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BBEJAEHUE

HedtsiHass  mpOMBINUIEHHOCTh — ABISIETCS  OJHOM U3 BaKHEHIIMX
COCTABJISIFOUIMX POCCUICKOM 3KOHOMHUKH, KOTOpasi HETIOCPEACTBEHHO BIMSIET Ha
dbopmupoBaHue OI0JKETa CTPAHbI U €€ IKCIIOPT.

Camoil ocTpoil mpoOJieMOM Ha CErOJHSIIHUN JICHBSBISAECTCS COCTOSIHHE
pecypcHOi 6a3bl HedTerazoBoro komiuiekca. HedrsHbie pecypchl MOCTENEHHO
UCTOINAIOTCS,  OOJbIIOE  KOJMYECTBO  MECTOPOXKICHUM  HaXOJsATCs  Ha
3aKIIOYUTENIBHOM  CTaJAuM  pa3padOTKM M UMEIOT  BBICOKMH  IPOLEHT
O0OBOJTHEHHOCTH, TTO3TOMY CaMOW OCHOBHOMW M MEPBOOYEPEIHON 3a/1ayueii sBIsIeTCS
NOMCK W BBOJ B 3KCIUTyaTalldI0 MOJIOJBIX M NEPCHEKTUBHBIX MECTOPOKICHUM,
OJIMHUM U3 KOTOPBIX SIBJIIETCA MECTOPOKIAECHUEM M.

MecTopoxkaeHrEe XapaKTEPU3YETCsl CIOXKHBIM CTPOEHUEM NPOLYKTUBHBIX
ropu3oHTOB. IIpombinennsli uHTEpec mnpexacraBisaroT mractel AC10, ACII,
ACI12. Komnekropa ropuzoHToB ACI0 m ACl1l oTHocATcs K cCpenHe H
HU3KOMPOAYKTUBHBIM, a ACI2 K AHOMAaJIbHO HU3KOIPOTYKTUBHBIM.
Okcruryatanuio miaacta AC12 HeoOXoAMMO BBIAEIUTh B OTAENIbHYIO MPOOJIEMY
pa3pabOTKH, TOCKOJBbKY miact ACl2 k Tomyxe ABJISECTCS CaMbIM
3HAUUTEIBHBIM MO 3alacaM W3 BCEX IUIACTOB. JTa XapaKTEPUCTHKA YKa3bIBaeT
Ha HEBO3MOXHOCTb pPa3pabOTKU MECTOPOXAEHUS 03 aKTUBHOTO BO3ACHCTBUS
Ha €ro MPOAYKTUBHBIC ILIACTHI .

OnHrM W3  HanpaBlI€HHW pELUICHUS OJTOU pOOJIEMBI SIBIIAETCS
OCYIIECTBICHUE MEPONPUITHS MO0 HHTEHCHUPUKAIUK T00bYM HepTH METoI0M
rujipopaspeiBa 1iacta. FKMeHHo mnostomy npoBeaeHue MuUHM-IPII  m
UCIIOJIb30BAHUE  TOJYYEHHBIX  JAHHBIX  TO3BOJIUT  BBIAIBUTH  BO3MOKHBIE
re€0JIOTHYECKUE PUCKHU M OCJIOKHEHUS B IpolLiecce mpoBeneHus ocHoBHoro ['PII.

B naHHOW BBIMYCKHOW KBanu(UKAIMOHHOW paboTe MOCTaBieHa Lelb —
M3yYEHHE  pEe3yJIbTaTOB  JAUMArHOCTUYECKUX  3aKaueK, MPOBOJUMBIX  Ha
MECTOPOXKACHUM M, U ONpeNeseHUE BO3MOXKHBIX TI'EOJIOTMYECKUX PHCKOB U

OCJI0OKHCHHUM B MMPEACTOAIIEM ITPOUCCCC PpasMCIICHUA ITPOIIITadTa.



B cBsi3u ¢ 3TUM 3amauamu pabOThI SBIISTFOTCS:
1) N3ydeHnne reosoro-Gpu3NIecKuX CBOWCTB MPOJYKTUBHBIX IUIACTOB W
MJIACTOBBIX (ITFOUJIOB;
2) W3ydeHuwe METOJMKH MPOCKTHUPOBAHUS THAPOPA3PhIBA IIACTA,
3) BrlsBieHHE BO3MOKHBIX I'€OJOIMMUESCKUX PHCKOB M OCIOKHEHUH IPH
nposenenuu ['PII;
4) BbIoNHEHNE CPABHUTEIIEHOTO aHAIM3a METOJIOB ONPECIICHUS TOUKH
3aKpBITUA IUIacTa mocie npoBeacHuss MuHu-1 PII;
5) PazpaboTrka pexkoMeHIAaNWi TIO COCTaBICHUIO Tpaduka 3aKauyKu
MPOTIAHTA.
3alIMIIaeMbIC TTOJI0KECHUS :
1) Beibop meroma Honrtu (G) kak Hambosiee TOYHOH METOMHMKHJIISA
ONpeeICHNUS TOYKU 3aKPBITHS T1J1aCTa;
2) CocTaBjieHHE pEKOMEHAAIMKA [0 MPOrpaMMe 3aKaykyd IPOIIIaHTa
COIJIaCHO TEXHOJIOTHYCCKUM napamMeTpam, MOJTy4YE€HHBIM B

pe3ynbprarenpoBencHuss MuHu-1 PII.



