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CumynaTopsbl rmgpopaspbliBa: BO3MOXXHOCTU

N OrpaHnN4eHn4

Is There a Fault in Fracture Modeling”?

|_ mapasvyeckmi padpbie nnacta (MPl) B HacTosLLee
BpeMsi BOCTPEDOOBaHHAsA TEXHOIOrMYECKas onepauys
Mo MHTEHCUMKaLMM OOObIMN YrAEBOA0OPOA0B U3 pa3HbIX
BWOOB KOJIIEKTOPOB U YBESNYEHUN MPUEMNCTOCTU
HarHeTaTesIbHbIX CKBaKMH. [NpeaHasHadeHme P —
CO3[aHVE B MAaCCKBE MOPHbIX MOPO4, CETU TPELLVH.
[MnaHvpoBaHne, CONMPOBOXKAEHME, OMTUMN3ALS
onepauvn rmapopaspbiBa OCYLLECTBASKOTCA Ha OCHOBE
1ICNO/Ib30BaHMSA MAKETOB CMELaNM3UPOBaHHbIX
nporpamMM, paspadoTaHHbIX OTAEIbHbIM KOMMaHNSMU B
pamkax Tak HasbIBaeMbIX CUMYSISTOPOB MAOpOopas3pbIBa.
[Mporpammbl MOTYT BbITb NMPOAAHBLI MOTPEOUTEHO AN
CaMOCTOSATENTbHOIO MCMOJIb30BaHNS MO0 pacHeTbl B
HX MPEOOCTABASATCS Kak YaCTb CEPBUCHbIX YCIyT.
[MnaHMpoBaHMe rMMapopPas3pPbiBa 3aKIH0HAETCS B
NPOBEOEHUN PACUETOB C LENBIO OLEHKM HEODXOOMMbIX
[aHHbIX 0719 BbINOMHEHNS pa3pbiBa Nopod, B KOHKPETHOM
CKBaXKVHE. Takux,Hanpumep, Kak:3abonHoe aaBieHve
pa3pbliBa, MIOTHOCTb U BA3KOCTb XXMOKOCTU C
MPONMaHToOM, 06bEM MPOAABOYHON XXMOKOCTU, ANMHA U
PaCKPbITOCTb TPELLVH pa3pbisa 1 ap. COOTBETCTBYHOLLME
PELLEHUS N 3aBUCYMOCTW /19 PACHETOB MOJSTyYEHbI

Ha OCHOBE YMO3PUTESbHBIX MPEACTaBEHNI O
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urrently, hydraulic fracturing is a highly demanded

technological operation for the intensification of
hydrocarbon production from different types of reservoirs
and increasing the injectivity of injection wells. The
purpose of hydraulic fracturing is to create a network of
fractures in the rock. Planning, support, and optimizing
hydraulic fracturing operations is carried out using
packages of specialized software developed by individual
companies - so-called hydraulic fracturing simulators.
The software can be sold to the customers for their own
use or as part of services. Hydraulic fracturing planning
includes performing calculations to assess the necessary
data for fracturing of rocks in a particular well. The data
may include: bottomhole fracturing pressure, density and
viscosity of the fluid with proppant, the volume of the
displacement fluid, the length and openness of fractures,
etc. The relevant solutions and dependencies for the
calculations are obtained on the basis of theoretic ideas
about the processes that occur when the pressure in
the well is increased using the frac fluid. All calculations
assume that fractures develop symmetrically in the axis
of the well. The type of fractures that are considered for
oil and gas industry are mainly vertical.
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NpoLeccax,NPOMCXOAALLMX MNPW NMOBbILLEHWN OaBEHS
B CKB&XKMHE C MOMOLLIbHO HAarHETaeMOom XNOKOCTU.
OcHoBa 6a3upyeTcs Ha NPeanonoXeHU 0bpas3oBaHVs
TPELUVH pa3pbiBa CUMMETPUHHO OCY CKB2XXMHBbI. [114
HebTerasoBow NMPOMBILLNIEHHOCTU paccMaTpuBaeTCs
obpazoBaHme NPEeNMyLLIECTBEHHO BEPTUKASIbHbIX TPRELLVIH.

Teopusa rmgpassinyeckoro paspbisa

rOpHbIX NopoL,

Teopust rmapopa3pbiBa NPEaCTaBISeT COOOW aHaN3
NPOLECCOB, MPOUCXOOALLMX NPK 0BpPa30BaHUM 1
PAaCNPOCTPAHEHNN TPELLMH OT CTEHOK CKBaXKWHbI B

cpefe C 3agaHHbIMM CBOWCTBaMM MPY UCMOJ1b30BaHUM
onpenenéHHbIX XXMOKOCTEN ANs pa3pbiBa U MPOABUKEHNS
TPELUMH Brlydbb MaccmBa NopoAd. BoabLUMHCTBO
TEOPETUHECKMX UCCNEO0BAHNIA, OOBSACHSAOLLIMX MEXAHV3M
rMapopaspbiBa Nopoad, ONMPatoTCH Ha KPUTEPUA
pa3pbiBa, YCTAHOBEHHbIE B MEXaHWKE CMTOLLIHBIX CPef,
ONs NNOTHbIX, OAHOPOAHbLIX, N3OTPOMHBIX 0BPAa3LOB,
npegnonaraemMblX YrpyriMy BrijiOTb A0 pa3pbiBa.

