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Methods of fracturing and, in certain embodiments, to methods of fracturing to enhance the communication between a primary
fracture and its corresponding complex fracture network.
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ENHANCING FRACTURING AND COMPLEX FRACTURING NETWORKS IN
THHT FORMATIONS
BACKGROUND
{0001 The present method relates 1o fractuning  treatments and, i certain
embodiments, to methads of fracturing to enhance the communication between a primary

fracture and 1S correspo

00021 After a well bore is drifled, it may be necessary © fracture the subterranean
formation to enhance hydrocarbon producthion. This may be of greater imporiance i shale
formations that typically have high-closure stresses. Access to the subterranean formation
can be achieved by first creating an access conduit from the well bore to the subterrancan
tormation. Then a fracturing flutd, called & pad, may be introduced at pressures exceeding
those required 1o maimtain matnix flow in the formation to create or enhance at jeast one
fracture that propagates from the well bore. The pad fluid may be tollowed by a fluid
comprising & propping agent o prop the fracture or fractures open after the pressure is
reduced, In some formations like shale, the primary fracture can further branch into other
fractures; all extendhing through either a direct branch or idirect branch from the primary
fracture and creating a complex fracture network. As used berein, a “complex fracture
network™ vefers 1o a fivld or network of mterconnecting fractures, which may nclude a
primary fracture, secondary branch fractares, tertiary branch fractares, quaternary branch
fractures, and the like. The complex fracture network encompasses the primary fractare and
any and all branching fractures, regavdiess of their size, man~-made or otherwise, within a
sublevranean formation that are n fluid communication with the access condit argl/or wetl
hore. The propping agents hold the complex fracture network open, thereby maintaining the
abitity for hydrocarbons to flow through the complex fracture network to ultimately be
produced at the surface.

{0003 ] Communication between the primary fracture and the remamder of the
corresponding complex fractre network may be an important factor 0 maxinmizing
production from the formation, Shale and other low permeability formations may be difticult
to fracture and may require repeated fracturing attempts i order to create an adeguate
fracture network for the production of bydrovarbons, Without adequate fracturing of the
formation, these formations may exhibit a steep production decline, Le., the formation
produces hydrocasbon for a shorier amount of time. Recovering a well alier prodaction
dechne typically involves refracturing, which can be costly and fime consuming.

FO004] Traditional fracture networks may be created by utilizing some form of

diversion within or among the zones of the subterrancan formation. For example, a packer or
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bridge plug may be used between sets of acvess conduits to divert a treatment fluid between
the access conduits. Sand may he used as a diverting agent to plug or bridge an access
conduil, 1o another technigue, balls, commonly referred to as “perf balls,” may be used {0
seal off individual access conduits to divert fluid, and consequently propping agents, 1o other
access conduits. Such technigues may be only ;_'mritiaﬂi}-' succassful towards the creation of
larger and more complex fracture networks because they only address the distribution issues
at the well bore, ie., at the access conduit and not within the highty puercomecied, mudti-
branched complex fracture network. Particulate diverting agents may be used io spectiically
target, not just the primary fracture, but the branches of the prumary fracture in a complex
fracture network, However, particulate diverting agents may be difficult to remove
completely from the subtesranean formation, and may leave behind a residue which may

permanently reduce the permeability of the fermation.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0005 These drawings 1lustrate certam aspects of some of the embodiments of the
present method, and should not be used to limit or define the method.

FO006] Figure T depicts an example of & typical fracture netwaork.,

0007 Figure 2 illustrates a non-{imiting embodiment of the use of a hydrajetting
too] in creation of an example fracture network.

(0008] Figure 3 depicts an example of a syster for delivering treatment faids.
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DESCRIPTION OF PREFERRED EMBODIMENTS

00091 The present method refates to fracturing  treatments and, I certain
embodiments, to methads of fracturing to enhance the communication between a primary

fracture and the remainder of the corresponding conmplex fracture network. Embodiments of

the present methods provide for the systematic introduction of a series of degradabie

particulate diverting agents that inhibit the flow of subsequent injections into a complex
fracture network, thereby diverting subsequent fracturing Buids and consequently croating
additional fractures in the complex fracture network as well as additional complex fractuse
networks. In brittle formations, like shale, a complex fracture petwork may comprise the
primary fracture, secondary branch fractures, tertiary branch fractures, (riaternary branch
fractures, and the like. The complex fracture network sncompasses the primary fracture and
any and all branching fractures, regardless of thelr size. man-made or otherwise, within a
subterrancan formation that are in fluid communication with the access conduit and/or well
bore. Emboadiments of the present methads provide for freatment and diversion i the
primary fracture and gach of its branches. As used herein, an “access conduit™ refers o a
passageway that provides fluid communivation between the well bore and the sublerranean

formation, which may include, but should not be fimited to: sliding sleeves, open holes n

v "

non-cased areas. hydrajetted holes, holes in the casing, perforations, and the tike. The
creation of larger, more complex, and additional fracture petworks max fntzes  the
comymunication between the primary fracture and the rest of the complex fracture network
and also the communication between the formation and the well bore. lnereasimg
communication amongst these compenents will also consequently maximize hydrocarbon
production therefrom, in accordance with example em bodiments,

F0010] Additionally, embodimenty of the methods include various particulate
diverting agents that may be degradable. Degradable diverting agents decrease, and may
eliminate, the need for secondary operations to restore (fuid conductivity within the fracture
network when production operations begin, Consequently, this reduces the environmental
inpact of subterranean operations. In some embodinents, this may also reduce the cost and
time for fracturing operations. Further advantageously. the embodiments may  wtilize

degradable diverting agents of different sizes. such that the consequential expansion of the

ot

conmplex fracture network includes all sizes of fractwres and branches, incloding smaller

fractures, micro-fractures, and any sized fracture in-between. As used herein, the term

“micro-fracture” refers to a fracture or any portion of a fracture having at feast one Cross-

seetional dimension (e.g., width, heighty of less than or equal to 108 microns, thus limiting

the size of particudates that can enter the micro-fracture.
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1001 1] Embodinents of the methods may also include a combination of varousty
sized propping agents introduced via @ treatment fluid into a well bore pepetrating a
subterranean formation. [n embodiments, the variously sized propping agents and the
variously sized degradable particufate diverting agents may be introduced inte a well bore
vig & plurality of treatment fluids in sequental application or injection stages. As ased
herein, the term “treatment™ or “treating™ refers to any subterrancan operation that uses a
fluid in conjunction with a desived function andfor for a desired purpose. The lerm
“treatment’ or “treating” docs not imply any particular action hy the fnid.

[00121 As used herein, a “diverting agent” refers to any material that can be used to
substantially seal off a portion of a subterrancan formation therehy substantia iy reducing,
inclading blocking, uid flow therethrough, The portion of the subterrancan formation that
may be sealed by a diverting agent may include any such portion of the subterranean
formation including an access conduit, primary fracture, secondary fractures, terbsary
fractures, quaternary fractures, and the like. Diverting agents used m em bodiments of the
methods may be degradable. Suitable degradable diverting agenis may comprise gels,
particalates, andfor fibers that are natural or synthetic may be of a variety of sizes) and
mixtures thereof, Non-Hmiting examples of suitable diverting agents are inctuded betow. It
should be understood that the term “particulate,™ “particle,” and derivatives thereol as used
in this disclosare. include all known shapes of materials, haclading substantially spherical
materials, low to high aspeet ratio materials, fibrous materials, polygonal materialy (such as
cubic materials), and mixtures thereof.