AHHOTALMS

OOBEKTOM HCCIIEeOBAHUS SIBISIETCS U3y4YE€HUE OCOOCHHOCTEH MpPOBENCHUS
MUHU-TUAPOpPA3pbIBa miacta Ha HehTaHOM MecTopoxaeHud M (XMAO).

Ilenbto maHHOW BBIMYCKHOM KBaTM(UKAIMOHHONW pabOThl SIBISETCS
W3YyYECHHE  PEe3yJbTaTOB  JUArHOCTUYECKHX  3aKayeK, IPOBOAUMBIX  Ha
MeCTOpOXKIeHMM M. BpIsBIeHHE BO3MOXHBIX T€OJIOTUYECKMX PHUCKOB U
OCJIOKHEHHM B IIPEACTOSIIIEM IIPOLIECCE PA3MEILICHUS TPONIAHTA.

B nepBoMm pazaene BHITyCKHON KBaJIM(DUKAIIMOHHOM paboThI MpeicTaBieHa
oOmass uHopManuso reorpadUyeckoM MU aAAMUHUCTPATUBHOM TIOJIOKEHUH U
IPUPOAHO-KIIMMATHYECKUX YCIOBHUSAX MECTOPOXKACHHUS M, KpynHBIX OavKaillimx
HACeJIEHHBbIX NYyHKTax. Takke paccMaTpUBalOTCIOCHOBHBIE OCOOEHHOCTH
TEKTOHUYECKOTO CTPOCHUA IIPOYKTUBHBIX I1JJACTOB 51 KpaTkas
cTpaturpapuyeckas XapakTepucTuka paspesa. JlaeTcs onucanue npoOMBIIUIEHHON
HE(TEHOCHOCTH MECTOPOXKJICHUS, CBOWCTB M COCTABOB ILJIACTOBBIX (DIIFOUIOB.
[TpuBoasTcs wuHQOpManMs O 3amacax YIJIEBOJOPOJOB M CBOJAHAs TI€0JOrO-
(du3nuecKas XapaKTepUCTUKa MPOAYKTHUBHBIX IJIaCTOB.

Bo BTOpOoM paznene naHa noapoOHast XxapakTepucTuka (OoHIa CKBAXHUH IO
KOKJIOMY NPOAYKTUBHOMY IUIACTY U MECTOPOXKJICHUIO B II€JIOM, OMUCAHO oOuIee
KOJIMYECTBO HArHETaTEeNbHBIX M JIOOBIBAIOIIUX CKBA)KWH, JJaHA XapaKTEpUCTHKA
TEKYIIEro COCTOSIHUSL pa3paboTku. Takxke clenaHbl BBIBOJbI O TEMIIAX OCBOCHHUS
MECTOPOXKICHHUS.

B T1perbem pasmene mpeacraBlieHAa  METOAMKA  IPOEKTUPOBAHUSA
ruapopaspbiBa I1uacta. OnucaHbl HEOOXOIMWMbIE JIMarHOCTHUYECKHE TECThl M
WCIIBITaHUs Tiepen npoBeneHremM ocHoBHoW omnepauuu ['PII. Taxxke npusenen
aHallM3 U Kiaccu(uKalys NPUYUH MPEkKICBPEMEHHBIX OCTAaHOBOK 3aKauKH IMpHU
MIPOBEIAEHNN TMAPABINYECKOTO pa3phiBa IUIACTA.

B yerBepTom paszpene npencrasiieH aHanu3 MuHu-I PII npu cocraBienun
nuszariHa ['PII. IIpoBeneH cCpaBHUTENBHBIN aHAIU3 METOJAOB OIPEICICHUS TOYKH
3aKpBITUS IUIACTA. BBIHECEHBI PEKOMEHIALMM [0 COCTABJICHUIO IPOTrPaMMBbI

3dKa4KH IIPOIIIIaHTa U COCTABJICH rpa(bm( 3daKa4KH IIPOIIIIaHTaA.



