof possible completion
scenarios and their effect on
accessible hydro carbon uplift

Fig. 1-1 worklow for optimization dfiydrocaibon production in unconventional oil and gas
reservoir
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During the optimizatiomprocedurethe majorcompletion parametsrsuch asvell orientation]anding
depth, stage design, well spaciagd fluid volume willgenerallybe themost nfluential parametes.

The optimization process is usually a compromise between increasing EUR potential subject to
reducing completion costs. This optimization is represented by a classic Pareto Rusitier
optiSLang theParetoFrontier represesthe designlimits where any production improvement cannot
be introduced anymore without inaséng the completion costBhe Pareto Frontier is thiénal result

of the workflow It is used forrationalizing thedecision betweemaximizng AHCIIP and minimizing
therelated completioosts

2 The Dynardo Hydraulic Fracturing Simulator

TheHydraulic Fracturing Bnulator[3] combines threeommercial softwarpackagesANSYS®[1],
multiPlas[2] and optiSLang®4]. ANSYS is used fothe development gdarametriaeservoirfinite
element modelsThecoupled hydraulienechanical analysis performed with ANSY SThe second
module, multiPlas, is aANSYS extensiorior nonlinear material modelingrhesematerialmodels

extend theANSYS functionalityto the nodinearmechanical angsis of naturally fractured rocks.

Within the context of the hydraulic fracturing simulator, multiPlas additionally provides an anisotropic
hydraulic element which models the flow through fractured robk. third software product

optiSLang is used to efficiently calibrate the model @angerformsensitivity analyssin

consideration of thancertaities in thereservoirmodel ancoperatioml conditions.

In order to reach sufficient forecast quality in the simulation of hydraulic fracturthg most

important phenomenhatneeds to b represented by the model is the tkitBeensionabnisotropic

strength and conductivitdistributionin naturally fractured sedimentary rocks the case of

unconventional gas and oil shatlee rock is classified as jointed rock haviagtropicii i nttéa o o c k
strength and multiple sets planes of weaknesEor the purpose of this document, thpmes of

weakness arecallddj oi nt set so. Obviously t héseebig2l, ment ary
labelfi S c.hThere armftentwo additionalsets of strength anisotropieseeFig. 2-1, labelsfiK1,

K20). In some reservoir layers these joint setsitteeropen orcementethealed

) /Major fault

_— Joint sets:
7\ joint set 1,
. *T joint set 2,

“ N\ A\ __ Joint set 3

Fig. 2-1 Jointed rock characterizatiomand translation to homogenzied continuum approach

In some instances, these joint seds be identifiedn various open hole logs cores.In other
instances, these joint seteclosedand the identification of the joint setsapen holdogsor cores
might bedifficult.

The fracturesimulatorappliesthe continuum approach which is based on the concept of
homogenizationln contrast to discrete modelbge joint setare notexplicitly modeledas geometry
boundariesThe influence of the joirgetsis explicitly taken into accountithin the anisotropic
strengthmodelof jointed rockwhich results in an anisotropsonductivitydevelopmenin the event
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of therock failurerepresented by the elemeBtsentially, goint setdilatesopensand theassociated
conductivity increases due éitheran orientedensile oran orientedshear failureAt the conclusion
of the frac job, the ngiressure declinmay result irnthe joint setaperture reducingesulingin a
reduction of theassociatedonductivity. Both of these effects ar&ea irto account in thaimulator.

In the simulation, theenhsle and shear failurenodesof intact rock and of the individual joint setee
consistentlytreated within the framework of muurface plasticity9]. The multisurface strength
criterion is evaluatedt every discretization poiitt spacelf thestress state violatéhe multisurface
yield criterion thenplastic strainglevelop andgtrength degradation oc&uBYy introducingfimean
ef f ect itedgoint set reguemesthatcan be defined for every joint set diod everyindividual
layer, the homogenizedgoint openings anthe correspondingpint conductivitescan becalculated
based on the plastic strainBhe individual values can l®valuded andvisualized in the post
processingtep The initial natural frequency of the planes of weakness ant¢lageffective
activated frequency of stimulated joints wiually vary. As a result, determinirtgetactivated
average frequency of jointsan important undertaking ithe calibration process.

The homogenization approach can and should be cowplediscrete anisotropies suchraajor

faultsif the dimension of thaliscrete anisotropies are large compared to Yieeati modelled 3D

geometry oif discrete effects ahajor faultsare of interestThe fault ismodelled as discrete 3D

geometry featureand an oriented joint set is used to define the shear and tensile strength criteria of the
fault.

2.1 Parametric Resenwoir Modeling

The simulation of hydraulic fracturing requires ttadibraion of importantbut somewhatincertain
parametes. Thereservoirsystemjnclusive of thewellbores and thefrac stagesshouldbe
parametrically modeleish order to allow for arfficient calibration procedur@heentireprocess of
model generation (prerocessing)modelsolution, andmodelpostprocessinghould ideallybe an
automated proces$hehydraulic fracturing simulator offespredefined parametriepresentationf
the following inputs:

1/ Model geometry. number of wells/stagestagepositionsand orientationsnumber of
perforation clusterperstage, distance between perforations, distance between stages,
well/stagedeptts, horizontal well orientatiomumber andlepth of all rock units

2/ Finite element mesh definition of model boundarieggefinition of volumeswith different
element sizée.g. fine meslat perforationsand coarse mesit the model boundayyelement
size, type of mesh, type of coupling, perforatiire

3/ Initial stress field: piecewise linear distribution (linednsideonelayer, but jumps at the
boundarybetween twdayers) of total \ertical stressminimumbhorizontaleffectivestresqko-
values) and maximum horizaiteffective stresglirectionof minimum horizontal stress

4/ Initial pore pressure field: piecewise linear distribution opore pressur@inear inside one
layer, but jumps at the boundary between two layers)

5/ Material properties of all rock layers: linear and nonlinear mechanicahteral properties
including definition of up to four joint sethydraulic material properties

6/ Well treating: slurry rate and bottom hole pressure as atfanover time, average proppant
size and proppant pumping, fluid viscosity, perforation conductivities

7/ Coupling parameters: average activated joint set distance, joint set roughness coefficient,
stress dependency of joint conductivity
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8/ Simulation parameters:time stepping, pogtrocessing

The parametric modielg approachs derived from he ANSYS internal mrgramming languag
APDL.

Most of the parameters aeparatelylefinedfor eachdistinctiverock layer andor each joint set.
Several hudred parameters agenerallyrequired for anodel run As part of the parameter
definitior/selection processinghe automaticgeneratiorof thefinite elementmocdel, thecalculation of
in-situ reservoir conditionsandthe well designandthe operational conditions agdl testedfor
consstencybefore a unique model execution begins. On occasion, a parameter selectionfixr made
specific model rurthat results in an unrealistic (unstable) initial conditM#ien this occurs, these
unstable models are identified and their run time executi@mrignated.