OCHOBHble TEOPETUHECKIME PELLIEHMS ONyBIMKOBaHbI B 50-
60 r.r. aBTopamu, B HeCTb KOTOPbIX MO3XKe Obl/ Ha3BaHb!
aHanTuyeckue mogenu P, MNproputeTHOE peLleHne
BbI10 NpeacTaBieHo B paboTe [2], OpUrMHaTBHOCTb
KOTOPOW 3aK/I0HaeTCs B aHa/IM3e pacnpeneeHms
3(PIEKTUBHBIX JABMEHNIA BOKPYI CKB2XMHbI B MPOLIecce
3aKadku hnovaa B NpeanonoxXMTeIbHO MOPUCTYHO,
MPOHML@EMYIO, YIPYryto nopody. B MoMeHT 06pa3oBanHis
TPELMHbI AaBNEHNS,CO30aHHbIE OOBEMHBIMU CUTaMW,
nopaxxaaemMbIM/ (PUILTPALMEN 3aKAYMBAEMOM XXNOKOCTH,
pasrpy>katoT BEPTUKASTbHBIE 1 TOPU30OHTasTbHbIE
HanPshKeHWs, OENCTBYIOLLME Ha CKeET MOPOadbl,CHKas
TaknM 06pa3oM ahdeKTUBHbIE AaBAEHWS. [To3xe

J. Geertsma [ONOAHUA aHANUTUKY YKa3aHHOW paboThl
NPEJIOKMB YUUTbIBATb CKMMAEMOCTb Nopon,. PelueHne
3TUX aBTOPOB npeacTasngeT moaenb KGD (Kristianovich-
Zheltov, Geertsma-de Klerk).

Hpyras mopgens PKN (Perkins, Kern, Nordgren). Otindne
MOEsEN 3aKOHaETCs B TOM,UTO B MepBOW aedhopmauyis
SBISIETCA NIOCKOW B FOPU30OHTaSIbHOM CEYEHN, a BO
BTOPOW-B BEPTUKA/IbHOM.

YnomMsHeM Takoke paamasibHyto Mmoaesb (Radial) —
OCECUMMETPUYHAsS MOAE b PACMPOCTPaHEHVSA TRELLMHBI

— rae Te4YeHVe ONMChIBAETCH OOHOMEPHBIM YPaBHEHVEM,

B KaueCTBe MPOCTPaHCTBEHHOM KOOPOMHATLI B KOTOPOM
BbICTYNAET PaCCTOAHMNE OT CKBaXKVHbI 40 TOYEK TPELLUMHBI.
MepeuncieHHble MOOEMN SBNSOTCA ABYMEPHBLIMM
aHanuTnHeckumm moaenamu (2D). MNpegnonaratoT, YTo STU
MOZENM HE MO3BOJIAIOT YHECTb PeasbHOE Me0NI0rM4eCcKoe
CTPOEHVE NfacTa 1 C NOABEHNEM TaK Ha3bIBAEMBIX
NCEBAOTPEXMEPHBIX MOAEEN NCMONb30BaHME OBYMEPHbBIX
CTanm orpaHn41Bath. 1o cyTn, NCeBOOTPEXMEPHbIE
MOLE/N - 3TO PaCLUMPEHHBIN BapuaHT 2D moaenen.
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Theory of Rock Hydraulic Fracturing

The theory of hydraulic fracturing is an analysis of the
processes that occur during the formation and propagation of
fractures from the well into the formation, using certain fluids
to break and expand fractures deep into the rock. Most of

the theoretical studies explaining the mechanism of hydraulic
fracturing are based on the fracturing criteria in continuum
dynamics for dense, homogeneous, isotropic samples that are
assumed to be elastic all the way through to fracturing.

The main theoretical solutions were published in the
1950s-1960s by the authors, after whom analytical models
of hydraulic fracturing were later named. The priority solution
was presented in paper [2]. The originality of this paper lies
in the analysis of the distribution of the effective pressure
around the well during fluid injection into supposedly
permeable, elastic rock. At the moment of the fracture
formation, filtration of injected fluid generates volumetric
forces that create pressure. This pressure relieves vertical and
horizontal stresses acting on the rock matrix, thus reducing
effective pressure. Later on, J. Geertsma supplemented

the analytics of this work by proposing to consider the
compressibility of rocks. The solution of these authors is the
KGD model (Kristianovich-Zheltov, Geertsma-de Klegk).

Another model is PKN (Perkins, Kern, Nordgren). The
difference between the models is that in the first model
deformation is plain in horizontal section, and in the second
model deformation is plain in vertical section.

There is also a radial model - an axisymmetric model of
fracture propagation. In this model the flow is described by
a one-dimensional equation, in which the distance from the
well to the fracture is a spatial coordinate.

The listed models are two-dimensional analytical models
(2D). It is assumed that these models do not take into
account the real geological structure of the reservoir and
with the emergence of so-called pseudo-three-dimensional
models the use of two-dimensional models started to be
restricted. In fact, pseudo-three-dimensional models are an
extended versions of the 2D models.

The Pseudo3D is an advanced PKN model. The primary

difference from the 2D model is that it takes into account
the vertical distribution of minimum horizontal stresses. A
number of subtypes of the Pseudo3D model are used for
numerical implementation.

The flat three-dimensional model Planar3D is characterized
by a small number of simplifying assumptions, which
resulted in a wide application. As compared to the previous
model, it requires significantly longer calculation time.

For rocks with a lot of natural fractures, it is assumed that
the frac fluid flows through a branched system of existing
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Mopenb Pseudo3D npedcraBisgeT yCOBEPLIEHCTBOBAHHYO
PKN mogenb. MNpuHupnianbHbiM oTan4memM ot 2D

MOLENN SBNAETCH YHET pacnpeneneHns MUHUMaIbHbIX
FOPU30HTA/TBHBIX HAMPSYKEHWM MO BepTUKanU. [Mpn
YMCIIEHHOW pean3aL CNONb3yHOT P NOOBNOOB
Pseudo3D mopenn.