B nmarom paspene mNpoW3BENEH pACYET C  LENBIO  ONPEICIICHUS
JIONIOJIHATENIBHBIX ~ KOHOMHUYECKMX 3arpaT Ha nmpoBeacHue MuHuU-IPIL
[IpousBeseH pacyeT CTOMMOCTh TPAHCIIOPTUPOBKU OOOpPYJOBaHHUS, pacyeT
3apa0OTHOM IIAThI, pacyeT 3aTpaT Ha aMOPTU3ALUI0 OOOpPYJOBAaHUS U 3aTpaT Ha
MaTtepualbl, HeOOXOoaUMBbIE 1)1l MpoBeaeHuss MuHu-1 PI1.

B mectom pasnenepaccMOTpeHa TeMa COIMAIbHONM OTBETCTBEHHOCTH TP
MPOBEICHUN THUJpOpa3pblBa IJIacTa Ha MecTopoxacHuu M. PaccmoTpensl
MEpOIPUATUA MO 3allUTe IMEepCoHada OT BO3JCHUCTBUSABPEAHBIX M OMACHBIX
daktopoB. [Ipoananm3upoBaHbl BO3MOXHBIC BpPEIHBIC M OMAcCHbBIE (aKTOPHI Ha
MPOM3BOJCTBE B COOTBETCTBUM C HOPMATHBHBIMM JOKYMEHTAMHU C OIUCAHUEM
HMCTOYHUKOB JIaHHBIX (PaKTOpPOB. BBISBIEHBIBO3MOKHBIC UPE3BbIUAMHBIC CUTYAITUN
Ha OOBEKTE W CHOCOOBI MO MX NPEAOTBpAIllCHHIO. Takke MNPOBEICH aHaIu3
BIIMSTHUS OTIEpaIlii Ha OKPY’KAIOIITYIO Cpesly ¢ 000CHOBAHUEM MEPOTPHATHH T10 e

3alIuTc.



MINIFRACS

The most important test on location before the main treatment isknown as a
"minifrac,” or a fracture calibration test. The minifrac isa pump-in/shut-in test that
employs full-scale pump rates and relativelylarge fluid volumes, on the order of
thousands of gallons. Information gathered from a minifrac includes the closure
pressure,p., netpressure, entry conditions (perforation and near-wellbore friction),
andpossibly evidence of fracture height containment. The falloff portionof the
pressure curve is used to obtain the leakoff coefficient fora given fracture
geometry. Figurel illustrates the strategic locations on a typical pressure response
curve registered during the calibration activities.

A minifrac design should be performed along with the initial treatment design. The
design goal for the minifrac is to be as representative as possible of the main
treatment. To achieve this objective,sufficient geometry should be created to
reflect the fracture geometryof the main treatment and to obtain an observable
closure pressurefrom the pressure decline curve. The most representative
minifracwould have an injection rate and fluid volume equal to the main treatment,
but this is often not practical. In reality, several conflictingdesign criteria must be

balanced, including minifrac volume, created

1. Formation
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Pressure pag

3. Instantaneous
Shut-in

4. Closure Pressure
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ajey uonaalyy
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Shut-in
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Figure 1 Key elements on minfrac pressure response curve



fracture geometry, damage to the formation, a reasonable closure time,and the
cost of materials and personnel.

Fracture closure is typically determined from one or more constructions of the
pressure decline curve while taking into considerationany available prior

knowledge (e.g., that obtained from microfractests).

The origin and use of these various plots is sometimes more intuitive than
theoretical, which can lead to spurious results. The theoretical basis and limitations
of pressure decline analysis must beunderstood in the context of individual
applications. An added complication is that temperature and compressibility
effects may causepressure deviations. In this case, temperature-corrected decline
curvescan be generated to permit the normal interpretations of the differentplot
types.

The original concept of pressure decline analysis is based on theobservation
that the rate of pressure decline during the closure process contains useful
information on the intensity of the leakoffprocess. This stands incontrast to the
pumping period, when the pressure is affected by manyother factors.

If we assume that the fracture area has evolved with a constantexponent o and
remains constant after the pumps are stopped, at time(te + At) the volume of the

fracture is given by

V. oa =V, = 2A,S, = 2A, g(A1,.0) C A1, W
where the dimensionless delta time is defined as
Aty = Atlt, )

and the two-variable function g(Atp,a) can be obtained by integration.

40._\;&.*0

_ +2N,.'1+AIDxF[%.oa:]JrO(:(HArD]_I}
‘Q(AID'U'): 1+20?

3)
The functionF[a, b; c; z] is the "Hypergeometric function” available in the form of

tables or computing algorithms.