2.2 Coupled Hydraulic-M echanicalAnalysis

Hydraulic fracturing is a coupled hydraulieechanical problemn the hydraulianodule the pressure
increasedn the fracture initialization locatiodue tothe pumping of fluid andow initial rock
permeability Within the homogenized continuum approgelr essur e i s treated
representing the pressurethe fracture networkn the mechaical part the increase pfessure
modifies theeffectivestresses acting on the rock. If thegsure is large enough, floented rockfails

and fractures start to open. As a reghkrock permeability increasew/hichdirectly influen@sthe
pressure distbution in the hydraulic module

Schematics of 3D coupled hydraulic -mechanical
Input parameters simulation

Main loop
FE-model e

Transient
hydraulic analysis

fluid material stress state —)
properties update update

Mechanical
analysis

Initial pore
pressure

Initial effective
stresses

:

_____________________________________________

Fig. 2-2 Schematics of 3D coupled hydradtiechanical simulation

In the simulation of hydraulic fracturinthes primary coupling effects ne¢al be resolvedrig. 2-2
shows a flowcharbf a coupled hydraulicmechanical analysis with the Dynardo hydraulic fracturing
simulator.

Theautomaticsimulationprocedurestarts with the setup of the reservoir geombtrged on a set of
input parametereepresentinghte layering, the welland the stage desighihen he finite element
models are generatethd the irsitu conditions are applied. In the hydraulic motle® pre-pressure
field is initializedwith theinitial reservoir pore pressure conditiofie mechaical model is
initialized with the initial effective stress distribution. A nlimear mechanical analysis is performed
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to ensure consistency between the mechanical parameters and the initial strédsefilidial
conditions shoulehot result in plasti straingn the model.

After model initializationthe actual simulation cycker hydraulic fracturingstarts.In each cyclethe
hydraulic and the mechanical saindel are independently solved. The coupling between the models
is realized by ampdateof material parameters atwhding conditions in the corresponding sub
models. The following couplings are applied:

1/ Stress state updatelfydraulic-mechanicalcoupling): based on the pofgressure
distribution in the hydraulic model, flow forces are applie the mechanical analysis

2/ Fluid material properties update (mechanicathydraulic coupling): basecbn the plastic
strain and the stress distribution in the mechanical mtietonductivities are updated in the
hydraulic model. Because of the anisotedpilure of the joint sefsan anisotropic
conductivity tensois obtained.

The coupling is performed @nexplicit way. Consequentlpne iteration cycle is performed for every
time step The time step needs to adequatelyresent thprogressf thefracture growth The cycle
starts with the transient hydraulic analysis. The jypoessure field is updated and the corresponding
flow forces are calculated and applied to the mechanical modehebastep is thaonlinear
mechanical analysighich resuls ina new stress and plastic strain distribution. The resultant update
of the hydraulic conductivities egpplied to the hydraulic model in tkabsequenime-step.

2.3 Non-Linear Mechanical Analysis

In the mechanical suimodel a nonlinear static finite ement analysiscf. [10], is performed. The
nonlinearities are caused by failuretioé materialln ANSYS, the nonlinear constitutive behavior of
jointed rock is describedith the external librarynultiPlas[2]. By using the ANSY Siusermab API

for userdefined material models, multiPlas provides nonlinear material models for typical materials in
geanechanical and civil engineering studies.

Themechanicahnalysis of jointed rockcorporateshe concept of effective stresséhis is the
stresswvhich directly acts on the rockand which results in a deformation of the rock. The effective
stress tensad, ggre defined as

Oail G« <Nk (2-1)

whered . ig the total stress tensagrjs the porepressure and is thesecond ordeidentity tensor

Thehomogenizeadontinuum approach is applied to describe the deformation behayainted rock.
Consequently, the strestrain relationship does not describe the deformation behavior of the
individual constituents, intact rock and joint sets, but the overall response of the homogenized jointed
rock massThe corresponding line&lastt stress strain relationship can be written as

G. T S De (2-2)
whereDis thegenerally orthotropic linear elastic material tensor of the homogenized rock mass and
is the strain tensor.

In multiPlas the description of the nonlinear behavior of jointed rock is based on the concept of rate
independent plasticitycf. [9] [11]. It is assumed that the total str&aift” ctn be decomposed into an
elastic part®"and a plastic pat="
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£ “im" =8 (2-3)

The stresseare related to the elastic strains by the linear elastic material matrix. Consequently,
EqQ.(2-2) can be rewritten as

Guum D=8 (2-4)

The plastic strains develop if a certain strength critedonyentionally referred to as tyield
condition, is violated. In thisontext the boundary of the admissible stress space (elastic domain) is
called yield surface.

The strength of the homogenized jointed rock is defined by the strength of the indiads@iuents.
As a resultthe overall strength criterion is not a smooth surface, but is composed of multiple yield
surfaces. Each yield surface represents a specific failure mode of one of the constituents.

In the multiPlas material model for jointeack, isotropic strength is assed for intact rock. Wo
fundamentafailure modes are considered. Tensile failure of intact rock is represented by the Rankine
yield surface. The corresponding yield condition can be written as

Or » G m (2-5)

where, is the maximum effective principal stress (tensile stresses are positiv€}, dthe uniaxial
tensile strengthShear failure of intact rock is described by the MGbulomb yield cadition, which
reads

(2-6)

no ﬁ ” ” ” ” O ET (’;‘) A -I- .O m\‘t]
q q
wheree is the intact rock friction anglé,) the cohesion, is the maximum effective principal stress

and, is theminimum effective principal stress.

The multiPlas material modeurrentlyallows the definition of up to four joint sets. In contrast to
intact rock, the joint strength criteria are anisotroplte strength criteria depesndn the joint
orientation, wheh is described by the strike anglend the digdirectioni . The corresponding yield
surfaces ardefined in terms of the normal joint strgss, and the ipplane shear stregs. Both stress
components are obtained by rotating the global stees®r into the local joint coordinate system.
Similar to intact rock, two failure modes are taken into account for every joint set. The tensifin cut
yield surface represents tensile failure normal to the joint. The corresponding yield condition reads

Of o, G T (27
where'Q}, is the tensile strength of the joint set. Joint shear failure is described by thekldbmb
yield surface

O t , OAl o m (2-8)
wheres s the joint friction angle and is the joint cohesion.
The individual yield surfaces of the multiPlas jointed rock material model are visualizeg 233. If
in the simulation a strength criterion becomes active, the corresponding strength parameters are
reduced taesidual values. iatancy effects are taken into accountdbear failure byncorporating

nontassociated flow rules. The corresponding plastic potentials are obfiainetheMohr-Coulomb
conditionsby replacing the friction angheith the dilatancy anglecf. Egs.(2-6) and(2-8).
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Fig. 2-3 Jointed rock yield surfacesf intact rock and joint sefs multiPlas

2.3.1 Consistent Numerical Treatment of Multiple Strength C onditions

The nonlinear behavior of jointed rock is described by a set of different strength conditions. As a
result the boundary of the admissible stress space becomesmmwth which requires a special
numerical treatment. In multiPlahe multisurface plasticity approachmtroduced by9], is
implemented which allows for an efficieamd consistent treatment of multiple yield conditions.