[Nnockasa TpéxmepHas mogens Planar3D
XapaKTepU3yeTCst MaUsTbIM Y/CTIOM YMPOLLIAIOLLIMX
NpPeanoNoXKeHUN, BCNIeACTBME HYEro Noy4nsa LLNPOKOoe
npuMeHeHne. OTHOCUTENbHO NMPeaplayLLen Moaem
TPebyeT 3HAUUTENBHO BONbLLIEN MPOOO/IKUTENBHOCTHU
Pac4ETOB.

[na ropHbIX Nopo[, C pasBUTON ECTECTBEHHON
TPELLMHOBATOCTBIO AOMYCKAETCH, YTO XKMOKOCTb
paspblBa NPOABMFAETCS MO Pa3BETBIEHHOW CUCTEME
CYLLECTBYIOLLMX TPELLWMH (B 3TOM CrlydHae hopma TREeLWH
HE 9BNSETCH NMNIOCKOW, B OT/INYME OT MPUHUMAEMON

B Opyrmx moaensx). CoOOTBETCTBYOLLAA MOOENb -
Hanbonee nssectHas UFM (Unconventional Fracture
Model) - npumeHsaeTcs Npy MogenpoBaHum [Pl B
«HETPAOULMOHHBIX KOJIIEKTOPAx», 019 KOTOPbIX 3Ta
MOOENb MO3BOAET, IKOObI,OLIEHUTL CTUMY/IMPOBAHHbII
MOpoPaspbIBOM O6BEM MOPOA.

OTMETUM, YTO B TEOPUM MAOPABNIMHECKOrO pa3pbiBa
PacCMaTpPUBAETCS TakKe 06PaA30BaHNE MOPUSOHTATBHOM
TPELLMHBI paspbiBa. [Npryém 06pa3oBaHnio TakMX TPELLUMH
YAENAETCS He MeHbLLEE BHUMaHME, YeM 06pa30oBaHmo
BEPTUKAIbHBIX TPELLWH.

JlabopaTopHble aKCNepUMeHTbI
MpPeAnpPUHYMaUTNCE MNOMBITKA MPOSICHNTL TEOPETUHECKIME
npencTaBneHns NPOBeOEHNEM SKCMEPUMEHTOB B
nabopatopHbIX yciosusax. B paboTe [12] npuBeaeHb!
pe3ynbTtartbl 601ee 100 OMNbITOB MMUTALWW MMapopa3pbiea.
OnbITbl NPOBOAMUCH MPENMYLLIECTBEHHO Ha 0bpa3sLax
OOHOPOAHbBIX U N3OTPOMHbLIX NecHaHMKoB Fontainebleau v
COUCTbIX MMHUCTBIX MECHaHNKOB VOSges.

[NpoHMLaeMOCTb NecHaHnkoB Fontainebleau,
onpeaenéHHas B Ha4asie Kaxkaoro onbiTa, MSMEHSeTCs OT
HECKOMbKMX ML, 0O HECKOMBbKIX COTeH ML Mpu N3MEHEH
nopucTocTy oT 4% [0 11%. MNpegen NpoYHOCT Ha
oxatue: oT 200-300 6ap oo 2000-3000 6ap; npegen
NPO4YHOCTY Ha pacTshkeHve: 10-50 6ap. Moayb
yApyrocTy 3akntouéH mexxay 300000-400000 b6ap;
koathurumeHT MNMyaccona 0,15-0,25 [eguHnua oaBneHms
6ap 1cnonb3oBaHa B opuriHaie nydavkawmm].

[MPOHULIGEMOCTb FMHUCTBIX MecHaHNKoB Vosges: oT 500
ML po 1-2 O npy nopuctoctn 15-18 %. Mogynb ynpyrocTtu
100000-200000 6ap; Npeaen NPOYHOCTU Ha PaCTsPKEHE
BLOJIb M/IOCKOCTU CTPaTUMKALIMM O4EHb MaUT U IOCTUraeT
30-50 6ap B NepneHaVKyNSPHOM HanpaBIeHNM.
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fractures (in this case, the shape of the fractures is not flat,
as opposed to other models). The corresponding model -
the best known UFM (Unconventional Fracture Model) - is
used in fracturing simulation in unconventional reservoirs.
Allegedly, this model allows to estimate the volume of rock
stimulated by fracturing.

It should be noted that in the theory of hydraulic
fracturing the process of development of horizontal
fracture is also considered. Moreover, the development
of such fractures is given as much attention as the
formation of vertical fractures.

Laboratory Testing

Laboratory testing operations were designed to refine
theoretical concepts with. Paper [12] presents the results
of more than 100 experiments of hydraulic fracturing
simulation. The experiments were conducted mainly on
samples of homogeneous and isotropic Fontainebleau
sandstones and layered clayey Vosges sandstones.

The permeability of Fontainebleau sandstones, determined
at the beginning of each experiment, varies from several
mD to several hundred mD with porosity changes from 4%
to 11%. Compressive strength: from 200-300 bar to 2000-
3000 bar; tensile strength: 10-50 bar. Modulus of elasticity
between 300000-400000 bar; Poisson’s coefficient 0.15-
0.25 [pressure unit «bar» used in original publication].

The permeability of clayey sandstones of Vosges: from 500
mD to 1-2 D at porosity 15-18 %. Modulus of elasticity
100000-200000 bar; ultimate tensile strength along the
stratification plane is very small and reaches 30-50 bar in
perpendicular direction.

The samples for the experiments were cylinders with a
diameter and height of 10 cm. Inside of each cylinder an
8mm diameter hole («well») was drilled along the axis.
Injectors (micro packers) were installed into the hole. Then
the sample was saturated in oil under vacuum for 1 day.
Individual samples were covered with a layer of epoxy
glue from below and above to ensure impermeability of
the upper and lower sections of the rock. The prepared
samples were placed in a three-axis fracturing chamber.
The vertical load on the sample was created by a hydraulic
press, a separate pump allowed to apply a side load, a
manually operated pump was used to create formation
pressure. Pumping units with adjustable flow rate can
create a pressure of frac fluid up to 1000 bar. The
fracturing process is recorded and controlled by special
measuring tools.