Dividing Equation 1 by the area, the fracture width at time Atafter the end of
pumping is given by
V. —
Wyen =028, -2C, Ji.g(Arp. )
¢ (4)
The decrease of average width cannot be observed directly, butthe net pressure
during closure is already directly proportional to theaverage width according to

[Hﬂ = g H (5)

simply because the formation is described by linear elasticity theory. The
coefficient Sqs the fracture stiffness, expressedin Pa/m. Its inverse, 1/S;, is called
the fracture compliance. For the basic fracture geometries, expressions of the

fracture stiffnessare given in Table 1

Table 1. Leakoff coefficient and No-Spurt Fracture Extent for Various Fracture Geometries

PKN KGD Radial
S 2%E E 3rE

7h, X, 16R,
o 4/5 213 8/9

The combination of Equations 4 and 5 yields the following

SV, |
p=|pe+ A “—28,S, |- (25,C A1, ) x g(Atp,. 0

(6)
Equation 6 shows that the pressure falloff in the shut-in periodwill follow a
straight line trend,
p=by—my xg(Af,.0
N N ( D } (7)
if plotted against the g-function.The slope of the straight line,my ,is related to the
unknown leakoff coefficient by

2
ey ®)
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Substituting the relevant expression for fracture stiffness, theleakoff coefficient
can be estimated as given in Table 2. This tableshows that the estimated leakoff
coefficient for the PKN geometry doesnot depend on unknown quantities because
the pumping time, fracture height, and plain strain modulus are assumed to be
known. Forthe other two geometries considered, the procedure results in an esti-
mate of the leakoff coefficient that is strongly dependent on the fracture extent (xf
OrRy).

From Equation 6 we see that the effect of the spurt loss is concentrated in the

intercept of the straight line with the g = 0 axis:

5, = 1‘2 _ *'-’"m;; Pc
e 9)
Table 2. Leakoff Coefficient and No-Spurt Fracture Extent for Various Fracture Geometries
PKN KGD Radial
Leakoff coefficient C, zh, Cm.) X, m.) 8R, Cm.)
4.t E' 2.t E’ 3r\Jt.E'

Fracture Extent 2E'V, E'V. 3E'V.
Xf = W Xf = - r Rf = 3 [ E—
7l ( N_pC) ﬂ-hf (bN_pc) 8(bN_pC)

As suggested by Shlyapobersky, Equation 9 can be usedto obtain the unknown
fracture extent if we assume there is no spurtloss. The second row of Table 2
shows the estimated fractureextent for the three basic models. The no-spurt-loss
assumption results in an estimated fracture length for the PKN geometry, butthis
value is not used to obtain the leakoff coefficient. For the KGDand radial models,
fracture extent is calculated first and then used tointerpret the slope (i.e., to
determine C,). Once the fracture extent andthe leakoff coefficient are known, the

lost width at the end of pumping can be easily obtained from

w, = 2g,(00)CrAll,
Le 0 LAJFe (10)

The fracture width is

11



V.

AT [

W, = ] — W,
x:h
fr (11)
for the two rectangular models
N
€ 2 — Vle
R:m/2
! (12)
for the radial model.
Often the fluid efficiency is also determined:
W,
€ Le (13)

The fracture extent and the efficiency are state variables, which is to say that they
will have different values in the minifrac and main treatment. Only the leakoff
coefficient is a model parameter that can be transferred from the minifrac to main
treatment, buteven then some caution is needed in its interpretation. The bulk
leakoffcoefficient determined from the above method is “apparent™ withrespect to
the fracture area. If we have information on the permeableheight,h,, and it
indicates that only part of the fracture area fallsinto the permeable layer, the
apparent leakoff coefficient should beconverted into a "true" value that
corresponds to the permeable areaonly.

While adequate for many low permeability treatments, the outlinedprocedure
might be misleading for higher permeability reservoirs. Theconventional minifrac
interpretation determines a single effective fluidloss coefficient, which usually
slightly overestimates the fluid losswhen extrapolated to the full job volume
(Figure 2).

This overestimation typically provides an extra factor of safety inlow
permeability formations to prevent a screenout. However, thissame technique

applied in high permeability, or when the differentialpressure between the fracture

12



and the formation is high, can significantly overestimate the fluid loss for wall-

building fluids (Figure 3).

Overestimating fluid leakoff can be highly detrimental when theobjective is to

achieve a carefully timed tip screenout. Inthiscase,

25
® 20
o Fluid-Loss Fuction
E Predicted by Minifrac
s 15F
E 1
L4 I
| . |
& 10} !
@ ' !
£ I |
E | 1
2 s} | '
Minifrac : ! Main Job
Pumping Time | : Pumping Time
0 | ; i ]
0 1 2 3 4 5 6 7 8 9 10
Time, min%5
Figure 2. Fluid leakoff extrapolated to full job volume, low permeability
5
Fluid-Loss of Crosslinked
® 4| Gel, High-Permeability Rock
3 Actual Fluid Loss
E |
g 3| :
2 |
< 44— Fluid Loss from
P | ! Minifrac Analysis
o : Pumping Time = 16 min
5 |
S 1} |
|
0 . . | , . , .
0 1 2 3 4 5 6 7 8 9

Time, min?5

Figure 3 Overestimation of fluid leakoff extrapolated to full job volume, high permeability

modeling both the spurt loss and the combined fluid loss coefficientby performing

a net pressure match in a 3D simulator is an alternative toclassical falloff analysis.