In the multisurface plasticity approagthe plastic strain increment is definiegla modified flow rule
which can be written as

foo (2-9)
E=" < ¢

I p
where¢ is the number of yield conditions,_ is the plastianultiplier andl * is the direction of
plastic flow of yield condition . A stress state is admissible if all yield conditions are satidfiéioe
stress state is amyield surfacethen plastic strains develop for that yield surface. Because the flow
rule defines an oriented direction of plastic flow, the corresponding phastiiplier must bepositive.
Any stress state must satishese onditions whichare known as Kuhitucker or loading/unloading
conditions for each yield criterion
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O m Dw. ™ w7 | p8¢ . (2-10)

Consequently, in a plastic stepe stress state mighe located on more than one yield surfades is
illustrated inFig. 2-4 for a two surface model. In order to handle the singularity at the intersection
between both yield surfacdbe stress state must satisfy both conditiéwssa result, the direction of
plasic strain isdefined asa combination of the individual directians

-60 -850

Fig. 2-4 Intersection between the two flow criteria F1 and F2

In the numerical implementatiothe stresscalculation is performed in two steps. In the first step
trial stress state is calculated assuming that the plastic sht@iimed inthe previous step does not
change. The vyield conditions are evaluated for this trial stress state. A sétef/att surfaces is
defined by all yield conditions which are violated by the trial stress state. If the set of active yield
surfaces is empty, the trial stress state is admissible. Othgetlnddeal stress needs to be returned to
all active yield suiaces In thissecond steghe standal return mapping algorithms, i.eytting plane
or closest point projectio@re appliedin contrast to the classical singdarface plasticitythe return
mapping algorithm must simultaneously handle multiple yseldaces which results msystem of
generally nonlinear equationsnAadditional activity condition is introduced. A yield condition is
removed from the set of active yield surfaces if the corresponding plastic multiplier becomes negative
during theiteration

2.4 Hydraulic A nalysis

In the hydraulic stem transient analysis performedin order to cover gravity effegtthe governing
equations are not expressed in terms of the-paresurebut ratherin terms of the hydraulic head.

The hydraulic hea®of a fluid is defined as the combination of the pressure head and the elevation
head

Q — 0 (2-11)
wheren is the porepressure] is the fluid density'Qis the standard gravity amds the elevation.
The analysiss based on the groundwater flow equation
@ : (2-12

YT_O na 'Y
where"Y is the specific storag® is a general source and sink teand ais theflux vector. The

specific storativity is one of the mdstportant hydraulic parametethatneeds to be calibrated for the
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reservoir The storativity represents the amount of stored energy in open pomatss related to the
energy losses due to friction of leakage during the hydraulic fracturing process.

Similar to the mechanical model, the continuum theory is applied in the hydraulic model. As a result
the flux vector can be related to the hydraulicheadDar c:cy 6 s | aw

A L (2-13)
wherelL is theconductivity matrix of the jointed rock.

. R

Schnitt A-A

Fig. 2-5 Darcy flow equation in homogenized continuum mechanics

As shown inFig. 2-5, the Darcy equation describes the flow through the homogenized jointed rock
Thehydraulicconductivity matrixLt represert the overall conductivity of the rock including all joint
sets.Thehomogenizeaonductivity is obtained by superimposing the contributions of the individual
constituents

(2-149)

where£ ; is the hydraulic conductivity of intact rock, is the number of joint setand+ is the
hydraulic joint set conductivityn thesimulator, he intact rock conductivitgepresents the initial rock
conductivity. By assuming @ansversely isotropibehavior, the intact rock conductivity matrix is
given by

Q i T Tt (2-19
El: —_— Tt TQ R Tt
T T Q;

where” is the fluid density)Qis the standard gravity, is the dynamic fluid viscosityehgcis the

initial horizontal rockpermeability and’@,s4s the initialverticalrock permeabilityFailure of intact
rock does not chandge initial rock conductivity matrix As shown in sectiof.5.2 intactrock

failure is handled by introducing additional joint sétsthe local joint coordinate system, the joint set
conductivity matrix is given hy

(2-16)

noo p M T
Ly, —Qmn p =
T T
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whereQ is thein-plane joint permeability. In the initial state the joint permeability is zero. If a joint
set fails, the joint opens up and the joint permeability increases. This relationdégeiied in detail
in section2.5. The global joint conductivity matrix is obtained by rotation of the local matrix

Lo o Lgh (2-17)
Where=| is a matrix describing the rotation fraime global into the local joint coordinate system. In

the global coordinate systethe joint conductivity matrix is generally anisotropic. As a residt
homogenized conductivity matrik becomesanisotropic during the simulation.

By substituting Eq(2-13) into Eq.(2-12) the transient seepage equation is obtained
] Q
This equation is solvelly using finite elementechniquesEquation(2-18) is analogous to the heat

equation in heat transfer problemSNSYS heat transfer elemenggemingly could solve the problem.

However, lecause of the anisotropic hydraulanductivity matrix Dynardoimplemened a new
hydraulic element thahore effectively managghe anisotropy.

Lo vy (2-18)

2.4.1 Well Treatment and Pipe Modeling

In the hydraulic modethe reservoir inclsive of theperforations are modelled by solid elements.
Additional 1-D pipe elementareintroduced to connect the perforations of one stagjge volume
elemens. Fig. 2-6 shows the pipe definition in the model. Tleel tine represents the well baxbich
connects the perforations. Thednaulic properties ahewell boreare defined byhe pipe dameter
and the pipe conductivity. In general a largedranivity value isappliedfor the well bore The green
lines are thequivalentperforation pipesunnelsthatconnect the welbborewith the center of the
reservoirvolume elements. The perforation pipes armohiced to model a pressure dimgiween the
well and the end of perforatiomhe hydraulic conductivity of the perforation pipes are defined in
terms ofa prescribegbressuralrop relation:

o e o (2-19)
"R i
whered is the pipe lengthQ  is the pipe diameted, s the reference slurry ratendé is

the number of perforation¥he pipe elements are automatically created during the model generation
process.

prescribed SR on pipe

[0 6O

Fig. 2-6 Slurry Rate boundary condition
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prescribed BHP on perforations

mfliesfies ey

Fig. 2-7 Bottom Hole pressure boundary condition

In the simulatorthe loading conditions are applied eithethiewell pipe or to the perforation pipe.
Two types of loading conditiorere supported

An inflow condition is defined in terms af prescribedlurry rate By applyingthe slurry rate (SR) to
the well pipe, as shown Fig. 2-6, the slurry in the perforation (the outflow from perforation to the
reservoir) is defined by the conductivity buildup in the rock connected to the perforation.