(0013} As used herein, “propping agents™ or “proppants” refers o any material or
formudation thal can be used to hold open or prop open at least a postion ol 8 lracture
network. The portion of the fracture network that may be propped open yoay mclude any
such portion of the fracture network including the primary fracture, secondary fractures,
tertiary fractures, quaternary fractures, and the ke, [t should be understood that the term
“nroppant™ and derivatives thercol as used in this disclosure, include ali known shapes of
materials, including substantially spherical matertals, low 1o hgh aspect ratio materials,
filwous materials, polyponal materials (such as cubic materials), and mixtures thereol

[0014] As used herein, “complex fracture nelwork™ refers o the primary {racture,
secondary branch fractures, tevtiary bravch fraciures, quaternary branch {ractures, and the
like. The complex fiacture network encompasses the primary {racture and any and all
branching fractures, regardless of their size, man-made or otherwise, within a subtervanean
formation that are in fluid communication with the access conduit andior well bore, The

terms “branch’™ or “branches™ refer to any fractures, regardless of size, that brameh from
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another fracture or the primary fracture. The fractures of the complex fracture network may
be desenbed m different manners depending on the context. For example the [ractures may
be deseribed in terms of relative size such as fracture, smaller fracture, micro-fracture, etc. It
15 {0 be understood that the deseription of the tractures by stze i no way linits the fractures
to @ specilic size or s1ze range, but is merely ysed to distinguish and illoastrate the size of &
fracture in comparison to the size of another fracture. For example a “fracture™ is larger than
a “smaller fracture”, This stafement is ©© be anderstood as merely a comparison of
representative fractures in the formation and should not be taken as an indication, implied or
otherwise, as a representation of any actual size, size range, scale, measurament, and so on.
Ahernatively, the fractures of the complex fractare network may be described by their degree
of branching. The man [fractore s therelore the pyimary fracture. lis branches are secondary
fractures. Branches of the secondary fractures are tertiary fractures. Branches of the terary
fractures are quaternary tractures and so on, Similarly, and as discussed above, this method
ot fracture deseription should also not be used to himit the {ractares to a specific size or size
range. Foarthermore, this method of fracture description should be understood to be mercly 8
comparison of representative fractures in the formation and should not be taken as an
mdication, implied or otherwise, as 8 representation of any actual size, size range, xcale,
measurement, amd so on.

100131 In some embodiments, at feast one access conduit from the well bore to the
subterranean formation may be oreated. In some embodiments, at least one access conduit
from the well bore o the subterrancan formation may be provided. These access conduits
may be made by any means or technique known in the art including, but not Himited to,
hydrajetting, laser inscribing, perforating, not casing at feast @ portion of the well bore, and
the ke, Access conduits may be spaced randomly, spaced substantially equidistant [rom

cach other, clustered 1t groups {e.2., an access conduit cluster), or any combination thereof

along the length of the well bore.

FO016] in some embodiments, a treatment fluld may be introduced into 8 well bore
at & pressure safficiern to form at feast one primary [ractere extendmyg brom at least one
access conduit into & subterranean formation. In some embodiments, the pressure may be
sufficient 1o form ai least one fracture braneh extending [rom at least one pnimary fracture. In
some embodiments, the pressure may be sufficient to formy a complex fracture network,
Figure 1 illustrates a non-limiting example of a typical complex fracture network extending
from a well bore into a subterranean formation. In Figure 1, complex fracture network 3 s
formed in targeted subterrancan formation 10, As illustrated, well bore 15 penetrates bath

non-targeted subterranean formation 20 and the targeted subterranean formation 10 In the

6
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Hustrated embodiments, well bore 15 comprises a vertical well bore portion 23 awd a
horizontal wedl bore portion 30, In accordance with the present embodiments, complex
fracture network 3 s formed by fracturing the targeted subterranean formation 1) via aceess
conduits 35, Complex fracture petwork § comprises prinmary fractures 40 which may branch
into a variely of fracture branches that commanicate with the primary fractere, icluding

secondary fracture branches 43, tertiary fracture branches 30, quaternary fracture b rARCHLS

55, and the like. As discussed above, complex fracture network 5 comprises the primary

fracture 40, all secondary fracture branches 43, all terfiary fracture branches 50, and all
quaternary fracture branches 53; regardiess of size. As illustrated by Figure 2. a hydrgjetting
tool &0 may be inserted into well hore 15 and positioned in sach a manner to fracture
targeted subterrancan formation 10 with a treatment fluid. Hydrajetting toot 60 may also be
used to place other treatment fluids into complex fracture network 5, it should be understood

that the methods provided herein are apphoable to well bores at any angle including, but not

{imited o, vertical wells, deviated wells, highly deviated wells, horizontal wells, and byvbrid

wells comprising sections of any combination of the aforementioned wells. In some
embodiments, a subterrancan formation and well bore may be provided with an existing
fracture nelwork.

00171 In some methods, any single or combination of elements inchsding propping
agents and degradable particulate diverting agents may be placed via a treatment fluld mto a
well bore penetrating a subterranean formation. 1t should be noted that placing may include
pumping, introducing, adding, injecting, inserting, and the like.

0018 Some ermbodiments may include introducing a treatment fluid comprising
nano-sized proppant and faicron-sized proppant mio a subterrancan formation at a pressure
sufficient to create a corresponding complex fracture network. In contrast {o prior treatments
which typically only inclade proppant in subsequently introduced fluids, the mano-sized and
micron-sized proppant may be included in the “pad fluid™ which ix | niroduced into the
formation 1o initiate creation of the complex fracture network. After creation of the complex
fracture network, one or more additional treatment fluids comprising proppant and/or
particulate diverting agents may be introduced into the complex fracture network. The
additional treatment fuids may extend and further develop the complex fracture network in
sohe smbodiments.

(00191 Some embodiments may inclade the 1ol lowing steps:

00200 (a) placing a fisst treatment taid comprising nano-sized proppant and
micron-sized proppant into a well borg at & prassure sufficient to create a corresponding

complex fracture network extending from the well hore;
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100211 (B placing & sccond treatment fluid comprising degradable  nano-stzed
particulate diverting agents, degradable micron-sized particulate diverting agents, andd
macro-sized proppant into the complex fractare netwaork;

(0221 {¢) placing o third treatment Haid comprising degradable macro-sized
particulate diverting agents into the complex fracture network; and

00231 () optionally repeating steps g, b, and ¢ for one or more intervals as desired.

(00241 Without being limited by theory, in step (a). it is believed that the navo-sized
proppani may be placed into the micro-fractures in the complex network (e.g., quaternary
fracture branches 38 of complex fracture network 5 on Figure 1), which relative to the size of
the other fractures, would be smaller. Additionally, the micron~-sized proppant may aiso b
placed into the ricro~fractures. These micro-fractures may have a size that only napo- and
micron-sized proppant can enter. In other words, the macro-sized proppant may be too large
to enter the micro-fractures. In step (b), it is believed that a combination of degradable
micron-sized particulate diverting agents and macro~size proppant would generally be placed
into the complex fracture network including the primary fractures and their corresponding
fracture branches (e.g.. primary fractures 40 and sccond branches 45 of complex fracture
netswork 3 on Fipure 1), This combination of particulates may cause bridping at the entrances
of nicro-fractures 1o open up new mero-fraciures. Optionally, an additional treatment Hlusd
miay he introduced into the complex fracture netwark between steps (b) and {¢), which may
comprise one or more of nano-sized proppant, micron-sized proppant, or macro-sized
nroppant. The nano- and micron-sized proppant included this additional treatment fhad
miay enter the newly oreated miero-fracture, By placing the mag ro~-sizedd proppant and the
degraduble macro-sized particulate diverting agents into the primary fractures and thesr
correspanding branches in steps {h) and (), it is believed that 81.ibset]i.lcl}l']}f introduced fluids
may be diverted to form new fracture branches and new corplex fracture networks.