Injectors used in hydraulic fracturing experiments allow
either circular-radial or spherical flow of the injected fluid. In
the first case, the flow is carried out either through the tube
with holes drilled along its length (the tube is inserted into
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ObpasLpl 419 OMbITOB NPEACTaBAM COB0M UMAMHOPDI
OVaMETPOM U BbICOTOM Mo 10 CM, BHYTPU KOTOPbIX

MO OCW NPOCBEPJIEHO OTBEPCTME ANAMETPOM 8 MM
(«cKBaXKMHa»). B 0TBEpCTME YCTaHaBMBAIMCH MHXEKTOPbI
(MVKpoMnakepbl). 3aTemM 06pageL, HachILLAICs B Macne

nof, BakyyMom B TedeHne 1 cyT. OTaenbHble 0bpasupl
CHW3Y 11 CBEPXY MOKPbIB/TNCH C/TIOEM 3MOKCKAHOMO

KJest C Lienbto 0becneyeHnst HEMPOHNLIAEMOCTM

BEPXHMX U HYPKHKX CPE30B nopodp!. [1ogroToBAeHHbIe
0bpa3sLibl MOMELLIANNCE B KAMEPY pas3pbiBa TPEXOCHOIO
Tuna. BepTukanbHyto Harpy3ky Ha obpaseL, Co30aéT
MMOPaBNHECKNIA MPECC, OTAEbHBIM HACOC NO3BOJIAET
MPUAOXKUTE BOKOBYIO Harpy3Ky, A8 CO30aHMs MacTOBOro
OaBNeHns NpeaHa3HaYeH pyYHom Hacoc. HacocHas rpynna
C perympyembIM EOUTOM MOXET CO30aTb AaB/ieHme
»XUOKOCTK paspbiea Ao 1000 6ap. MNpoLuecc paspbisa
PErNCTPUPYETCS U KOHTPOTMPYETCH COOTBETCTBYHOLLMMM
N3MepUTENbHbIMU NMPUBoPaMM.

VIHXEKTOPbI,MCNOMB30BaHHbIE B OMblTax rMapopaspbiea,
MO3BONSIOT OCYLLECTBUTE NIMOBO LMPKYISPHO-PaanaibHoOE,
B0 chepnyeckoe NCTEUEHNE HarHETAEMOM XXNOKOCTU.
B nepBoM Crydae UCTEHEHNE OCYLLIECTBISIETCH HYepes
TPYOKY C MPOCBEPSIEHHBIMU MO €€ AJIMHE OTBEPCTUSMMN
(TpyOKa BCTaBASETCA B «CKBXKMHY»), MO0 Yepe3 ABa
METaIINYECKMX HAKOHEYHMKA, HE CBA3AHHbBIX MEXOY
COBOI M NNOTHO 3aKPEMIEHHBIX Ha Kpasx obpasLga.
[MNepBoe NPUCNOCOBIEHNE UMUTUPRYET MMOPOPasPbIB
CKBaXKMHbI Yepe3 NepopnpoBaHHYO 06CaaHYHO KOSIOHHY,
BTOPOE — MOpopPaspbiB B OTKPLITOM CTBOJIE.

CcbepurHeckoe ncTeveHne B LEHTPE obpasua
OOCTUrasioCb C MOMOLLBIO TRYOKM, B KOTOPOW B M/IOCKOCTU
CeYeHns Kpyra NpocBep ieHbl 4 B3aMHO (MONapHO)
nepneHanKyISPHbIX OTBEPCTUIS, MO0 C MOMOLLIIO ABYX
TPYOOK, HE CBA3AHHbIX MeXXay CODON. [1epBbI BapUaHT
NCTeYeHMs 0DyCNoBMBaUT 0Bpa30BaHNE BEPTVKAIbHON
TPELUVMHbI Pa3pbiBa, TOraa Kak BTOPOW — FOPU3OHTaUTbHOM
TPELIVHbI pa3pbiBa.

B nabopatopu MOAeNMpOBasT pa3HoobpasHoe
coueTaHne BEPTUKaSTbHbIX U FOPUBOHTasIbHbIX HArpy30K
Ha CMbITbIBAEMbI 0OpPa3eL, TAKKe Kak 1 pasinyHble
CNOCODbI NCTEYEHWS XKUOKOCTU padpbiBa. [JaHHble
abopaTopHbIX SKCMEPMMEHTOB COMOCTaBSINCE C
JaHHbIMM MMAPOPAa3PbIBOB B CKBaXKNHAX.

OCHOBHble Pe3ybTaThl U BbIBOALI,MOJTYHEHHbIE HA
OCHOBE NTaboPAaTOPHbBIX IKCMEPUMEHTOB, 3aKJTHOHaIOTCH B
CnenyroLLEM:

1. Mpw npoBeneHn rmapopaspbiea B NepdoprpoBaHHON
KOJTOHHE W/ B OTKPBITOM CTBOJIE CKBaXKMHbI
HanpasneHVe TPELLMHbBI ONMPENEAETCH OTHOLLEHVEM
BEPTVIKAUIbHOIO HANMPSXKEHS (O,) K FOPU3OHTa IbHOMY
HanpsbkeHo (o). Mon 0,/ o> 1,5 — BepTUKaIbHbIN
paspbIiB;npv 0/ 0 < 1,4 — rOPU3OHTATbHBIN PA3PbLIB.
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the «well») or through two metal end caps, not connected
to each other and tightly fixed at the edges of the sample.
The first end cap simulates hydraulic fracturing of the well
through a perforated casing string, the second end cap
simulates hydraulic fracturing in an open hole.