Alternatively, a pressure conditiocan beapplied to defindottomhole pressure (BHRJonditions

During the model calibration, pressure conditions are used to modelerifylSIP/DFIT conditions.

In that contextthemeasured BHPressurés applied directlyto the perforation pipé-ig. 2-7 shows

that in that case the pressure is prescribed at the nodes at the intersections between perforation pipes
and well pipeUsing predefined pressure conditiptie user shouldisable theeonnection between

the perforations by reducing the well pipe conductivity to a small value.

2.5 MechanicatHydraulic Coupling

According toReferencgb5], the joint set permeability (hydraulic model) is related to the joint opening
(mechanical model). If a joint opens up, then the permeability increases. In the mechanical analysis
the development of fractures is represented by a plastic material modeleddt, the joint set

opening is not directly measured but needs to be calculated based on the plasticAgidititmal

history variables are introduced which monitor the normal plastic strains of every jaotisgtthe
mechanical analysi8oth failure modes, tensile and shear, result in a normal plastic strain component.
The amount of normal plastic strain due to shear failure can be controlled by the dilatancy angle. For a
specific joint setthe normal plastic strain increases only if the egponding yield surfaces are active.

The mechanical (geometrical) joint opening of a jointGet defined as

0 - Y (2-20)

Where—g %s the normal plastic joint straiand "Yis the average activated joint set distance. The
activated joint set distance is an input parameter and needs to be calibrétedctivated joint set
distance becomes larger than the element Bizerder that the continuum theory remains valid, the
activated joint set distance is limited by an equivalent elefaagthc, 4

Yo (2-21)

The equivalent element length is a @hmensional measure for the size of the domain represented by
anintegration (material) pointAccording toReferencg12], the equivalent element length sfor an
8-node brick element with 8 integration points can be defined as

(2-22)

Q
<l e
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wherewyis the element volume.

In the original derivation of the joint set permeabilityReference5], a laminar flow between two
smooth planes is assuméual.reality, the jointsurface is neither planaor smooth.Consequently, the
mechanical opening must be related to the effective hydraulic opening of the idealized jHiBi set
[14]. In the simulatqgrthe following relationship is applied

o O (223

where Qis the effective hydraulic openingnd igqis a prescribed ratio between both opening
measuresin most applications of the simulatar ratio between 1 and 2 isadinitially, and later
adjusted anderified during the calibration process.

The relationship between the effective hydraulic opening and the hydraulicsgipermeability is
given bya cubic law

. Q. (2-29)

Q VY h
where'Y; is the joint roughness coefficienthis relationship is visualized fig. 2-8. In order tobe
able tolimit the flow in the joint seta maximum effective hydraulic openin@ , is introduced.
This maximumhydraulic opening results in the maximum hydraulic catigity, and is related to the
in-situ stress, the fluidand the proppant placement conditidnlimitation to ths value carusuallybe
seen in experimental daf@his parameteis one of the mosimportantmodel parametes thatshould
be properlycalibrated.

Fig. 2-8 Coupling between joint set permeabilityd joint set opening

2.5.1 Stress Dependent Fracture @enings

Since the joint opening is described by a plasticity model, the closure of j@ntse reduction of
normal plastic joint strains, is not represented in the mechanical mbeetffect oicompressive
normal joint stressean the joint set permeabiliig not takerdirectly into account in Eq(2-24). As
shown inReferencg14], this effectcan beobserved in experimenénd will have a significant
influence on the resulting joint conductivity during productibine simulator optionally dlows for
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this effect to be managel the stress dependency is enabled, then the joint set permeability is
calculated as

Q Q, Q Qh (2-25)
whereQ is the stress independent joint set permeability given by2E24), "QOs a dimensionless

scaling factor ranging from a minimuwalueto 1, and, ; is the normal joint stres8ased orl5] the
following stress dependency function is implemented

p , o (2-26)

“Q“ N p “Q p . “Q .O ) T[h
wr Q N (0]
whereQis the limit compressive stress (negativg),,is the minimum scaling factor, agds a
shape factorf-ig. 2-9 visualizes e influence of that shape factFor the postprocessing of the joint

openings, the openings are recalculdigdntroducing thestress dependent joint set permeabititp
the cubic law, Eq(2-24).
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Fig. 2-9 Joint hydraulic conductivity for stress dependent part

The conductivity decline function (stress dependency function) is additionally influenced by the
proppant placement in the fractures. In gendiigher pressures arequired to close a fracture which

is filled with proppant than a fracture without proppant. This effect is taken into account by defining
two different stress dependency functiomamelylimit stress and minimum scaling factor. The stress
dependency funin for joints with proppant is applied in all elemeh&sing proppanaccepting
mechanical joint openings and which are connected to perforation shdteelements having all
proppamnaccepting joint openings, cfestion2.7.1 In all other elementshe stress dependency
function for joints without proppant is usdadsually thestress dependenparameters are derived

from lab tes$ of conductivityat varying proppant concentrations and normal stress conditions.
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2.5.2 Influence of Intact Failure on Hydraulic Conductivity Tensor

In addition tojoint failure, theintact rock might fail as weland thehydraulic conductivity of the
jointed rock increasen order to capture this phenomenon, up to three additional joint sets, one for
tensile failure and two for shear failure, are introduced in case of mEdailure. These additional
joint sets aréntroduced if the corresponding intact rock failure criterion is violated for the first time.
In the case of tensile failureherethe Rankine yield surface becomes agctikie additional joint is
oriented perpendicular to the maximum principal stresgtitire In the case of shear failusherethe
Mohr-Coulomb yield surface becomastive the orientation ofwo additional joint sets coincides

with the orientation of the shetailure planes in that step. After initialization of the additional joint
sets, the orientation is fixédr that element for the duration of teenulation.For these additional

joint sets, the mechaniehidraulic coupling is performed in the same way as fopthelefined joint
sets.

From experience in shale reservpthe hydraulic conductivity changeimarily from intact failure
occurs infracture barriers, which usually represamservoir layers withoutartical joint sets

2.6 Hydraulic -Mechanical Coupling

Fluid flow in jointsresults innormal forces and shear forces at the joint WallsTheflow forces are
related to the porpressure gradienitn the globalorientation the flow force vectorlh .acting onthe

elementvolume(body force)can be written as

Tk L 1R1RID (227
T ol o a
where” is the fluid density'Qis the standard gravity, anlds the gradient of the hydraulic heathe
corresponding nodal force vector is obtained by integration of the flow force vector over the element
volume. The individual nodal contributions are assembled and transferred to the mechanical model.
Because of the incremental solution procedure; thd variation in the flow forces is added to the
nodal forces in the mechanical modegvery time step.