0251 As  described  above, a degradable particalate  diverting  agent may
substantially inhibit fluid flow through a complex fracture network, e.g., through any such
fractures anddor a branches so as to divert fluid flow to other non-inhibited fractures in the
complex fracture network, The use of various sizes of proppant and degradable particulate
diverting agents in the embodiments enables the temporary shut oft of flow inta more
fractures and branches of the complex fracture network than the use of a single sized

sent, The fractures and/or branches of the

o

proppant and degradable particulate diverting a
complex fracture network may comprise many different sizes both in depth and diameter,
Furthermore, the sizes of the fractares and/or branches may be dynamic and theretore requine

differing sizes of proppant and degradable diverting particulate agents throughoat the body

&
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of the fracture. As more fractures and branches of the complex fracture network ars

inhibited, the amount of Factoring flaid diverted will increase. As the diversion ol the

fracturing flaid is increased, the nummber of new fractures created witht noa complex fragtore
network will be greater. In addition, new complex fracture networks may also be formed.

Also, and as discussed above, the da.scr;ptmn of the fractures or branches is not reflective of

size, but is a description of the relationship of one branch or fructure o another, The

fractures and branches can vary in size. For example @ tertiary branch of one compiex

fracture network may have an opening diameter greater than a secondary branch of anothet

comples fracture network, Moreover, the naming convention of the fractures or branches

shoold remain constant. A secondary branch will always be a secondary branch because 1

will always branch from the primary fracture. However, the diameter of the opening of a
fracture or branch may vary. This variation may be dug to subsequent fracturing intervals,

hydrocarbon flow, natural shifts or movements in the subterranean formation, and the like.

Therefore, a specilic sized proppant or particutate divesting agent thal was 100 farge to enter

a branch or fracture, may be able to enter a branch or fracture at a different time shoul d the
opening of the branch or fracture change.

((026] In some embodiments, the selection of the particulate diverting agent 18 4
function of the size of the proppant placed in the well bore by the treatment fluid of the
mrevipus process step. The size of the particulate diverting agent 1s therefore relative to the
size of the proppant placed prior to the particulate diverting agent; for examyple, the stre
range ol a particulate diverting agent used 1 step ¢ W il be smaller than or egual to the size
range of the proppant used in step b

[0027] o some embodiments, the methods optionally may comprise monitoring the
flow of nre or more treatment Nuids in at feast a portion of the subterrancan formation
during all or part of an example method. Momtormg may, for example, determine whether a
proppant or degradable particulate diverting agent bas been placed appropriately within the
complex fracture network, determine the presence or absenc e of a proppant or degradable
narticalate diverting agent i the complex. fracturg network, andfor determine whether the
proppant or degradable particulate diverting agents are performing thelr intended functions.
Monitoring may be accomplished by any technigue or combination of lechnigues known 1
the art, o certain embodiments, this may be accomplished by monitoring the fhnd pressus
at the surface of a well bore penetrating the subterranean formation where Huds are
introduced. For example, i the Owid pressure at the surface incroases, this may fndicate that
the fluid is betny diverted within the fracture network. Additionally, a pressure decrease of

substantially steady-state pressure may indicate a portion of the ¢o mplex fracture network 1s

4
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being enhanced. Pressure monitoring tuhmqucs may include various logging techmques
and/or computerized fluid tracking techniques known i the art that are capahle of
monitoring fluid flow. Examples of commercially ava iable services involving surface fluid
pressare sensing that may be suitable for use in embodiments of the present methods inclade
those available under the tradename EZ-GAUGE™ gvatlable from Halliburton BEoeray
Services, fnc., Puncan, Okla.

00281 In some embodiments, a hydrajetiing tool {e.g., bydrajetiing toot 00 on
Figure 2) may be used to piacc one or more of the treatment fluids, The hydrajetting 100
raust have at least one fluid jet forming nozze in the well bore adjacent the fornation to be
fractured or the complex fracture network to be enhapeed, The hydrajetting tool may then jet

fluid through the nozzle ammxl the formation at a pressure sufficient to form a cavity therein

and fracture the formation or exiend and expand the complex fracture network afready

present. A hydrajetting tool may also be used o create one oF MOre perforations in the casing
if present. Certain hydrajetting techniques that may be suitable for use in embodiments may
joclude  commercially-available  hydrajetiing services such as those known under the
tradename SURGIFRACT™ available from Halliburton Energy Services, Ine., Dunean,
{Okiahoma.

(00201 Examples of suitable treatment fuids that may be used in accordance w ith
nresent ervbodiments include, for example, aqueons fluids, non~-agueous flurds, shekwater
fluids, agueous gels, viscoetastic surfactant gels, toamed gels, and emulsions, for exampie.
Examples of subtable aqueons floids include fresh water, saltwater, brine, seawater, and/or
any other sgqueons Huid that dogs pol undesirably interact withs the other compuaants ased

accordance with present embodiments or with the subterranean formaton, Examples of

suitable non-aqueons Thads include orgame Hguids, such as hydrocarbons {e.g., kerosene,
sylene, toluene, or diosely, oils {e.g, moeral onis or synthetic ofls), esters, and the ke,
Guitable shickwater fluids are peverally prepared by addition of smail concentrations ot
polymers o water to produce what is known in the art as “shick-water” Suttable ggueous
sels are generally comprised of an agueous thud and one or mose gefling agents, Sustable
ermulsions may he comprised of two hmmiseible Hquids such as an aqueous Hud or gel fexd
fluid and a hyvdeocarbon. Foams may be croated by the additton of a gas, such as carbon
dioxide or mitrogen. In certaln erpbodiments, the treatment Huids are aqueons gels comprisad
of an agueous fluid, a golling agent for gelling the agueous fluid and increasing is vVisCosity,
and, optionally, a crosstinking agent tor crosslinking the gel and further inoreasimy e
viscosity of the fluid. The increased visvosity of the celied, or gelled md crosstinked,

reatment uid, inter alia, reduces fhaid oss and sllows the treatorent hwid t transport

10
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stenificant quantities of suspemded partivulates. The density of the treatment thad can be
increased to provide additional particle transport and suspension in some enbodiments, in

tin embodinents, aqueous gels which may be crosslinked can be used as the second

oF it

-m ™
il

,

treatmen furd andfor the thivd treatment faid,

F0030] In certain embodiments a friction reducer may be used. In particular

~ .

embodiments, the friction redocer way be included in the first treatment fluid o form &

shickwater fluid, for example. I certain embodiments, the friction reducing polymer may be

a synthetic polymer. Additionally, for example, the friction reducing polymer may he an

anionic polymer or a cationic polyraer, in accordance with particalar erobodiments, By way

of example, suitable synthetic polymers may comprise any of a variety of raoutmeric units,
including  acrylamide, acrylic acid, J-acryvlamido-2~-methylpropane sulfonic acid, NN-
dimethyviacrvtamide, vinyl sallonie acid, N-vinyl acetamde, N-vinyl formamide, Haconic
acid, methacrylic acid, acrvlic acid esters, methacrylic acid esters and combinaticns thereof,
{003 1] Suitable friction reducing polymers may he in an actd form or 1 a salt form.
As will be appreciated, a variety of salts may be prepared, for example, by neutralizing the

acid form of the acevlic acid monomer or the 2-acrylamido-2-methylpropane salfonio acid

monomer, In addition, the acid form of the polymer may be neutralized by jons prosent in the

treatment Muid, Indeed, as used herein, the term “polvimer™ in the context of a friction

redacing polymer, is intended to refer to the acid form of the friction reducing polymer, as
well as its varjous salts,

100327 The friction reducing polymer should be included in the treatment fluids, for
example, i an amount egual to or tess than 0.2% by weight of the water present i the
treatment fuid. In some embodiments, the friction reducing polymers may be incleded 1m
embodiments of the treatment fuids in an amoeant sufficient to redace friction without get
formation upon mixing. By way af example, the treatment fluid comprising the friction
reducing polymer may not exhibii av apparent vield poinl. While the addition of a friction
reducing polymer may minimally increase the viscosity of the treatment fluids, the polymers
are generally not included in the example treatment Huids in an amount sufficient to
sabstantially increase the viscosity, For example, 1t proppant i3 ncluded in the treatments
fluids, veloeity rather than fluid viscosity generaily may be relied on for proppant thansport,
In same embodiments. the friction reducing polymer may be present in an amount i the
range of from abowt 0.01% to about 0.15% by weight of the water. In some embodiments,

the friction reducing polymer may be present in an amount in the range of from abow

(.025% to about 0.1% by weight of the water.