Spherical flow in the center of the sample was achieved
with a tube in which 4 mutually perpendicular (in pairs) holes
were drilled in the plane of the circle cross-section, or by
means of two tubes not connected with each other. The
first flow option caused the development of vertical fracture,
while the second option - horizontal fracture.

The tests simulated a variety of combinations of vertical
and horizontal loads on the test sample, as well as different
options of frac fluid flow. The data from the laboratory
experiments were compared with the data from hydraulic
fracturing in wells.

The main results and conclusions obtained from laboratory
experiments are as follows:

1. When fracturing in a perforated string or in an open
hole, the fracture direction is determined by the ratio of
vertical stress (o) to horizontal stress (0,). Ato/ o, > 1.5
- vertical fracturing; at 0/ 0, < 1.4 - horizontal fracturing.

2. In laboratory experiments it is necessary to distinguish
between the pressure of fracture development (usually
difficult to detect) and the pressure of complete
fracturing of the rock cylinder, which corresponds to the
maximum pumping pressure. In real conditions, the
fracture initiation pressure coincides with the total
pressure of the rock fracturing.

3. Very few perforation holes lead to significant pressure
losses, and a very large number of perforation holes
lead to decrease of the pressure of the injected fluid,
which leads to a reduction in the length of the fracture.
In practice, it is important to establish the «golden
mean» between the perforation density and the distance
between perforation intervals.

4. The fracture develops mainly in the most permeable area
of the rock. The pressure of the fracture decreases with
increasing mobility of the fracture fluid, and, on the
contrary, low-filtration fluid is preferable for the growth of
the fracture length.

5. Uncertainly located natural fracture does not affect
either the development of the fracture (direction and
pressure) or its subsequent growth.

6. During fracturing a single fracture develops both in a

homogeneous reservoir and in different permeability
zones. Initiation of two fractures symmetrical about the
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2. B nabopatopHbIx OrbiTax HEO6XOAVMO OT/YaTb
[JaBJieHe 06pasoBaHs TReLLWHbI (06bIMHO TPYAHO
BbIB/IIEMOE) 1 AaBIEHNE MOSIHOMO pa3pbiBa LaMHapa
nopodbl, KOTOPOE COOTBETCTBYET MaKCUMaITbHOMY
JABMIEHNIO 3aKaykn. B peanbHbIX YCIOBUSIX AaBEHNE
06pa3oBaHMs TRELLVHBI MPaKTUYECK COBMELLIAETCS C
OaBJieHEM MOJTHOIO Pa3pbiBa Mopodpl.

3. OueHb Manoe Yicno OTBepPCTUN NepdopaLyv NPUBOAUT
K 3Ha41TEIbHbIM MOTEPAM OaBrieHNs, O4YEHb 6onbLUoe
X KONMYECTBO BEAET K 0C/1abfeHno 3aka4rBaeMon
YKUOKOCTU, YTO MPUBOANT K YMEHBLLEHWIO ANNHbI
TPELUWHBI. [Nsi NpaKTUKM BaXKHO YCTAHOBUTL «30/10TYHO
cepeanHy» MeXay NaOTHOCTLIO nepdopaun 1
PaCCTOSAHMEM MeXy VHTepBanamm rnepdopaumm.

4. TpelpmHa NosiBASETCS NPEVMYLLIECTBEHHO B Hamnbosee
NPOHMLIAEMON 30He nopodpl. [aBneHne paspbiea
YMEHBLLIAETCH C YBENMHYEHMEM MOOBVPKHOCTU XXUOKOCTA
pa3pbiBa, a 4719 PocTa MPOTHKEHHOCTU TPELIMHBI,
HaoBOPOT, NPEeONOHTUTENBHEE MATOONNBTPYIOLLAACS
>KNIOKOCTb.

5. Heonpenen&HHo pacnonoXeHHast eCTECTBEHHAs
TPELLMHA HE BANSIET HU HA 06pa30BaHne TPELLMHBI
paspbiBa (HanpaBfieHne 1 JaBMEHNE), HA Ha e€
nocneayoLLnn pocT.

6. Mpy MapopaspbiBe Pa3BMBAETCA eANHCTBEHHAS
TpelwrHa Kak B OAHOPOAHOM MnacTte, Tak 1 B Pa3HbIX
Mo NPOHNLAEMOCTV 30Hax. B obpasuax Habnoganach
NHALMaNN3aLMs OBYX TPELVH, CUMMETPUYHBIX
OTHOCUTESIBHO OCW «CKBaXKWHbI», HO NPV AasibHEeNLIEM
yBeEJINMYEHN OaBIeHNA NPOCXoOW1 POCT TOJIbKO OLI,HOI7I
N3 HUX.

7. BepTvKa/ibHbIl paspbiB pa3BMBaeTcs
NPEVMYLLIECTBEHHO C OAHOM CTOPOHbI CKBAXKMHbI, YTO
COOTBETCTBYET ACVMMETPNYHON rEOMETPIM TEOPM
paspbiBa YKenToBa-XpucTraHoBuYa.

8. Ecnn obpasoBbiBasiacb MOPU30HTaNbHaS TPELUMHA, TO
Ha pPacCTosiHUN He 6onee 4 PaamnyCoB CKBEXKMHDI
OT €€ CTEeHKM HanpaBNeHME TPELLYHbI MEHSIOCH Ha
BEPTUKASILHOE.