2.7 Post Rocessing

In addition to thdraditional ANSY Spostprocessindunctionality, e.g, stress plotshe smulator
providesadditionalhydraulicfracturing specifioutputs These additional pogirocessing features are
provided as parameterized APDL macros. In order to reduce the amount of data which is produced
during the simulation and in order to reduce the total simulation time, the freqpfgrastprocessing
steps is also parameterized. The additional-pastessing includes:

bottom hole pressure and slurry rate over time (per perforation and per stage)

fluid and fracturevolume balance, e.fjuid inflow andcreated joint volumesver time
plots of joint set openings, joint set conductivities

porepressure plots

plots of the stimulated rock includimgicroseismiavents (all plastic elements, connected
wateracceptingplastic elements and connecfgoppamtacceptingplastic elemats) and the
corresponding stimulated rock volume over time

1 plastic activity over time

9 connected drainage volume

9 fracture extension comparedrtocroseismicevents

= =4 =8 -8 -9

In addition to this predefined pegtocessing macros, all results can be exported into IASEH.
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2.7.1 Calculation of ConnectedWater and Proppant-Accepting Volume

Based on thenechanical joint openingsleenents are identified as watgccepting or aproppant
accepting An element becomesateracceptingf the mechanical opening of at least one joint set
exceeds predefined threshold. This threshold is parameterized. Usually a threshold of 0.1 mm is
applied.A proppamtacceptingelement is identifiedf the mechanical opening of at least one joint set
exceeds a multiple of the average proppant size. The factor and the average proppant size are also
parameters of timodel. In most of the reservqiesthreshold of 3 times the average proppant size is
applied.

In addition to the water argtroppariaccepting elements, the corresponding connected sets of water
andproppamtacceptingelements are identifiedhn element is part of the set of connectsder
accepting elementkthe fluid can flow from any perforation into that element only by flowing
throughthe other elements in that s€he set of connected water araf connectegroppant
acceptingelementsarecontinuouslyupdated during the simulation. At the beginning of the
simulation the perforation elements are added to the connected sets. Aftem@aehanical step, the
water andproppamtacceptingelements are identified. Based on the connected sets from the previous
step, the neighbouring water pmoppartacceptingelements are selected and added to the
corresponding connected set. Two elemantsneighbours if they are connected by at leashode.
This selection algorithm is continued until no new neighbour elements are fthendets of

connected elements are history dependent.

For connectegroppamtacceptingrolumes, thepossibility of successfyiroppant placemeris
presumedif proppant is placed in the fracturéshas an influence on the conductivity decline
function cf. Section2.5.1 The stress dependency function for jeinith proppant is only used for
elementawhich are part of the set of connecdppantacceptingzolume. Otherwise the stress
dependency function for jois without proppant is applieven if the opeing is larger than the
proppantacceptingopening threshold.

2.7.2 Calculation ConnectedDrainage Volume

Based on the set of connecf@@®ppantacceptingelementsthedrainage volumean be calculated
The drainage volume gefined byall elements which can be drained durihgproductiontime of

the wellfrom the set otonnectegroppantacceptingelementsThe corresponding elements are
identified by selectingfrom the sebf fi ¢ 0 n n prappamatceptingelement® all elements \wich
satisfy the following criteria

1 The element is in the same elemkayer of the layered reservas the connectguroppant
acceptingelementThis is based on the assumptionthatdhgfi hor i zont al 06 i ni ti e
permeability of unstimulated rogkovides a mechanism for flow through unstimulated rock,
this horizontal permeability being seveoatiers of magnitude larger thtre effectivevertical
permeability

1 The distance between the element center andethier of thgoroppamtacceptingelement is
less than the drainage radius
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3 Application to North American Reservoir

3.1 Milestones and Goals

After severalyears of field developmeythe standard completion practicesthe Reservoiwere
investigatedor the potentialto improve hydroarbon productionThe workflow was appliedThe
hydraulic fracturing simulator was calibrated to a welhvétsuitable set of whot®ore and log data
as well as qualitynicroseismic After calibration a sensitivity analysis to possible variations of
operational conditinswasperformedand MetaModels ofthe Qotimal PrognosigMOP) was
derived.These MetaModds werederived from multiple simulation results. They represdat
verified correlation between all of the inputs to the model and the simulation réseltlerecast
gual ity ewasvertfiedduM@ tetalibrationphase and confirmed witiffset well
productionperformance. The Metislodels werethen used in a fully predictive modedptimizethe
completion design subject to economic consideratiogs (eaximum VSRV AHCIIP, hydracarbon
production costs)

3.2 Modeling of the Calibration Well and the Calibration Stages

One well out of a pad of four wells was chosethagalibration well.It was tre first wellon the pad
thatwas completed/NVhen considering theffects of fracturing iduced inteistagestress shadowing
the modeling of three successive stages apdeaequate.

Model geometry definition usigparametricassignmentsegardingpositions of stages, number of
stagesnumber of grforation clusters, distance between perforations and stages, definition of model
boundary and fineoarse mesh boundary, well depth, horizontal well orientation, depth of all rock
units, etc.

Coarse Mesh Volume

Coarse Mesh Volume

Fig. 3-1 Stratigraphic columrof all modelled layers of theeservoirmodel
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Forthe parametric mechanical and hydrawdiid meshing only brick elementsvereused.The
Hydraulic Mesh is 8 times findi.e. a singlenechanical element volumepsesented by 8 hydudic
elements at 2 x 2 x 2 sufficiently capture thgore pressure gradienE&ements with lgh aspect
ratios wereavoided to reduce mesh influence to the fracture growth. Sizes ehéisk and coarse
mesh volumes weliaput parameters of thgarametrianodel.Size of voume for fine meskvas
selectedo capture all micreeismic events insidbefine meshvolume(Fig. 3-2).

5
SR
o2
"

15
2%
28

‘théga' 8
\:‘vzh':"
S

Micro seismic events:
Wl-Stl @ Wl-St2 @ W1-St3 @

Fig. 3-2 Microseismidocation ofthe three modelled stagetop view

Fig. 3-3: FE-Model with stage 12, 3

Fig. 3-4: Mesh formechanicabnalysis
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3.3 Definition of Reservoir Parameters

Initial elastic propeiies of layers antdCS valuesvere taken from log and codataanalysis Initial
strength properties of intact rock wederived from UCS valuesntact rock tensile strengthas
initially assumedo be 10% of UCS for all layerdefining the friction angle of intact rodhkitially to
45°, cohesionvalueswere then calculated.

Based ommicro-seismicdatg core andlog data interpretatigrihe expected facture barriersvere
located intwo different layerThe barriersvere initially modelled without initialvertical joint ses.
Model boundaryayerswhere no fracture penetratioras seen ithe microseismic surveysere
modelled with elastic matial propertiesinitial joint set strength paramesaxere derivedrom
experiencavith other reservoirs. The fractured rock properties are showabte3-1.