11
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FOO331 In certain embodiments, the propping agents may comprise a pluratity of
proppant particulates, Proppant particufates suitable for use m particular cmboduments may
comprise any material soitable for use in subterranean operstions. The nano-sized proppast,
micron-sized proppant, and macro-sized proppant may individually comprise a varety of

materialy, including, bat not limited to, sand, bauxite, ceramic materials, plass materials,

polviner matentals, polvtetrafluoroethyvione materiads, not shell pieces, cuared resinous

parficalates comprising nut shell pieces, secd shell pieces, cured resinous particulates
comprising sced shell picecs, fruit pit picees, cured resinous particulates comprising fruit pit
pieces, wood, composite particulates, and combinations thercoll, Suitable composite
particulates may comprise a binder and a filfer material wherein suitable filler materials

melude stlica, alumina, fumed carbon, carbon black, graphite, mica, titanium dioxide, meta-

sthieate, calciam silieate, Kaohn, {ale, arcoma, boron, fly ash, hollow glass microsphores,

solid plass, and com binations thereof:

{00341 As previoosly described, the propping agents used in accordance with
exampic embodiments may include nano-sized proppant, nucron-sized proppant, and macro-
sized proppant. The mean particle size for the nano-sized proppant generaltly ymay range from
about 5 nm to about 500 nm, including every number in-between, For example, the size of
the nano-sized proppant may be about 5 wm, 1O nm, 15 am 1o about 40 nim, 45 am, 50 nm,
cle. The mean particle size for the micron-sized proppant generally may range from about
0.5 um to about 150 pum. For example, the size of the micron-sized proppant may be about
3.5 nm, 0.1 um, 1 oot o ghout 10 wm, 100 wm, 150 um, ate. The mean particle size for the
macro-sized proppant generally may range from about 130 gm 1o about 1000 wm. bor
cxample, the size of the macre-sized -propp;zmt may be about 130 wm, 230 pm, 350 pm
about 800 ym, 900 um, 1000 jum, ctc. The proppant may be any known shape of matenal,
including substantially spherical materials, fhrous matersals, polygonal materials (such as
cubic materials), and combinations thercof,

FOO3ST In some embodiments, the nano- and nucron-sized proppant may be carried
by the first treatment fhud, In further embodiments, the nanoe- and/or micren-sized proppant
may then enter the smaller and nucre-fractores as soon as they are generated. In
embodiments, the concentrations of the nano- and micron-sized proppant in the first
treatment fluid may individually range from about 0,001 pounds per galion to about 1 pound

per gatlon (ppg), and in further embodiments from abouat 0.05 ppg to about (0.2 ppg. These

e

ranges encampass every number in between, for example the concentration may range

between about ppa 0.01 10 about 0.1 ppe. One of ordingry skill in the arnt with the benefit of
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thix disclosure should be able to select an appropriate amount of the nano- and micron-sized
proppant (o use for a particular application.

(00361 In crobodiments, the macro-sized proppant may be carried by the second
treatment fluid, In fusther embodiments, the macro-sized proppant may euater the primagy
fractures and their corresponding branches in the complex fracture network. In embodiments,
the concentrations of the macro-sized proppant may range from about 9.1 ppg to about {0
ppg and in furthey embodiments from about (1.2 ppg 1o about 6 ppg. These ranges eocompass
every number in between, for example the concentration may range between about (13 ppg to
about 4 ppg. One of ordinary skill in the art with the benetit of this disclosure should be able
to sclect an appropriate amount of the vapno- and micron-sized proppant to use for a
particalar application,

100371 Suitable degradable particulate diverting agents {of any size) for use )

£37%

particalar embodiments may be any suitable degradable diverting agent including, but nof

himited to, any lost circalation materials, bridging agent, diverting agent, plugging agent, or
the hike suitable Tor use in a subterrancan formation. Suitable diverting agenis may comprise
vels, particles, andfor fibers that are patuwral or synthetic; and nuxtures thereof., Non~limiting
examples of commercially available diverting agents wchude B IOVERT™ degradable
diverting agents (available from Hatliburton hnergy Qervices, Ine.) such as BIOVERTM
NWB and BIOVERT™ (CF degradahle divertmg agents.

[0038] As previously described, the degradable particalate diverting agents may be
nano-sized. microns-sized, andior macro-sized, for example. o some  embodiments,
particulates of the nano-sized degradable diverting agent may bave & mean particle size n
the range from about 5 nam to sbout 300 nm. For example, the size of the nano-sized
degradable diverting agent may be about S am, 10 am, 15 nm to aboat 40 nm, 45 nro, S0 am,
ete, The mean particle size for the micron-sized degradable diverting agent penerally may
range from about 0.5 um o about 130 pm. For example, the size of the m icron~sized
proppant may be about 0.3 gm, (010 pm, 1 pm to about 10 pm, 10U wm, 130 pm, ote, The
mean particle size Tor the macra-sized degradable diverting agent generally may range from
about 150 am to about 1000 wm. For example, the size of the macro-sized degradable
diverting agent may be about 130 pm, 250 um, 350 wm to about 8OO yum, 900 pm, 1000 pm,
eic,

(00391 In some embodiments, the nano- and micron-sized degradable diverting
agents may be carried by the second treatment fuid. I further embodiments, the pano-
amcl/or micron-sized diverting agents may enter the primary fractures and their corresponding

hranches in the complex fracture network. In embodiments, the concentrations of the nano-
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and micron-sized diverting agents in the second treatment (uid may individually range from
abhout 0.001 ppg o about 1 ppg, and in further embodiments from about 0.05 ppg Lo about
0.2 ppu. These ranges encompass every number in between, for example the concentration
may range between about ppg 0.01 to about 0.1 ppg. One of ordinary skilt in the art with the
benefit of this disclosare should be able to select an appropriate amount of the nano- and
micron-sized diverting agents to use for a particular application,

00407 In embodiments, the macro-sized diverting agents may be carried by the third
treatment fluid, In embodiments, the concentrations of the macro-sized diverting agents may
range from about 0.1 ppg to about 10 ppe and in further embodiments from about 0.2 ppg 1o
about 6 ppg. These ranges cncompass every number in between, for example tbe
concentration may range between about 0.5 ppg to about 4 ppg. One of ordinary skill in the
art with the benefit of this disclosure should be able o select an appropriate asount of the
nano- and micron-sized diverting agents to use for a particular apphication,

[0041] In embodiments, a particulate diverting agent may be al least partially
degradable. Non-liniting examples of suitable degradable materials that may be used
narticalar embodiments include, but are not limited to, degradable polymers {cross] fnked or
otherwise), dehydrated ca}mpmlmis, andfor mixtures of the two. The terms “polymer™ or
“pofymens™ as used herein do not wmply any particular depree of polymerization; for
instance, oligomers are encompassed within this definition. A polymer i considered to be
“dearadable” herein if it is capable of undergoing an irreversible degradation when used n
subterrancan applications, ¢.g., in a well bore. The term “irreversible™ as used herein means