This approach is illustrated in Figure 4.

The incorporation of more than one leakoff parameter(and other adjustable

variables) increases the degrees of freedom.

13
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Figure 4 Leakoff estimate on a net-pressure match in a 3D simulator
While a better match of the observed pressure can usually be achieved,the solution

often becomes non-unique.

PROPPANT SCHEDULE

Given the total pumping time and slurry volume, a stepwise pumpschedule (more
specifically, a proppant addition schedule, or justproppant schedule) is still needed
that will yield the designed, proppedfracture geometry.

Fluid injected at the beginning of the job without proppant iscalled the "pad."” It
initiates and opens up the fracture. Typically, 30to 60 percent of the fluid pumped
during a treatment leaks off intothe formation while pumping; the pad provides
much of this necessary extra fluid. The pad also generates sufficient fracture
length andwidth to allow proppant placement. Too little pad results in premature
bridging of proppant and shorter-that-desired fracture lengths. Toomuch pad
results in excessive fracture height growth and created fracture length. For a fixed
slurry volume, excessive pad may result ina final propped length that is
considerably shorter than the created(desired) fracture length. Even if the fluid loss

were zero, a minimumpad volume would be required to open sufficient fracture
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width toadmit proppant. Generally, a fracture width equal to three times
theproppant diameter is felt to be necessary to avoid bridging.

After the specified pad is pumped, the proppant concentration ofthe injected
slurry is ramped up step-by-step until a maximum valueis reached at end of the
treatment.

Figure 5 conceptually illustrates the proppant distribution in thefracture after the
first proppant-carrying stage. Most fluid loss occursin the pad, near the fracture tip.
However, some fluid loss occurs alongthe fracture, and in fact, fluid loss acts to
dehydrate the proppant-ladenstages. Figure 6 shows the concentration of the initial

proppant stageclimbing from 1 up to 3 Ib,,, of proppant per gallon of fluid (ppg) as

At Time the First Proppant
Stage is Injected

Figure 5 Beginning of proppant distribution during pumping
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1 Ib/gal 1.
Concentrated ‘
to 3 Ib/gal :

—_— ———

— _ ——————

‘ At Intermediate Time

Figure 6 Evolution of slurry proppant distribution during pumping
the treatment progresses. Later stages are pumped at higher initialproppant
concentrations because they suffer less fluid leakoff (i.e.,shorter exposure time and
reduced leakoff rates near the well).
Figure 7 completes the ideal sequence in which the pad isdepleted just as pumping
ends and the first proppant stage has concentrated to a final designed value of 5
ppg. The second proppant stagehas undergone less dehydration, but also has

concentrated to the same

Proppant
Settling

2to
5lbigal , . | iblgal

. Concentrated

At End of Pumping

Figure 7 Proppant concentration in the injected slurry
final value. If done properly, the entire fracture is filled with a uniform proppant
concentration at the end of the treatment.
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If proppant bridges in the fracture prematurely during pumping, asituation
known as a "screen-out," the treating pressure will rise rapidly to the technical
limit of the equipment. In this case, pumping mustcease immediately (both for the
safety of personnel on location andto avoid damaging the equipment), effectively
truncating the treatmentbefore the full proppant volume has been placed. Making
things worse,the treatment string is often left filled with sand, which then
requiresincremental rig time and expense to clean out.

TSO designs for highly permeable and soft formations are specifically intended
to screen out. In this case, it is often possible tocontinue pumping and inflate the
fracture width without exceeding thepressure limits of the equipment because
these formations tend to behighly compliant.

One additional parameter must be specified:c,, the maximumproppant
concentration of the injected slurry at the end of pumping.The physical capabilities
of the fracturing equipment being used provides one limit to the maximum
proppant concentration, but rarelyshould this be specified as the value forc..
Ideally, the proppant schedule should be designed to result in a uniform proppant
concentration in the fracture at the end of pumping, with the value of the
concentration equal toc.. Therefore, the proppant concentration,c., at the end of
pumping should be determined from material balance:

M=ny.,V, 14)
where Vjis the volume of slurry injected in one wing, n. is the fluidefficiency (or
more accurately, slurry efficiency), and M is the massof injected proppant (one
wing).

The schedule is derived from the requirement that (1) the whole length created
should be propped; (2) atthe end of pumping, the proppant distribution in the
fracture shouldbe uniform; and (3) the proppant schedule should be of the form of
adelayed power law with the exponent, £, and fraction of pad beingequal. More
complex proppant scheduling calculationsattempt to account for the movement of

the proppant both in the lateral and the vertical directions; variations of the
17



viscosity of the slurrywith time and location (due to temperature, shear rate and
changes insolid content); width requirements for free proppant movement;
andother phenomena.