Table3-1: Strength definition of intact rock and joint sets

Intact Rock Bedding Plane Vertical Joint Set - 1 Vertical Joint Set - 2
Layer phi c ft UCs phi 1 |c1 |ftl |phi2 c 2 ft 2 phi_3 c 3 ft 3
[l [psi] [psi] [psi] [] [psi] | [psi] [] [psi] [psi] ] [psi] [psi]
L1 Elastic Layer
L2 45.0 4142.1 2000.0 | 20000.0 35.0| 25.0( 5.0 35.0 25.0 5.0 35.0 | 500.0 [ 100.0
L3 45.0 4349.2 2100.0 | 21000.0 35.0] 25.0| 5.0 35.0 25.0 5.0 35.0 | 500.0 [ 100.0
45.0 3624.4 1750.0 [ 17500.0 5.0 25.0 5.0 35.0 | 500.0 [ 100.0

|
|

L12 45.0 6213.2 3000.0 | 30000.0 35.0| 25.0| 5.0 35.0 25.0 5.0 35.0 | 500.0 | 100.0
L13 Elastic Layer

A very important inputor the characterization of unconventional shale reserwaisshe initial
natural joint system orientatiomitial joint set orientations we derivedrom Reservoioutcrop

fracture stutgks core datgand log interpretatiorin addition to the bedding plaj#ne model was
initialized with three vertical joint sets:

Jointset 1 dipdirection 135°/dip magnitude 85 set 1_outcrop study
Jointset2 dip direction B0°/dip magnitude 8% set 2_outcrop study
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1st Joint 0/0 2nd Joint 135/85

Bedding Plane for all Rock Units 1st Vertical Joint

3rd Joint 180/85

2nd Vertical Joint

Fig. 3-5 Joint set orientation in the hydraulic fracturing simulator

A micro-seismicmoment tensor analysis was used to verify shear jpldeetations Cluster analysis
was performed using event locations frtraseismic momentensor analysis which passed the
Quality Control Test.A total of 233 micro-seismiceventswith variouscluster algorithmsvere usedo
identify theprominent joint setlip directiors and dip magnitude

All tested cluster algorithms detected one reliahlster

 mean value:
9 dip direction 50.5+ 90= 145.5°
1 dip magnitude = 92°

The duster analysis aficro-seismiceventsconsistentlyindicatedthe activation andrientation of
first vertical joint set
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3.4 Definition of Hydraulic P arameters

The fluid density andluid viscosity wee usuallydefined asan averagéuid parametefor theentire
stage Because varyingmount ofgel additives wee usedduringthe frac jobsanaverageeffective

fluid viscositywas calculated and applied to thedabThis viscosity term affectetthe fracture
system not the wellbore. fie projected bottom hole pressure during the fraevgbapplied as a
boundary cadition in the model, and this warovided by the service company performing the frac
job.

Basedon measurements whtor thedefinition of the stress dependerafithefracture conductivity
function a limit stress without proppant placed for all joints (D1) of 400@vas defined, and limit
stress with proppamiaced forall joints (D2) of 1200@si. The minimum hydraulic conductivity
scaling factor without proppaptaced for all joints wa0.001linches. he minimum hydraulic
conductivity scaling factor with proppaplacedwas 0.01 inchedor all joints The $ape factor othe
stress dependefunction wa ddined at 2.0 for all joints. These terms represexnithe deterioration of
fracture conductivity with increasing normal stress subject to the defined limits.

Specific storativity was dafed to beeitherconstant or varyingvith time. Fromexperience imother
fields, a specific storativity valuevas definedandthencalibratedwith themeasured bottom hole
pressure responsd the frac job.

Hydraulic properties athe wellboreconductivity weralefinedat 150 (ft/s) having a welbore
diameter of4.67 inch.The tydraulic propergs of the perforatiotunnels witha pressure drop of 300
psi ataverageslurry rate of 50 bpm reselilin a perforationtunnelconductivity ofK e = 0.31
(ft/sec).

Based on measurement dataisotropic inital horizontal and vertical permeability values were used.
To estimate theffectivedrainage radiughe following empirical formula waapplied

Y0 p@ Qg £ On (3-1)
where @, gis the initial horizontal permeability in the element (in the layer).

The drainage reservoir volume was calculated assuming an initial horizontal pergneéhilitnano
Darcy for upper pay zorayers and 30 nano Darcy for lower pay zdagers As a resultdrainage
radii of 36 ft fortheupper layers and of 73 ft ftihhe lower layerswvas applied

3.5 Initial in-situ Pore Pressure and Effective Stress@hditions

Initial pore pressure is defined for all layers using an initial pore pressure gradient of Ot7Hipisilf
in-situ stress field islefinedas effective streder every layer of the reservdily usinga verticaltotal
stress gradient (overburden gradiesftl.08 psi/ftandconventionatelationdip between effective
vertical stres& and effective minimum horizontal streSsmin (kO-values) as well as effective
maximum horizontal streSimax

Values forkOfor every layer vary between 0.4 and.0lBe Simaxis definedto bean increment of 30%
of the diference betwee& andSy minrelative toSymin. Thedirection ofmaximum horizontal stress
direction wa defined as being essentiafigrpendicula to the well direction.
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4 Calibration

Because ofhenumerous uncertainties reservoir conditionsalibraion of the simulator tohe frac
job reportandto microseismiceventswas important.A step wisecalibration proceswas usedvhich
checkedhe plausibility and balancef simulator inputs to

- ensure that ksitu strength, stresand pore pressure values do not resulirirealistic plastic
deformation

- ensure that the model starts and stopstdiring at DFIT/ISIP conditions

- ensure that the model represents fracture growth in time and space by matching the pressure
and the pumpingate histoies

- ensure that the volume balance between pumped fluid and created fracture volumimresult
the expectedluid efficiency

- ensure a reasonable matchrticroseismianeasurementhat the model shasplausible
fracture direction, extensioand fracture barriers.

During these plausibility controland calibration stepssignificantinput parameterarefully checled
and calibratedbeforestartinga full systematicsensitivity analysisThe objective is to establistsat of
parametersvith a defined variation space tHaffills all verifications andgives the best posBle fit
respective of lhavailable data and their associated uncertainties

4.1 Calibrating of Fracture Start and Stop Gonditions

After verifying that than-situinitialization oftheanisotropic stress field aride pore pressure
conditions of the reservoir rockdinot violae the material strength definitioine pressure levels
where fracturestart and stop we verified. Dagnostic Fracture |actionTest (OFIT) analysis and
the pressure levels from ISIP (initial shut in pressdedine where fracturimitiation and
representativéracture extension pressurescur. There waalso an estimatioof the uncertainty of
the datawith estimatedninimal, meanand maximal DFIT/ISIP conditions. Aftanitializing a model
with bottomhole pressure tBFIT/ISIP pressureonditions a modelcheckwas made to view the
simulation resultef theexpectedstart and stopf fracture growth.