Y

that the degradable material should degrade in situ {e.g., within a well bore) but should sot
recrystallize or recemsolidate in situ after degradation (¢.g., in a well bore),

00421 Degradable materials may include, bol not be hmited to, dissedvable
materials, materials that deformy o melt upon heating such ag thermoplastic materials,
hydrolvtically degradable materials, materials degradable by exposure 1o radiation, maierials
reactive to acidic fluids, or any combination thercof, In some embodiments, degradable
materials may be degraded by temperature, presence ol muoisture, axygen, MHCTOOTZANISINS,
enzymes, pH, free radicals, and the like. In some embodiments, degradation may be nutiated
in o subsequent treatment fluid introduced into the subterranean formation at some ime
when diverting is no longer necessary. ln some embaodiments, degradation may be inthiated
by a delayed~release acid, such as an acidweleasing degradable material or an encapsalated
acid, and this may be included in the tregtment fluid comprising the degradable material 80
as to reduce the pH of the trestment fuid at a desired time, for example, after introduction of

the treatment uid into the subterrancan formation.
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FO043] In choosing the sppropriate degradable material, one should consider the
degradation products that will result. Also, these degradation products should not adversely
atfect other operations or components. For example, a borie acid derivative may not he
ncluded as a degradable material in the example treatment fluids where such fluids use guar
as the viscosifier, because boric acid and guar are generally incompatible. One of ordinary
skill in the art, with the benefit of this disclosure, will be able to recogmize when potential
components of an wxample treatment fluid would be Incompatible or would produce
degradation produocts that would adversely affeet other operations or compeonents,

{0044} The degradability of a degradable polymer often depends, at feast in part. on
its backhone structure. For instance, the presence of hydrolyzable andfor oxidizable linkages
i1 the backbone often vields a material that will degrade as deseribed herem. The rates at
which such polymers degrade are dependent on the type of repetitive unit, compuasition,
sequence, length, molecular geometry, molecular weight, morphology {e.g, orystallinity,
stze of spherufites, and orsentation), hydrophilicity, b ;y*(f';'(}phob'ici'i}',\ surface area, and
additsves. Also, the environment o which the polymer 5 subjected may allfect how Rt
degrades, e.g., temperature, presence of motstare, oxyvgen, microorgamsms, enzymes, ph,
and the like.

045} Sattable examples of degradable polvmers for a particulate diverting agent
include, but are not limited to: polysaccharides such as cellulose; chiting chitosan; aliphatic
polvesters, and protems. Such switable polymers may be prepared by polycondensation
reactions,  ring-opening  polymerizations, fiee  radical  polunerizations,  anionic

polymerizations, carbocationic polymertzations, coordinative ring-opening polymerizations,

as well as by any other suttable process. Exaraples of specific degradable polymers that may

be used in conjunction with the example methods inclade, bat are not Iimited to, aliphatic
polv(esters); poly(lactides); polviglycolides); poly{e-caprolactones);  poly(hydroxyester
ethers);  poly(bydroxybutyrstes);  poly(anhydndes);  polycarhonates;  poly(orthoesiers);
poiy(aminoacids), poly{ethylencoxides), poly{phosphazenes); poly(etheresters), polyester
amides, polyamides, copalymers, terpolymers, ete,; andfor hMends of any of these degradable
polvmers, and dervatives of these degradable polymers. As rveferred o berem, the term
“dertvative™ is defined herein to include any s;f{}';i"spoumf that 1s made from one of the listed
compounds, tor example, by replacing one atom in the base Qn};:smmd with another atom or
group of atoms, Of these soitable polymers, aliphatic poiyes.ters such as poly{lactic acid),
polv(anhydrides), polv(orthoesters), and poly{lactide)-co~poly(givcolide) copotymers are
preferred. Polwlactic said) is especially preferred. Other degradable polvmers that are

subject to hydrolvtic degradation also may be suitable, One's choiee may depend on the

-1
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particular application and the conditions mvolved. Other puidelines fo consider include the
degradation products that result, the tme required for the requisite degree of degradation,
angl the desived result of the degradation (2.1, voids),

{ (0461 Aliphatic polyvesters degrade chemically, inter alia, by hydrolvtic cleavage.
Hydrolysis can be catalyzed by cither acids or bases. Generally, during the hydrolysis.
carboxyhie end groups may be formed during chain scission, which may enhance the rate of
turther hydrodysis, This mechanism is koown in the art as “autocatalysis,” and is thought to
make polyester matrices more bulk-croding.

{00471 In certain embodiments wherein an aliphatic polvester is used, the aliphatic
polyester may be polyv{iactide). Poly(lactide) is synthesized either from lactic acid by a

condensalion reaction or, ywore commondy, by ring-opening polymerization of cyelic lactide

monomer. Sinee both factic ackd and factide can achieve the same ropeating unit, the general

term poly(lache acid) as used hervin refers to writ of formula 1 without any Hmitation as to
how the polymer was made {e.g., from lactides, lactic acid, or olicomers), and without
reference o the degree of polymerization or level of plasticization. The {actide monomer
exists generally in three different forms: fwo stercoisomers {L- and D-actide) and racemic
D,L-lactide (meso-lactide).

FOO481 The chimlity of the lactide units provides a means (o adjust, inter alia,
degradation rates, as well as physical and mechanical properties. Poly(L-lacude), for

mstance, s a senuerystatline polymer with @ relatively slow hydrolysis rate. This could be

desirable m some embodiments in which a stower degradation of the degradable material s

desired. Poly(D,i-lactide) may be a more amorphous polymer with a resultant faster
hydrolysis rate, This may be switable Jor other applications in which a more rapid

degradation may be appropriate. The stereoisomers of lactic acid may be used individually,

or may be combined in accordance with the some embadiments. Additionally, they may be

copolymerized with, for example, glycolide or other monomers like g-caprolactooe, 1,5-
dioxepan-2-one, irimethylene carbonate, or other sujtable monomers to obtain polymers with
different properties or degradation times, Additionally, the lactic acid stereoisomers gan be
modified by blending high and low molecolar weight polyvlactide or by bleading polvlactide
with other polyesters. In embodiments wherein polylactide is used as the degradable
material, certain preferred embodiments emplov a mixture of the D and [ stereoisomers,

designed so as to provide a desired degradation time andfor rate. Examples of suitable

sources of degradable matertal are commercially available 62500 {polv{iactic acid),

avaitable from Cargil Dow) and 5639A™ {(polv(lactic acid), available from Cargill Dow).

16



LA

1O

fot
e

30

CA 02922265 2016-02-23

WO 2015/041690 PCT/US2013/061119

00491 Polyanbvdrides are another type of degradable polymer that may be suitable
for embodiments. Polyanhydride hydrolysis proceeds, inter alia, via free carboxylic acd
chain-ends to vield carbogylic acids as final degradation products. Their erosion time can be
varicd aver a broad range of changes in the polymer backbone. Examples of suitable
polyvanhydrides include poly(adipicanhydride), poly(subericanh yﬁride) ,,.
polv(sebacicanhydride), and  poly(dodecanedioicanhydride).  Other suitable  examples
include, bat are not limited to, poly(maleicanbydridey and poly(benzoicanhydride).