ABTOpPbI paboThl [12] cunTatoT, YTO SKCNEPUMEHTaSIbHbIE
Pe3ybTaTbl XOPOLLIO COrSIacytoTCcs C Teopuen
rmapopaspbiBa. Tem He MeHee OHM NpeaocTeperaroT

OT aBTOMAaTn4eCKOoro repeHoca daHHbIX,Nnosly4YeHHbIX

B nabopatopum, B NPOM3BOACTBEHHYIO MPaKTuKy. B
NabopaTopHbIX KCMIEPUMEHTAX Pa3INYHbIe (HaKTopb!,
BMSIOLLVE Ha pa3PbIB,3BECTHbI LM MOMYT ObITb
OLEHEHbI; ONA KOHKPETHOrO Mapopaspbisa Harpysku,
OEVCTBYIOLLIME HA MOPOAY, MOXXHO OLEHUTb SIMLLIL MO
pesynbTaraMm Camoro UCTbITaHNS.
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axis of the «well» was observed in the samples, but
further increase in pressure led to the growth of only one
of the fractures.

7. Vertical fracture develops mainly from one side of the
well, which corresponds to the asymmetric geometry of
Zheltov-Khristianovich’s theory of fracturing.

8. After a horizontal fracture is developed, the direction of
the fracture starts to be vertical at a distance of no more
than 4 radii of the well from its wall.

The authors of the paper [12] believe that the experimental
results are in good alingment with the theory of fracturing.
However, the authors warn against automatic transfer

of data obtained in the laboratory into field practice. In
laboratory experiments, the various factors affecting the
fracture are known or can be estimated; for a particular
fracturing operation, the loads acting on the rock can only
be estimated from the operation itself.

In addition, the conclusions are based on the hypothesis
that the fracturing fluid flows in a constant mode, while for
the rock the fluid filtration rate (transient mode) should be
taken into account. It should also be noted that the various
boundary conditions simulated in the laboratory never fully
simulate those that exist in reservoirs. Experimental study
of the hydraulic fracturing mechanism can provide general
guidance that allows to approach the natural conditions to
some extent. However, for each particular case, no model
can correctly simulate the real conditions existing in the rock
and reservoir.

Field Experiments

In recent years, several experiments have been carried
out in wells, allowing to advance the understanding and
interpretation of the results of hydraulic fracturing. Of
particular interest are data from experimental operations
performed at special testing facilities and in separate wells.

The National Energy Technology Laboratory (NETL), an
agency of the U.S. Department of Energy (US DoE), has
established a group of field laboratories to maintain energy
security and competitiveness in the independent oil and gas
industry in the United States. Below are the most important
experimental results obtained through the NETL program.

One of the first field labs is Marcellus Shale Energy and
Environmental Laboratory (MSEEL) located in West Virginia
[13]. It is funded by the Department of Energy’s (Office

of Fossil Energy) and coordinated by a consortium of the
University of West Virginia and Ohio State University. The
universities manage NETL projects and provide engineering
supervision. Initially, the research program was focused

on the testing area at Northeast Natural Energy (NNE).
Operations started in 2014.
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Kpome Toro, BbIBOAbI MOKOSATCA Ha rmnoTese
NCTEYEHUS XUAKOCTU pasdpbiBa B MOCTOSAHHOM
pexunuMe, Torga Kak aas nopodbl CaeayeT yunTbiBaTb
CKOPOCTb (DUbTPaLUM XXUOKOCTU (MepexodHbIn
pexxuMm). He cnepyeT Takxe 3abbiBaTb, YTO pasfiNyHble
rpaHVyHble YCNOBUS, MOAEVPYEMble B nabopaTopuu,
HMKOrga NosIHOCTBK HE BOCMPOU3BOASAT YC/I0BUN,
CYLLIECTBYIOLLMX B HeApax. SKCrnepuMeHTaslbHoe
N3y4eHne MexaH13Ma rmapasInMHECKOro paspbisa

nopoa, MOXET AaTb 00LLMeE yKadaHng, NO3BOSOLME

B HEKOTOPOW CTEMEHN NPUOIN3NTCS K MPUPOAHbBIM
ycnoBuaM. OaHaKo 151 KaxXA0ro KOHKPETHOrO Cryyas
nobasa NpuHATas MOAEb HE MOXKET HUKOrAa BEPHO
BOCMPOM3BECTU peasibHble YCOBUS, CYLLECTBYHOLIME B
NMopoaE N KOSIEKTOPE.

Monesble aKCNepMEHTbI

B nocnegHme rofpl BbINOJIHEH AL SKCMNEPMEHTOB
HenocpencTBeHHO B CKBaKMHAX, MO3BOAOLLINX
NPOOBUHYTBECS B MOHUMaHUU U NHTEprnpeTaLmm
PEe3yNLTaTOB MMOpPaBINYECKOro Paspbisa NOPOA.
Ocobbl HTEPEC NPeACTaBNAOT AaHHbIE OMbITHBIX PabOT,
BbIMNOJIHEHHbBIX Ha CreuasibHbIX NOSIMMOHaX 1 B OTAEIbHbIX
CKBaXKMHaX.

HauyoHabHas nabopaTopust SHEPreTUYECKMX TEXHOIOMAIN
(NETL) - areHTcTBO MUHUCTEpCTBaA 3HEepreTukm CLLIA

(US DOE) - cospana rpynny nNosaeBbix nabopaTtopun ¢
Le/IbO MOAAEPXKAHMS SHEPreTUHECKOM BE30MacHOCTU U
KOHKYPEHTOCMOCODHOCTM HE3aBUCUMOW HehTerazoBom
otpacam CLUA. Hnke npenctasneHbl Hanbonee BavkHbIE
pe3ybTaTbl SKCMNEPUMEHTOB,MOJTYHEHHBIE B PaMKax
NPOBEAEHHBIX padoT no nporpamme NETL.