Typical ajustments duringalibration toDFIT/ISIP conditions wee:

- Adjustments of pore pressure aimdsitu stress conditionat and arounthe perforation layer
- Adjustments of strength definition of the fracture m{jdent set)wherethefracture starts and
stops

4.2 Calibration of Bottom Hole Pressure Response

After verifying the pressure levelsssociated witfracture staihg and stoping, a verifcation of
fracture growth rate veamadeWhen pumping &ac stage the resultant Bottom Hole Pressure (BHP)
signalcoupled with aterepresents thepeed at which thieacture networland fracture conductivity
was created subject to the defirgtdess and strength conditions in the reserVdie. principal
propertiecalibratel in this step includé

9 the activatedneanaverage jointlistances in the differefayers forintact rockfailure and
natural jointsactivation

1 maximum effective hydraulic opening in the joint network

1 strength properties of the reservoir rakside perforation layer
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1 the overall loss irnergy de to friction, lealoff, turbulent flowor other dissipate mechanism
thatwassummarizd into the specifitorativity value of the Darcy flow equation.

For calibration thenitialization wa made with &lurry ratehistory, with the resulting model IBP
historymeasuements beingompared with the reported BHEf. Fig. 4-1. A checkwas made of the
volume of the resultant network of fractureoth simulations Integrationover all joints
consideringhe mechanical joint openinggas performed, and @ompaison of the fractureolume to
the fluid volume pumpedias madeAssuming very low fluid leak off durinffacing of
unconventional reservoira system in balance resettin a fracture voluméhatshould be equivalent
to thetotal fluid volumepumped.

well 1 stage 1
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1360 1380 1400 1420 1440 1460 1480 1500

Time [min]
—— Measurement —— Simulation

Fig. 4-1 Stagel, comparison between calculated BHP us81#g Inpuired) and BHP during
pumping(blue)

4.3 Calibration of the Numerical Modelto MicroseismicData

In addition tothe bottom ble pressure signal, the modelsaalibrated with respect to the
microseismic events reported during hydraulic fracturing. Mieroseismieventswere
measurementsf micro fliearthquakescausednostly by theshear failure of the jointed rock during the
fracture process. The measuremgmis/ided the time, the position (pointand the magnitude of the
individual eventsThe microseismievent catalogvasused as aepresentation dhe fracture network
extension directiaally. During the calibration of the modehe microseismidocation wa compared
to the simulated plastictivity of fracturesThe microseismicevents and the plastic elementsrave
plottedtogether at different time steps. This albxia visual comparison of spatial distribution of both
of the data setg$:ig. 4-2 shows the plot of plastielementsthe simulatedonnectegroppant
acceptingelements, anthe microseismieventsduring the pumping oftagel. The plot showethat
the stimulated rock volume represatfithe fracture extension in terms of hldhgth and fracture
height contaamentindicatedby themicroseismicevents.
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Fig. 4-2 Plot of connectegroppantacceptingelements andhicroseismievents at the end of
pumping

4.3.1 Use ofMicroseismicto Verify Barrier M odeling

Fracturebarriers camgenerallybe formed by elasticityn-situ stressstrength horizonsor a
combination of the threenlthe beginning of the reservairodeling knowledge about theatural

joints in every layer walimited. The model wa first initialized withnatural joint sets in every layer
which potentially may have natural joints or planesieéikness. The calibration withicroseismic
data usually ensures qualibformationabout fracture barrierglasticity horizos, andin-situ stress
horizors. These wee checkedo ensure sufficient strengtb act as fracture baers. On occasion, it
was necessary to characterize a layer with no natural planes of weakness or joint sets although this is
usually the exception, not the rule.the Reservoirlayers5 and 12were modelled without any
vertical natural joint setdJsing this approach, theicroseismiaesultsweremodeled properly with
respect tdracture height and fracture haéingth.This initially required joinsstrength values for shear
and ensile strengtiiomparable to thmtact rock strength valuesig. 4-3).
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Micro seismic events:
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Fig. 4-3: Fracture growwith barriers having vertical joints strength close to intact rock sttkng
values
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4.4 SystematicSensitivity Study to Reservoir Uncertainties

All previous calibration steps resultieda model that demonstrateeasonable agreemanith
microseismic and pressure dafae model wa thensuitable to rursystematic sensitivity analyse

with respect to both the variation space of rock parameters as well as the variation space of design
parameters such as well construction and fractimsulation.Additionally, hesevariation windows
werecomparegdand parameter influensaverethenbe ranked.

An important point of interest wake checkof the sensitivity of uncertaties to the barrier modeling.
For the basenodel of the sensitivitgtudy, the pre calibrated orstage modelith a prescribed slurry
rate boundary conditiowasused.For setting up the uncertainty windows of linear étgsarameters
thevariation windows provided bihe customeffor horizontal and vertical on g 6 s Phoidsid o n 6 s
ratio, andshear modulper layemwereused An uncertainty window ot)CS-valuesfor every reservoir
layer was available from core and log ddtae wncertainty windows of tensile strength, friction angle
and resulting cohesion vas for the intact rock strengitere developedJncerainty of joint set
orientation wa given fronmthe natural fracture mapping of outcrops, logad cores in the reservoir to
+/- 3° for bedding planes and-#/0° for vertical fracture planes. Uncertgintindows for dilatancy
angle the strength definition of bedding planes and verjaalts, and theuncertainty of mean

effective activated joint set distarsdfer all layerswere defined from experienagith othersimilar

fields. Uncertainty in anisotnaic initial permeability valueas well agnitial pore pressure and initial
stress conditiongrere given by measurement daf investigate the sensitivity of barrier modeling to
reservoir uncertainties.ayer5 vertical joint set were defindthving 80% othestrength of the intact
rock of the layer.

Some of the uncertain parametelid not scatteindependently. For example, thaentationof the
natural fracture system wanany timesconsistent throughouh all pay zone layers. After irdducing
all assumed correlationthe number of uncorrelateghcertainties wa158 variables.

4.4.1 How to Effectively Scan the Design |$ace inthe Case of Having a Large Number of
Variation Parameters
Sensitivity studies having a lasgiumber of uncertain pameter;particularly thosénaving CPU
intensive, nonlinar CAEbased design evaluatiortglls forthe most effective Design ofkBeriments
(DOE) and correlation analysis strategy. That t&a& managedthy usinganoptiSLang sensitivity
workflow to generata Metanodelof Optimal Rognosis (MOPJor every important response value
For this workflow, an Alvancel Latin Hypercube samplimgethod controledelection of the input
parameters respective of their variatioaspand @efficients of Prognosi@€CoP)measurements
verified theforecast quality of the resultaptedictiveMOPs[16].