{0030} The physical properties ol degradabie polymers may depend on several
factors including, but not limited to, the composition of the repeat units, flexibility of the
chain, presence of polar groaps, molecular mass, degree of hranching, crystallinity, and
orieniation, For example, short chain branches may reduce the degree of erystail ity of

polymers while long chain branches may lower the melt viscosity and may impart, mter al 1,

extensional viscosity with tension-stiffening behavior. The properties of the matenial atitized

further may be tailored by blending, and copolymerizing it with another polymer, or by
change in the macromolecular architecture (e.g., hyper-branched polymers, star-shaped, ot
dendrimers, and the Like). The properties of any such suitable degradable polymers (e.g.,
hydrophobicity, hydrophificity, rate of degradation. and the like) can be tajlored by
infroducing  select  functional  groups along  the polymer chains.  tor example,
poly(phenyllactide) will degrade at aboat one-fifth of the rate o i racemdic poly(lactide) at a
pi of 7.4 at 35°C, One of ordinary skill in the art, with the benefit of this disclosure, will be
able to determine the appropriate functional groups to introduce to the poiymer chains 10
achieve the desired physical properties of the degradable polymers,

1005171 Suntable dehydrated compounds for use as degradable particalate diverting
agents may degrade over time as they are rebydrated. For example, 3 particalate solid
anhydrous borate material that degrades over time may be suita ble for cmbodinments.
Specific examples of particulate anhydrous borate materials that may be used inchude, bul are
pot limited to, aphvdrous sodium tewaborate (also known as anhydrous borax) and
anhydrous boric acid.

(00521 Whichever degradable material is used in accordance with example
ambodiments, the degradable matevial may bave any shape, mcluding, but not limited 1o,
pau‘t.i{:-?ies baving the physical shape of ' nlatelets, shavings, flakes, ribbons, rods, SIIpS,
spheroids, toroids, pellets, tablets, or any other shysical shape. In cert-:-:in embodiments, ihe
Jegradable material used way comprise a muixture of fibers and spherical particles. Ove of

« W

ordinary skill in the art, with the benefit of this disclosure, will recognize the speciic
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degradable material that may be used in accordance with particular embodiments, and the
preferved sire and shape lor g given appheation.

{O053] In choosing the appropriate degradable matenal, one should consider the
degradation products that will result, and choose a degradable material that will not vigid
degradation products that would adversely atfect other operations or components utilized in
that particular application. The chosce of deeradable muaterial also may depend. at least in
part, on the mnditims of the well {e.g.. well bore temperature). For instance, lactides have
been found to be suitable for lower temperatare wells, incloding those within the range of

607 FLoro 150°F, and polylactides bave been found to be suitable for well bore temperatures

above thys range,

{00534] In certain embodiments, the degradation of the degradable material could
vesut! i a final degradation product having the potential (o affect the pH of the treatment

Hlutds utilized 1 the example methods. For example, m certamn embodiments wherein the

L

degradable material Is poly(Jactic acid}, the degradation of the polv{iactic acidy 1o produce
factic acid may alter the pH of the treatment flutds. In certain embodiments, a bofler
conpound may be included within the treatment fluids vtilized in the example methods in an
amount sufficient to neutralize the final degradation product. Examples of suitable buifer
compounds ineiude, but are not lunited to, calcium carbonate, magnesium oxide, anunonium

acetate, and the hike. One of ordinary skill iy the art, with the benefit of this disclosure, will

be able to identity the proper type and concentration of a butfer compeund to tnclude in the

freatment fluids for a particular application. An oxample of a sustable buller compound

comprises contnercially avatlable BA-O™ buftering agent { available from Halliburton
Encrgy Services, Inc.).

FO0SST In some embodiments, a treatment flaid for use in particular embodiments

!

W 4

4

may further comprise an additive including, but not limited to, a salt; a weighting agent; an
saerl solid; a fluid {oss control agent; an emudsiien a dispersion aid; a corrosion mbubior; an
emulsion thinver; an emulsion thickener; a viscosifying agent; a high-pressure, high-
temperature enudsifer-filtrasion contrel agent; a surfactant; a particulate: a lost ctreulation
matenal; a foarming agent; a gas; a pH control additive: a breaker) a biocide; o crosslinker; a
stabilizer; a chelating agent; a scale inhibitor; a mutual solvent; an oxidizer; a reducer] a
friction reducer; a clay stabilizing agent, a consolidating agent; a complexing agent; and any
combination thercof,

00361 In some embodiments, the amount of an clement of a treatment fuid may
vary during a step. By way of example, changing the amount of an ¢clement 1n a freatment

Hhuid may be an INCIEANE Or decrease as a st.ep&-vrist;t it-ha:nge, a gmdiem change, oF any

I8
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combinatron thereot, In some embodiments where muliiple elements are wtroduced
SImMy lt.a'nm}uai.}’, the amount of one or more elements may change during the step. b some
embodimunts, the amount of elerient(s) may stay constant while the amount of other
addive(s), including those desenbed above, are changed. In some embodiments, both the
amount of clement(s) and additive(s) may change within a step. In some embodiments, an
clement may be introduced into the well bore after the well bore pressure increases and
beging to fevel off, In some embodiments, an element may be mirodeced into the well hore
during sebstantially steady-state well bore pressure. By way of a non-limiting example,
propping agents may be introduced in a periodic fashion or the propping agents mayv be
troduced contingously and increased step-wise over time.

{OUST7] The embodiments described herein may be used in any subterrancan
formation capable of being fractured. Formations where the present methods way be most
advantageous include, but are not limited to, formations with at cast a partion of the
formation chargeterized by very fow permeability: very fow formation pore throat size; high
closure pressures; high brittleness index; and any combination thereof.

FOO38T In some embodaments, at feast a portion of a subterranean formation may
have a pepmeability rapging from a fower Himit of about 0.1 nano Darcy (nD), 1 oD, 10 nD,
25 oD, 540 ab3, 100 D, ar 500 nD) to an upper linut of about 10 mD, 1 mD, 500 nucrob), 100
microl), 10 microD, or 300 o), and whercin the permeability may range from any lower
Himit to any upper Himit amd encompass any subset therebetween.

JO0S9T In some embodiments, at least a portion of a subterranean formation may
have an average formation pore throat size ranging from a lower limit of about §.005

microns, .01 microns, .05 microns, 0.1 microns, 0.235 microns, or 8.5 nucrons {0 an upper

W4

il of about 2.0 mucrons, 1.5 microns, 1. microns, or 0.5 microns, and wherein the
average formation pore throat size may range from any lower limit to any upper hmit and
encompass any sabset thevebetweon,

{O0060] In some embodiments, at least a portion of a subterranean formation may
have a closure pressure greater than about S pst to an anlimited upper limit. While the
closure pressure upper Himit is believed to be unlimited, formations where the methods of the

exarnple embodiments may be applicable schude formations with a closure pressure ranging

from a lower Hioit of about 300 psi, 1000 psi, 13K psi. or 2300 psi to an upper limit of about

20,000 psi, 15,000 psi, 10,000 psi, 8300 psi, or 5000 psi, and wherein the closure pressure

may range from any lower Hmit to any upper linut and encomipass any subset therebetween.

{3061 ] In some embodiments, at least a portion of @ sublerrasean formation may

have a brittlenesy index ranging front a lower lyoit of about 3, 10, 20, 30, 40, or 30 to an

18



4

10

I2
T

30

s
3

CA 02922265 2016-02-23

WO 2015/041690 PCT/US2013/061119

upper limit of about 130, 125, 100, or 75, and wherein the brittleness index may range from
any fower lumit to any upper imit and encompass any subset therebetwesn. Brittleness is a
composite of Poisson's ratio and Young's raondulus,

{0621 In certain embodiments, all ar part of a well bore penctrating  the

subterranean formation may include casing pipes or strings placed in the well bore (a “cased

hole™ or & “partially cased hole™), among other purposes, o facilitate production of {uids ot

of the formation and through the well bore to the surface, In other embodiments, the well
bore may be an “open hole™ that has no casing.
{00631 In various embodiments, systems configured for delivering the treatment

flaids deseribed herein {0 & downhole location are described,  In various cmbadiments, the

systerns can corprise a pung Hwdly coupled to a tebalar, the tubular containing treatrment

fluids comprising at feast one of nano~-sized proppant, micron-sized proppant, macro-sized
proppant, nano-sized degradable particulale diverbing agent, micron~sized degradable
particulate diverting agent, and/or macro-sized degradable particulate diverting agent.