OnHoln 13 NepBbIX MOJIEBLIX J1A60PATOPUIN ABIAETCH
Marcellus Shale Energy and Environmental Laboratory
(MSEEL), pacnonoxxeHHas B Lwitate 3anagHas BuprHms
[13]. OHa dhmHaHcKpyeTCcs YnpaBieHeM MCKOMaeMOon
SHepr MMHUCTEPCTBA SHEPTETUKU 11 KOOPAVHNPYETCS
KOHCOPLIMYMOM YHVBepcUTeTa 3anagHom BuprHmm v
YHunBepcuTeTa Wrata Orano. YHUBEPCUTETbI YIPaBaAoT
npoexkTamm NETL 11 OCyLLECTBISOT TEXHNHECKMA HAA30p.
[MporpaMma nccneaoBaHUin NepBoHa4asbHO Oblna
COCPEeaOTOHEHA Ha MOSIMIOHE MPOV3BOACTBEHHON MIOLLIGAKA
Northeast Natural Energy (NNE). Havano pabot B 2014 1.

OCHOBHOW LIENBIO UCCNea0BaHUM MO USYHEHNIO
HETPaOMLMOHHBLIX KOnekTopos Marcellus Shale
SIBSISIOCh: BbIABIEHME OMTUMASTIbHOTO PaCCTOSIHMA

MEX [y CKBaXKV/HaMM AN adhdeKTUBHOM J00bIUM ra3a,
COBEPLLEHCTBOBAHNE KOHCTPYKLMM 3aKaHY1BaHMA
CKB2XKVH, PaLMOHa/IbHOE pasMELLIEHME KNacTepOoB
nepdopauyn. NocneaHee HanpaBieHNe UCCAEO0BaHI
YPE3BbIYANHO BaXKHO HE TOMBKO AJ/19 3TOMO y4acTKka, T.K.
npv NPOBEOEHNM MHOFOCTaANNHBIX PaspbiBoB 50-60%
cTagun PN NprTOK yrneBoaopoaoB He 06ECNEYNBALOT.

www.rogtecmagazine.com

The main objective of Marcellus Shale’s unconventional
reservoir studies was to identify the optimum spacing
between wells for efficient gas production, improve well
completion design and placement of perforation clusters.
The latter direction of research is extremely important not
only for this area, because during multistage fracturing 50-
60% of the fracturing stages do not provide hydrocarbon
inflow.

At first, a variety of information on previously driled wells
was collected and analyzed. Logging and core sampling
were conducted in a special well. For monitoring of
hydraulic fracturing, the well was equipped with a set of
seismic receivers. Then two production wells 3H and 5H
were drilled.

When drilling the well 3H, 111 feet (~ 34 m) of 4-inch
diameter core was taken from the Marcellus reservoir

and more than 50 1.5-inch diameter rock samples were
taken using a sidewall coring tool. These 50 samples were
used for geochemical, microbiological and geomechanical
studies. A number of logging studies has been carried out
in the vertical and horizontal sections of the well including
gamma logging, borehole image with bedding sinusoids,
fracture density, minimum horizontal stress, cement bond
logging. The horizontal part of the borehole was equipped
with a fiber optic cable outside the casing for microseismic
monitoring and temperature measurements along the entire
length. In total, 26 planned stages of hydraulic fracturing
were performed.

It is stated (without details) that these studies allowed

to improve well completion design, minimize the impact

of rock inhomogeneity on fracture initiation, define the
optimum placement of perforation clusters in rocks with
similar mechanical properties, identify differences in
completion efficiency between different stages of hydraulic
fracturing and different placement of perforation clusters.
Access to the numerous wells drilled in Marcellus Shale has
enabled the rapid identification and implementation of new,
cost-effective technologies and scientific advances aimed
at increasing production and reducing environmental and
social impacts.

The results of operations at the testing area proved the

following:

e increased sand concentrations of 100 mesh (0.149 mm)
do not degrade reservoir performance as compared to
larger sand proppants;

e |ower perforation density and smaller hole sizes can be
used for each fracturing stage;

e lower perforation density and smaller hole sizes increase
the flow rate of the fracturing fluid, which, in turn,
increases the fracture pressure and fracturing efficiency;

e the improved completion design has allowed NNE to
increase the testing area reserves by 20%, bring old

ROGTEC | 61



| [Pl

CHavana 6blna cobpaHa 1 MpoaHaM3npoBaHa
pa3HoobpasHas MHopMaLWs Mo paHee NPoBYPEHHBLIM
ckBaxxMHaM. [ns cbopa aeTanbHbIX AaHHbIX O Heapax
1CMoNb30BaHa creuyiasibHas HayyHas HabnogarenbHas
CKB2XXMHa, B KOTOPOW MPOBEAEHbI re0hU3NHECKME
mcenenoBaHns 1 otobpaH kepH. C Lenbio MOHUTOPKYHIA
rMOpOPa3pPbIBOB CKBAXKMHY 0O0OPYA0Ba/IM HAOOPOM
CEeNCMOMNPUEMHIKOB. 3aTem Oblnn NpodypeHbl ABe
3KCMJyaTalUnoHHbIE CKBaXXMHBI 3H 11 5H.

[Mpu BypeHumn cka. 3H otobpann 111 dyT (~ 34 M)

KepHa guameTpoM 4 arorma 13 dhopmaumm Marcellus

1 6os1ee 50 0bpasLoB NMopodbl AvamMeTpoM 1,5 aronma
OOKOBbIM MPYHTOHOCOM. Ha nocnegHmx npoBoanInCh
reoxXVMNYeckmne, MMKPOoBMoNornyeckme

1 reoMexaHu4ecke ccnenoBaHvs. B BepTiKaibHOM

1 FOPU30OHTATBHOM YHaCTKax CKBaXKMHbI BbIMOJIHEH
KOMMNEKC reoU3NYECKNX UCCNEO0BaHUN, BKIKOUAOLLIAI,

B TOM YM1C/IE,raMMa KapoTaK,C1HYCOMaaTbHOE
HarnnacTtoBaHue, NIoTHOCTb TPELLWH, MUHUMaSTbHOE
FOPU30HTATBHOE HAMPSPKEHME, LIEMEHTOMETPWS.
"OpW30oHTasIbHYK YacTb CTBOJ1a 060PYA0BaSIM CHAPYXKN
06CcaaHOM KOMOHHbI BOSTOKOHHO-OMTUYECKM Kabenem ans
MUKPOCENCMNYECKOrOo MOHUTOPUHIA U TeMMNepaTypPHbIX
M3MEPEHMN MO BCEW OJIHE. 3aniaHMpoBav 1 MPOBEN 26
cTaguii rnapaBIMHECKOro
paspbiBa.