After 200 design evaluatiofihe correlation structuref important input parameteshowed
conwergence and the sensitivity analysias stopped. Some designs did show unrealiitibigh
plastic volume grow in single layeos did not converge itheinitialization. Thesgarameter
configurationgdesign pointsheading to failed simulationsere orted outFor this project117
designs out of thaitial 200 cesignswereused for post processing.

4.4.2 Responses
Toidentify, checkand calibrate thdominantinput parametey thefollowing response valuasere
investigated:

1 Total plastic volumgwhichis the total stimulated rock voluni8RYV)
1 ValuableProppamAcceptingStimulated Rock dlume(VSRV)
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1 Sum ofelement volumebaving plastic activity dbarrierlayer(Layer5)
9 Fracture height, halength and fracture density function attterelated bapeerror

4.4.3 Principal Results of the Sensitivity Analysis

After achievinga reasonablenatchto the Bottom Hole Pressure functipthne nain objective of the
continuedandysis wasto improve the fit tdhe microseismicevent catalog

An investigation intdhe simulation results then focused on the relapigaetration of theast barrier
layer5. Out of the 117 viabldesignsimulations only 15 designglearlymatctedthe microseismic
eventobservatios with regard to this apparent frac barri€his indicatedhat thestrength values of
layer5 barrier (joint sets have086 of intact rock strength) represedt muchtoo small strengthAs

a resultall vertical planes of weaknesgere removed from layés. In addition correlation analysis of
the plasticactivity in the barriercf. Fig. 4-4, showedtheimportance of strength parametef the
intact rock in théarrier (layeb_Phige friction angle layes Rd= UCSvalueg, of in-situ stress
(layers_k0) and horizontaY oungd modulus (layes_Eh).As a result, the UCS values was set to a
higher value, along with friction angle and kO which were further calibrategijoort the premise of
loading andpenetrating théarrieronly via tensile failure of intact rocttevoid of any natural fracture

system

Coefficients of Prognosis (using MoP)
full model: CoP = 60 %

INPUT: p5| v3 4
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gl""n
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- |
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= 11 %

INPUT: 5 _Phig

l 1 l
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Fig. 4-4: Coefficient of Prognosis plot for thesponsealue SumOfVertJointActivifyolume of
elements with verticabint set activity in layérwhich shows the most importamcertainreservoir
parameter to the variation of the response

To measurgheimprovement of fit tahe microseismieventcatalog,a density function approach sa
used. A normalized density funan of themicroseismic everntloud wa compared with a normalized
dengty function of plastic strainUsing arobjective functionimportant reservoir valuesere
modifiedto obtain a letter fit tothe microseismicdata.

1 UCS 5 intact compression strengti2500 psi
9 Phi_5intact friction angle 45°, with relatedensile strength

1 KO_5=0522

Additionalsimulationruns were then obtainedBy modifying threeimportant reservoir paramesand
removing initial vertical jointsn the barriera muchbetter fit tomicroseismicdata was obtained.
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5 Sensitivity to Operational Conditions

Sensitivity analyserelative to theoperational parametewas then performed in order to estabtish
costbenefitrelationship related to wetlrilling and completion practices. EUR improvementsev
derived fromincreassin thevaluablestimulated rock volumé/SRYV) andtheresultingincrease in
accessible gas initially in pla¢gaHCIIP).

5.1 Reference desigrior sensitivity analysis

As reference esign thecalibrated modedf hydraulic fracturingvas usedin order toforecast
variation of valuable stimulated rock voluraeddrainage volumg multiple stage simulations vee
required. Theinitial simulationstage @ not see stress shadowijrmut the effect of stress shadowing
is animportantconsideratiorior the optimizationof the stage desig\ multistage simulation exercise
is required to better capture the stress caging or stress shadowing &kpetsencehas shown that
three stagewas adequate.

5.2 Parameterization

In the sensitivity analysethefollowing parameters representing different operational conditions are
varied:

well depth

definition of perforation and stage design (stage length, number of perforation clusters and
stagespacing)

pumping regimegjurry volumeand slurry rateignalg

averagsslurry viscosity

= =4 = =4

The number of perforatiarand the possible well depttvere defined as discrete paramestekll other
parameters vary between lower and upper bauha be able tonodify slurry rate and total slurry
volume using a parametric procedutee slurry rate functiowas idealized to balentical for every
stage and having identical waiting time between stages.

5.3 Scan of the Design gace

UsingandoptiSLangworkflow of sensitivity analysi§4], after 76design evaluationshe correlation
structure of important operation parametd@rowed convergencén the solutionand theCOP values
of theimportant MOR werelarge enoulg to imply confidence in the Matadel predictability.
Consequently, theensitivity analysis was stopped.

5.4 Responses$o Evaluate

The influence ofhevariation ofthe operational parametewas therguantified by the measurement
of valuable stimulated rockolume SRV) andthe related accessible hydesbons initially in place
(AHCIIP). Volumes having joint set openings 3>times mean proppant sizel.0 mm were presumed
to haveaccepedproppantThe VSRV was calculated athe totalconnected proppafgiccepting
volume by selecting only elements havprgppantacceptingopeningwith a viableconnectiorpath

to one of the perforation clusters

In addition theVSRV was calculated based on theinage volume anladydrocaboncontent The
calculation of theaccesible gas initially in place (AHIIP) was then performeds follows:
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(5-1)

006 000 ®w ftwp gh
whereg ; is the number of layersyg; cra¢as the draiage volume othe ith layerandwg; ~gg[V/vbulk]
was the volume of gas at surface conditions stored in one cubic foot of formatiori-th thger

To investigate the importance of stage gesin the final AHCIIP the accessiblaydrocabons
initially in place (AHQIPwei) were calculateaver the total length of a horiztah well:

6 06000 606000 06000 o ft 9 R ¢ o800 oh (5-2)

3 a
wherea ; was the total horizontal well length, was the stage spacing and was the stage
length.Note thatAHCIIPwe separate theingin stages 1 and 2 and assuraggpeatable prmance

of the additional AHCIIP for all additional stages.

5.5 Results of Sensitivity analysis

For this project, theemsitivity tothe connectedroppantacceptingzolume (VSRYV) after threstages
of hydraulic fracturing showetthe dominarce ofslurry volume andof fluid viscosity seeFig. 5-1.

Coefficients of Prognosis (using MoP)
full model: CoP = 90 %
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Fig.5-1 Plots of Coefficient of Prognosis (CoP) and related Meta model of optimal Prognosis (MMSRy after 3
stages

To envisionthe importance of stage desi@@ength, clusters), it was necessary to extend the concept of

VSRV. Multiplying VSRV with thegas content ithedrainage reservoir volunfer each layer results
in the AHCIIP. The relativéamportance oftage desig(stage spacing) appeaseeFig. 5-2.
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