{0064] The pump may be a high pressure pump in some embodiments, As used
heremn, the term “high pressure pump” will refer o a pumip that 15 capable of delivering a
fhutd dovwnhole at a pressure of about {000 psi or greater. A high pressure pump may be

used when it is desired o introduce the treatment huids (o o sublerranean formation at or

above a fractore gradient of the subterranean formation, but i may also be ased in cases

where fractaring is not desired.  In some embodiments, the high pressure pump may be
capable of fhidly conveying particulale maiter, such as proppaunt particulates, inlo the
subterranean formation. Suitable high pressure pumps witl be known 0 one having ordiary
skill in the art and may inchude, but are not hinuted to, Hoating piston pumps and positive
displacement pumps.

{0005} In other embodiments, the pump may be a low pressure pemp.  As used
herein, the term “low pressure pump”™ will refer o a pump that operates at a pressure of about
OG0 psioor less. In some embodiments; a low pressure pump may be {luidly coupled to a
high pressure pamp that is fuidly coupled to the tubular. That is, in such embodiments, the
low pressure pump may be configured to convey the treatment flaids to the high pressure
pump. o such embodiments, the low prassure pump may “step up” the pressure of the
treatment Buids before st reaches the high pressure pump.

{00661 In some embodiments, the systems desertbed berern can lurther comprise 8
mixing tank that is upstream of the pump and in which the treatment fluids are individaally
formulated.  In various embodiments, the pump (e.g., 8 low pressare pump, a high pressure

pump, or a combination thereof) may convey the treatment fluids from the mixing tank or
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cther source of the treatment fluids to the twbular, o other embodiments, however, the
treatment fluids can be formulated offsite and transported to a worksite, in which case the
treatment uids yoay be introduced to the tubular via the pump directly from is shipping

container {e.g.. @ truck, a vailcar, a barge, or the like) or from a transport pipelive. In erther

3 3

case. the treatment (luids may be drawn into the pump, clevaied o an appropriate pressure,
and then introduced into the tubular for delivery downhole.
0067 Figure 3 shows an tllustrative schematic of a system that can dediver example
treatment fluids to a downhole location, according to one or more embodiments, 1t should be
noted that while Figure 3 genevally depicts a fand-based system, 1Uis to be recogmized that
10 like systerns may be operated in subsea locations as well. As depicted in Figure 3, systen 0
may include mixing tank 70, in which a treatment fluid of the present embodiments may be
formulated.  The treatment Huid may be conveyed via line 75 to welthead 30, where the
treatment fluid enters tubular 85, tubular 83 extending from welthead &0 into targeted
subtesrancan formation 10, Upon being ejected from tubular 85, the treaument fluid may

1S subsequently penetrate info targeted sublerrancan formation 10, Pump 90 may be configured
o raise the pressure of the treaiment fluid to a desired degree before its introduction into
whalar 83, It is to be recognized that systern 63 s merely exernplary in nature and various
additional components may be present that have not necessarily been depicted in b e 3 i
the interest of clarity, Non-limiting additional coraponents that may be present include, but

200 are not limited to, supply hoppers, vatves, condensers, adapters, JOints, gauges, SERSOrs,
compressors, pressure controllers, pressure sensors, flow rate controliers, flow rate sensors,
temperature sensors, and the like.

[O068) Although not depieted in Figure 3, the treatment fluid may, i some
embodiments, Bow back to wellhead 80 and exit targeted subterranemn formation 10, o

25 some embodiments, the treatment fuid that bas flowed back to wellbe ad 8O may
subsequently be recovered and recirculated to targeted subterrancan formation 10,

060 It is afso to be recognized that the disclosed treatment Hlusds may also
directly or indirectly affect the varicus downhole equipment and tools that may come Rt
coutact with the trestment fluids during operation. Such equipment and tools may nclude,

30 but are not limited to, wellbore casing, weltbore hner, completion string, insert strings, drill
string, cotled tubing, slickline, wireline, drill pipe, drill coftars, mud motors, downhole
motors andior pumps, surface-mounted motors andfor pumps, centra fizers, turbolizers,
seratchers, floats {eg., shoes, collars, valves, ete.), logeing tools and elated telemetey

cquipment, actaators {e.g., electromechanical devices, hydromechanical devices, eie. ),

-

35 shiding sleeves, production sleeves, plags, screens, fifters, Bow controf devices (e.g., inflow
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control devices, autonemous inflow control devices, vutflow voutrel devives, ete . couplings

(e.g., electro-hyvdraulic wet connect, dry connect, inductive coupler, ete.}, controt hines {e.g.,

. -

electrical, fiber optic, hydraulic, ete b surveillance lines, dril bus and reamers, sensors or
distributed sensors, downhole heat exchangers, valves and corresponding actuation devices,

tool seals, packers, cement plugs, bridge plugs, and other wellbore isolation devices, or

a? -t

components, and the bke. Any of these components may be included in the systems

gencrally deseribed above and depicted m Figure 1

{0070) For the sake of brevity, only cortain ranges are explicitly disclosed herein.

However, ranges from any lower Himit may be combined with any upper linnt to recite a

oes [rom any lower it may be combined with

e

any other kower Himit to recite a range not explicitly recited, in the same way, ranges from

any upper Hmit may be combined with any other upper limit {o recite a range not explicily

ecited, Additionally, whenever a numerical range with & fower Hmit and an upper Hnit s
disclosed, any number and any included range falling within the range are specifically
disclosed. In particular, vvery range of values {(of the form, “from about a to about b,” or,
equivalently, “from approximately a to b, or, equivalently, “from approximately a-b’)
disclosed bergin is o be understood to set forth every number and range em:ampasse{i within
the broader range of values even if not explicitly recited. Thus, every point or individual
value may serve as its own tower or upper Himit combined with any other point or individual
alue or a m other lower or upper limit, to recite a range not expheitly recited.

{00711 Therefore, the present fmvention s well adapted to attain the ends and
advantages mentioned as well as those that are inhevent therein, The particudar embodiments
disclosed above are illustrative only, as the present invention may be modified and practiced
in different but equivatent manners apparent to those skilted in the art having the benefit of
the teachings berein. Although individual erobodiments are discussed, the mvention covers
all combinations of all those embodiments. Furthermore, no lmitations are intended to the
details of construction or design herein shown, other than as deseribed in the claims below:
Also, the terms in the claims have their plain, ordinary meaning unless otherwise explicitly
and clearly defined by the patentee. It is therefore evident that the particutar ilustrative
embodimenis disclosed above may be altered or modified and all such variations are
considered within the scope and spirit of the present invention. If there i any conflict in the
usages of @ word or term in this specification and one or more pateni(s) or other documents

that may be incorporated herein by reference, the definitions that are consistent with this

specification should be adopted.
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What 1s climed s

l. A method of fracturing a subtervanean formation comprising:
placing a treatment fluid into the sublerranean formation at a pressase
sufficient to create a complex fracture network in the subterranean formation, wherein the
treatment fluid comprises nano-sized proppant and micron~sized proppant; and
placing one or more additional treatment fluids comprising  particalate
materials into the complox fracture network.

2. The method of ¢laim 1 wherein the treatment fhad s placed into the
sublerrancan formation at about 1000 pst or greater using a high pressure pumg.