TSO DESIGN

It is the tip screenout or TSO design which clearly differentiates highpermeability
fracturing from conventional massive hydraulic fracturing. While HPF introduces
other identifiable differences (e.g., higher permeability, softer rock, smaller
proppant volumes, and so on), it isthe tip screenout that makes these fracturing
treatments unique. Conventional fracture treatments are designed to propagate
laterally andachieve TSO at the end of pumping. In high permeability
fracturing,pumping continues beyond the TSO to a second stage of fracture
widthinflation and packing. It is this two-stage treatment that gives rise tothe
vernacular offrac& pack.

Early TSO designs commonly called for 50 percent pad (similarto conventional
fracturing) and proppant schedules that ramped-up aggressively; then it became
increasingly common to reducethe pad to 10 to 15 percent of the treatment and
extend the 0.5 to2 Ib,/gal stages (which combined may constitute 50 percent of
thetotal slurry volume, for example). Notionally, this was intended to'"create
width" for the higher concentration proppant addition.

After the TSO is triggered, injection of additional slurry onlyserves to inflate
the width of the fracture. Thus, it is important toschedule the proppant such that
the critical dry-to-wet width ratio isreached at the same time (pumping time) that
the created fracturelength matches the optimum fracture length. With the TSO
design,practically any width can be achieved —at least in principle. In addition,
the first part of any TSO design very much resembles a traditional design, only the
target length is reached in a relatively shorttime, and the dry-to-wet width ratio
must reach its critical value during this first part of the treatment.

There is no clear procedure to predict if TSO width inflationwill be possible in

a given formation, though rock mechanics laboratoryinvestigations can suggest the
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answer. The formation needs to be "softenough™; in other words, the elasticity
modulus cannot be too high.On the other hand, soft formations are often
unconsolidated, lackingsignificant cohesion between the formation grain particles.
The maintechnical limitation to keep in mind is the net pressure, which
increasesduring width inflation. The design engineer should be prepared to
departfrom the theoretical optimum placement if necessary to keep the
fracturetreating pressure below critical limits imposed by the equipment.

Another consideration in TSO design is that the created fracturemust bypass the
assumed damaged region near the wellbore. As such,the design should specify a
minimum target length, even if the theoretical optimum calls for a shorter fracture.
Often the minimum length ison the order of 50 ft, while the nature of the damage
and the lengthof the perforated interval may dictate other values.

PUMPING A TSO TREATMENT

Most treatments are pumped using a gravel pack service toolin the
"circulate” position with the annulus valve closed at thesurface. This allows for
live annulus monitoring of bottomholepressure (annulus pressure + annulus
hydrostatic head) and realtime monitoring of the progress of the treatment.

When there is no evidence of the planned TSO on the real-timepressure
record, the late treatment stages can be pumped at areduced rate to effect a tip
screenout. Obviously, this requiresreliable bottomhole pressure data and direct

communication bythe frac unit operator.

Near the end of the treatment, the pump rate is slowed to gravelpacking rates
and the annulus valve is opened to begin circulating a gravel pack. The reduced
pump rate is maintained untiltubing pressure reaches an upper limit, signaling that
the screen-casing annulus is packed.

Because very high proppant concentrations are employed, thesand-laden
slurry used to pack the screen-casing annulus mustbe displaced from surface with
clean gel, well before the endof pumping. Thus, proppant addition and slurry

volumes mustbe metered carefully to ensure there is sufficient proppant leftin the
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tubing to place the gravel pack (i.e., to avoid over-displacing proppant into the
fracture).

Conversely, if an HPF treatment sands out prematurely (i.e.,with proppant in
the tubing), the service tool can be moved intothe "reverse™ position and the excess

proppant circulated out.

Movement of the service tool from the squeeze/circulating position to the
reverse position can create a sharp instantaneousdrawdown effect and should be
done carefully to avoid swabbing unstabilized formation material into the
perforation tunnels and annulus.

PRE-TREATMENT DIAGNOSTIC TESTS FOR HPF

There are several features unique to high permeability fracturing whichmake
pre-treatment diagnostic tests and well-specific design strategieshighly desirable if
not essential: fracture design in soft formations isvery sensitive to leakoff and net
pressure; the controlled nature of thesequential tip screenout/fracture inflation and
packing/gravel packingprocess demands relatively precise execution strategies;
and the treatments are very small and typically "one-shot" opportunities. Further-
more, methods used in hard-rock fracturing to determine criticalfracture
parameters a priori (e.g., geologic models, log and core data,or Poisson ratio
computational models based on poroelasticity) are oflimited value or not yet
adapted to the unconsolidated, soft, high permeability formations.