3, The method of claim 1 wherein the treatment fluid further comprises a
friction reducing polymer comprising at least one monomeric anit sefected from the group
comapting of acrylanude, acryvlic acid, 2-acrvlamido-2~-methylpropane sultenic acid, NN-
dimethviaerviamide, vinyl salfonic acid, N-vinyl acetamide, N-vinyl formamide, Htaconic
aeid, 8 methacrytic acid, an acryvhic acid ester, a methacrylic acd ester, and apy combination
thereof

4, the method of clasm | wherem the treatoent fluid further comprises a

friction reducer i an amount equal (o or less than 0.2% by weight of the treatment fhad,

3. The method of claim 1 wherein the nano-sized proppant, the micren-sized
proppant, and the macro-sized proppant cach individually comprise at least one matenal

selected from the group consisting of sand, bauxite, ceramic materials, glass matenals,
polymer materials, polvtetrafluoroethyiene materals, nut shell pieces, cured resinous
particulates comprising nut shell pieces, seed shell pieces, cured resinous particulates
comprising seed shell pleces, fmual pit pleces, cured resinous particutates comprising frut pit
picces, wood, stlica, atuming, fumed carbon, carbon black, graphite, mica, titanim dioxide,
mela-silicate, calciom  silicate, kaolin, tale, zivconia, boron, Iy ash, bollow glass
microspheres, ceramic microspheres, solid glass, and any combination thereot,

&, The method of claim | wherein the mean particle size of the nano-sized
proppant is between about 5 nm 1o about 30 nm, and wherein the mean particle size of the
micron-sized proppant is belween about 0.5 g to about 150 um.

7. The method of claim | wherein the nano-sized proppamnt and the micron-sized
proppant are individually present in the treatment fluid in an amount between about 0, ()]
ppe to about | ppg by volume of the treatment tlwid,

3. A method of fractunng a subterranean formation comprising:

-2
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placig a frst eatment fluid inte the subterranean formation at a prossurs
sutfieient to create a complex fracture network m the subterrancan formation, wherem the
treatment Huid comprises sano-sized proppant and micron-sized proppant;

placing a second treatment fuid to the complex fracture vetwork, wherem
the second reatment hud comprises a degradable nano-sized particulate di verting agent, a
degradable micron-sized particulate diverting agent, and macro-sized prop pant; and

placing a third treatment flud into the complex fracture network, wheremn the
third treatment fluid comprises a degradable macro-sized particulate diverting agent.

9, The method of claim 8 further comprising mtraducing an additionad
treatment fluid into the complex fractare network between the second treatment Nuid and the
third reatment fluid, wherem the additional treatment Suid comprises nano-~sized proppant,
micron~-sized proppant, and macro-stzed proppant.

L3, The methad of ¢laim § wherein at feast one of the first freatment floid, th
second treatment fluid, or the thivd freatroent {laid is placed at a pressure of about 1000 psi or
greater using a high pressure puinp,

{1, The method of claim 8§ whersin at feast one of the first treatment flaid, the
seoond treatment fluid, or the third treatment Huid is placed usig a hydrajetting tool,

12, The method of clann 8 whereln the treatment fluid further comprising a
friction reducing polvmer in an amount equat to or fess than 0.2% by weight of the tregtment
fluid, wherein the friction reducing potymer comprises at {east one monomeic unit selected
from the group consisting of acrvlamide, acrylic scid, Z-acrylammido-2-methylpropane
sulfonic acid, N.N-dimethylacrylamide, vioyl sulfonic acid, Nevinyl acetamide, N-vinyl
formamide, aconic acid, @ methacrylic acid, an acryhie acid esters, a methacryhe acid ester,
and any conthination thereot.

13 The method of claim § wherein the nano-sized proppant, the micron-sized
proppant, and the macro-sized proppant eaclh individually comprise at least one material
selected from the group consisting of sand, bausite, ceramic matersals, glass matenials,
polvmer materials, polvietrafluoroethyviens materiads, nut shell picces, cared resipous
particulates comprising nui shell pieces. sewd shel pieces, cured resinous particutates
comprising seed shell pieces, fruit pit picces, cured resinous particulates comprising fruit pit
pivces, wood, silica, alumina, fumed carbon, carbou black, graphite, mica, titanium dioxide,
mela-silicate. calcium  silicate, kaolin, tale, zirconta, boron, fly ash, hollow glass
mrcrospheres, cerantic microspheres, solid glass, and any combinations thereot,

14, The methad of claim § wherein the mean particke size of the nant-sized

proppant is between about 5 am to about 50 nm: wherein the mean particle size (i the
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micren-sized proppant is between about 0.5 pym to about 150 ym; wherein the mean particle
size of the macro-sized proppant is between about 150 i to aboust 1000 pm; wherein the
mean particle size of the nano-sized degradable particulate diverting agent is batween about
5 nm to about SO nmy wherein the mean particle size of the nueron-sized degradable
particalate diverting agent is between about 0.5 wm to about 130 win; and wherein the mean
particle size of the mucro-sized degradable particulate diverting agent is between about 150
am o about 100 um,

15, The method of claim 8 wherein the nano-sized proppant and the micron-sived
proppant are mdividually present in the first treatment fluid m an amount between about
0.001 ppg to about | ppg by volume of the first treatment Hhud, wherem the macro-sized
proppant 15 Individeally present in the second treatment flaid i an amoont between abowt
0.1 ppi to about 10 ppe by volume of the second treatment luid, wheretn the nana-sized
degradable particulate diverting agent and the micron-sized degradable particulate diverting
agent are individaally present in the second treatment fluid i an amoant between about
Q.0G1 ppe to sbout 1 ppg by volume of the second treatiment flatd, and wherein the macro-
stzed degradable particulate diverting agent 18 individually present in the third treatment flaid
i an amoeant between about 01 ppg to about 10 ppg by volume of the third treatment [hnd.

16.  The method of claim 8 wherein the nano-sized degradable particulate
diverting agent, the micron-sized degradable particulate diverting agent, and the macro-sized
degradable particolate diverting agent cach individually comprise at least one degradable
polymier sefected from the group consisting of aliphatic poly(esters), poly{lactides):
poly(giveolides), polyvle-caprolactones); poly(thydroxyesierethers) poly(hydroxybutyrates);
nofy(anhydrides),  polycarbonates:  polv(orthoestersh  poly{anninoag d\) poly{ethvicne
oxides), poly(phospbazenes) polvletheresters): poly{esteramides); poly(amides); and any

copolymers, terpolymers, and combiations thercot.
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17, A systera for fracturing a subterrancan formation comprising:

a st treatment fluid for creation of & complex fractare network i the
subterranean formation, wherein the first treatment fluid comprises nano-sized proppant and
micron-stred proppant;

4 second treatment fluid for introduction into the complex fracture network,
wherein the second treatment fluid comprises a degradable nano-sized particulate diverting
agent, & degradable micron-sized particalate diverting agent; and macro-sized proppant; and

a third treatment fhud for introduction nto the complex fracture network.
wherein the thivd treatment fluid comprises a degradable macro-sized particulate diverting
agent.

I8, The system of claim 17 further comprising an additional treatment fluid for
mroducing inte the complex fracture network, wherein the additional treatment fluid
comprises nano-sized proppant, micron~sized proppant, and macro-sized proppant.

' I, The system of claim 17 further comprising mixing equipment for
mdividually mising the fisst eatment fluid, the second treatment fluid, and the third
teeatment fluid; and pumping equipment for delivering the first treatment fluid, the second
treatiment fluid, and the thisd treatment fluld into a well bere.

20, The system of claim 17 further comprising hydrajetting equipment {or

placing al feast one of the first treatment fluid, the second treatment fluid, or the third

treatment fiuid into the sybierrancan formation.
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