There are two tests (with variations) that form the current basisof pre-treatment

testing in high permeability formations: step-rate tests andminifrac tests.

STEP-RATE TESTS

The step-rate test (SRT), as implied by the name, involves injectingclean gel at
several stabilized rates, beginning at matrix rates andprogressing to rates above
fracture extension pressure. In a high permeability environment, a test may be

conducted at rate steps of 0.5,1, 2, 4, 8, 10, and 12 barrels per minute, and then at
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the maximumattainable rate. The injection is held steady at each rate step for
auniform time interval (typically 2 or 3 minutes at each step).

In principle, the test is intended to identify the fracture extensionpressure and
rate. The stabilized pressure (ideally bottomhole pressure)at each step is classically
plotted on a Cartesian graph versus injection rate. Two straight lines are drawn,
one through those points thatare obviously below the fracture extension pressure
(dramatic increasein bottomhole pressure with increasing rate), and a second
throughthose points that are clearly above the fracture extension pressure(minimal
increase in pressure with increasing rate). The point at whichthe two lines intersect
IS interpreted as the fracture extension pressure.The dashed lines on Figure 8
illustrate this classic approach.

While the conventional SRT is operationally simple and inexpensive, it is not
necessarily accurate. A Cartesian plot of bottomholepressure versus injection rate,
in fact, does not generally form astraight line for radial flow in an unfractured well.
Simple pressuretransient analysis of SRT data using desuperposition techniques
showsthat with no fracturing the pressure versus rate curve should exhibitupward
concavity. Thus, the departure of the real data from idealbehavior may occur at a
pressure and rate well below that indicated bythe classic intersection of the straight

lines.
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Pressure

Injection Rate

Figure 8 ldeal SRT — radial flow with no fracturing

Given the relatively crude objectives ofthe SRT in high permeability fracturing,
the conventional test procedure and analysis may be sufficient.

The classic test does provide an indication of several things:

» Upper limit for fracture closure pressure (useful in analysis ofminifrac

pressure falloff data).

» Surface treating pressure that must be sustained during fracturing (or whether

sustained fracturing is even possible with agiven fluid).

= Reduced rates that will ensure no additional fracture extensionand packing of

the fracture and near-wellbore with proppant(aided by fluid leakoff).

= Perforation and/or near wellbore friction, which is seldom aproblem in soft

formations with large perforations and high shotdensities.

m Casing pressure that can be expected if the treatment is pumpedwith the

service tool in the circulating position.
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A step-down option to the normal SRT is sometimes used specificallyto
identify near-wellbore restrictions (tortuosity or perforation friction).This test is
done immediately following a minifrac or other pump-instage. By observing
bottomhole pressure variations with decreasingrate, near-wellbore restrictions can
be immediately detected (i.e.,bottomhole pressures that change only gradually as

injection rate isreduced sharply in steps is indicative of no restriction).

MINIFRACS

Following the SRT, a minifrac should be performed to tailor the HPFtreatment
with well-specific information. This is the critical diagnostic test. The minifrac
analysis and treatment design modifications cantypically be done on-site in less
than an hour.

Concurrent with the rise of HPF, minifrac tests, and especially theuse of
bottomhole pressure information, have become much morecommon. Otherwise,
the classic minifrac procedure and primary outputs as described in the preceding
section (i.e., determination of fracture closure pressure and a bulk leakoff
coefficient) are widely appliedto HPF, this in spite of some rather obvious
shortcomings. The selection of closure pressure, a difficult enough task
in hardrock fracturing, can be arbitrary or nearly impossible in high permeability,
high-fluid-loss formations. In some cases, the duration of the closure period is so
limited (one minute or less) that the pressure signalis masked by transient
phenomena. Deviated wellbores and laminatedformations, multiplefracture
closures, and other complex features are often evident duringthe pressure falloff.
The softness of these formations (i.e., low elasticmodulus) means very subtle
fracture closure signatures on the pressure decline curve. Flowbacks are not used
to accent closure featuresbecause of the high leakoff and concerns with production
of uncon-solidated formation sand.
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The shortcomings of classic minifrac analysis are further exposedwhen used
(commonly) to select a single effective fluid loss coefficient for the treatment. As
described above, in low permeability formations this approach results in a slight
overestimation of fluid lossand actually provides a factor of safety to prevent
screenout. In highpermeability formations, the classic approach can dramatically
underestimate spurt loss (zero spurt loss assumption) and overestimatetotal fluid
loss. This uncertainty in leakoff behavior makes the controlled timing of a tip
screenout very difficult. Entirely new procedures based on sound fundamentals of
leakoff in HPF are ultimately needed. The traditional practice of accounting for

leakoff with a bulk leakoff coefficient is simply not sufficientfor this application.
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3AKJIFOYEHUE

B pesynbTare npoBeAeHHBIX UCCIEI0BAHUM, OBLIIO BBISABJICHO, YTO HauOoOJIEe
JIOCTOBEPHBIM U3 HCHOJIB3yeMbIX MeTOA0B aHanmu3a KII/] sBiserca nmpownsBoaHas
Hontu (G). OHa mo3BossieT HanboJiee TOYHO OMPEICIUTh TOUKY 3aKPBITHA. MeTo
aHaJIn3a KBaJAPaTHOTO KOPHS BPEMEHU TAKXKE SIBJIIETCA IIMPOKO UCTIOJIB3YEMbIM HA
MIPAKTHUKE CIIOCOOOM MHTEPIIPETAIINY MMaICHUS JaBJICHUS U1 MHOTHX MH)XCHEPOB.
Hoon MeHee o000CHOBaH C MaTeMaTHYeCKOE€ TOYKH 3pEHUS B OTIWYHC
oT pyHKIMuG.

N3ydyeHbl OCHOBHBIE T€OJOTMYECKUE, TEXHUYECKHE M TEXHOJOTMYECKHUE
PHUCKH M OCJIO)KHEHHS B MPEACTOSIIIEM Ipolecce 3akauku nponrmanTa. [lokazano,
YTO TMOJIHOCTHIO HMCKJIIOUYHUTH PUCK MPEXKICBPEMEHHOW OCTAHOBKH 3aKAYKU TPH
npoegeHun [ PII HEBO3MOXKHO, ITOCKOJBKY CYIIECTBYIOT HEONPEICICHHOCTD,
CBSI3aHHAsA C I€OJIOTUYECKUM CTPOCHHUEM M MEXAaHMYECKMMH CBOMCTBAMM IJIacCTa,
COCTOSTHUEM 00cCaHOM KOJIOHHBI U moBeaeHueM xkujakoctu ['PII, a Taxxke pucku,
00yCJIOBJICHHBIE BBIXOJIOM M3 CTpOsi 00OpydoBaHHUs. BbIICHEHO, uTO Hamboee
YaCcThIMHU NpUYMHAMU MPEKICBPEMEHHBIX OCTAaHOBOK SIBJISIFOTCSA
HE3aIIJaHUPOBAHHBIM POCT TPEIIMHBI IO BBICOTE U  CIOKHOOOBSICHUMBIC
MPEXKAEBPEMEHHBIE OCTAHOBKH.

Taxxe OblIa MpoaHaTM3UPOBaHA KATUOPOBKA MOJICNIM AU3aiiHa TPEIIMHBI Ha
peaIbHBIC IMapaMeTPhl IJIACTA,BBIHECEHBI PEKOMEHIAIMUA IO COCTABJICHUIO
MporpaMMbl 3aKauyKW TMPOINIAHTA W COCTaBJEH Tpaduk 3aKayku MPONIAHTA, B
pe3yabTaTe 4ero MCXOAHBIM Ju3ailH ObLI U3MEHEH JJIAMNONYYCHUS TIaHUPYEMBbIX
pe3yabTaToB  00pabOTKM TlacTa C  IEdbI0  JOCTHIXKEHHS  3(P(EKTUBHOM
MPOBOAUMOCTH TPEUIMHBI U CO3J]aHUSI YCJIIOBUM MAaKCUMaJbHOW BBIPAOOTKHU
3aI1acoB.

B pe3ynbrare MNpOBEAEHHBIX TEXHOJIOTHMUYECKMX M SKOHOMHUYECKHX PaCyETOB

OTIPE 1IN
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1)

2)

KoHeuHyl0 KOHIIEHTpanuio TponmaHTa B HHTepBasie nepdopauuu
HeoOxoaumo yBenuuuth ¢ 1000 kr/m3 1o 1200 kr/m3. Pacxon Ha OCHOBHOM
I'PIT HeoOGxoaumMo yBenmUuuTh ¢ 3,6 M3/MuH 110 4,2 M3/MUH.

Hcxons u3 Toro, uro mpoBeaeHue ocHoBHoro ['PIl 6e3 nuarnoctuueckoi
3aKauKy TOJPa3yMEBAE€T HaJIMuue OOJbIIMX PHUCKOB HA  YCHEIIHOE
nposeneHue I'PII, koTopsle xapakrepusyercs HE TOJIBKO O€3pe3ysbTaTHBIM
UCIIONIb30BaHUE MAaTEpUajoB, a TaKXKe YBETUYCHHEM OOBOJHEHHOCTU H
yYMEHbILIEHUEM Jebuta He(TH, LeaecooOpa3HbIM OYIET OCYIIECTBICHHUE
JIOTIONTHUTENBHBIX 3aTpaTr g nposenenusi munu-I PIT B pazmepe 424 000

pyOsel ¢ 1enblo MaKCUMaJIbHO MUHUMU3UPOBATH PUCKH.
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