Y1BEpXKOAETCH

(6e3 peTannzauym),

YTO BbIMNOSHEHHbIE
1CCnenoBaHst MO3BOSN
YCOBEPLLIEHCTBOBATH
KOHCTPRYKLMIO
3aKaHYBAHUIA CKBAXKIH,
MVHAMN3MPOBATL BISHME
HEOHOPOOHOCTEN MopoL,
Ha VHMLMMPOBaHME TRELVH
pa3pbiBa, 0OOCHOBATH
pasMeLLIEHNE KITaCcTEPOB
nepdopaLym B nopogax co
CXOOHBIMU MEXaHNYECKVIMM
CBOVICTBaMM,BbISBUTb
paznnums B aheKTVBHOCTY 3aBEPLLEHVS MEXOY
pasnMyHbIMY CTaOUSIMI TMAPOPAa3PbIBa U PasMELLIEHNEM
KnacTtepos nepdopaumn. ocTyn K MHOMOY/CEHHbIM
CKBaXKMHaM, NpobyperHbIM B Marcellus Shale, no3soavn
ONepaTVBHO BbISIBNISITb 1 BHEOPSITb HOBbLIE, 9KOHOMUYECKM
3hEKTUBHBIE TEXHOIOMN U HAYHYHbIE JOCTVKEHS,
HanpaBneHHbIE Ha YBENMYEHNE O0ObIYM 1 CHUDKEHWE
3KOJIOTMHECKNX N COLMabHbIX MOCNEACTBUI.

PesynbTarbl paboT Ha MONUrOHe JoKa3au:

® MOBbILLEHHbIE KOHLIEHTpaLmK necka pasmepom 100
MeLll (0,149 MM) He yxyaLaroT 3KCr/lyaTauUoHHbIe
XapaKTEPUCTUKM N1acTa rno CpaBHEHMIO ¢ 6onee
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wells into the normal operation mode and use these
wells as best practices.

Another testing area is located in Reagan County, Texas.
High-quality 3D seismic surveys has been previously
performed at this area, a lot of vertical and horizontal
production wells have been drilled. This testing area has
the logging data and core samples obtained during drilling
vertical and horizontal wells. In addition, the results of
microseismic and microstrain measurements obtained
during hydraulic fracturing were collected for specific wells.

2 old vertical wells were re-commissioned and re-equipped
and 11 new wells were drilled. The length of each horizontal
well was ~ 10,000 feet (~ 3050 m). Six wells were drilled

in Upper Wolfcamp sediments and five wells in Middle
Wolfcamp sediments. The wells form a staggering pattern
at 660 feet (~ 200 meters) transversely and 450 feet (~ 137
meters) diagonally. The direction of horizontal wells is north-
south, presumably perpendicular to the direction of the
maximum horizontal stress of the rocks. Then a pilot vertical
well was drilled through Wolfcamp formation sediments.

Multistage hydraulic fracturing (over 400 stages in total)
was performed in all the horizontal wells. The proppant
was sand. Radioactive
and chemical tracers
were used for hydraulic
fracturing. Colored
proppant markers

were used in two wells.
Fracturing with variable
injection rate was tested.
During fracturing a
microseismic monitoring
was performed in each
well. The operations also
included logging, injection
tests to analyze fractures
and seismic studies
between three wells
before and after fracturing.

Then, a deviated well (81° angle) was drilled into the fracture
zone of two horizontal wells, where colored proppant markers
were used for hydraulic fracturing. A 4-inch full-hole core

was sampled from Upper Wolfcamp (437 feet - ~133 m) and
Middle Wolfcamp (158 feet - ~ 48 m) sediments. Sensors
were later installed in the well to monitor pressure changes
during production.

The entire core was studied in detail by specialists from
two universities and participating companies. There were
two main directions of development of natural fractures
cemented with calcite: north-east - south-west and
west, north-west - east, south-east. 11 faults have been
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KPYMHBIMY MeCHaHbIMY MPOMMaHTaMu;

° 19 KaXKOO0W CTaammn rMapopaspbiBa MOXKHO
CMOMb30BaTh MEHbLLIYIO MIOTHOCTL NepdopaLin 1
MeHbLLIE pa3Mepbl OTBEPCTUN;

® MeHbLLas MIOTHOCTL NepdopaLm 1 MeHbLLIVE Pa3Mepsbl
OTBEPCTUN YBENMHMBAKOT CKOPOCTb UCTEHEHVIS
XKUOKOCTW PaspblBa,|vTo,B CBOKO OYepedb, YBENUMBAET
OaBfeHVe pa3pbiBa 1 NoBbILaeT SPdPeKTUBHOCTL [ PIT;

® YCOBEPLUEHCTBOBAHHASA KOHCTPYKLMS 3aKaHYMBaHNS
nossosmna komnaHm NNE yBenumnTh 3anachkl yHactka
Ha 20%, BK/IOUYMTE CTapble CKBaXKVHbI B HOPMaUTbHbIN
pabo4nin MPOLIECC U OaNee NCMOMb30BaTh Kak Jyyllve
MPAaKTVKN B CBOEWN AEATESIbHOCTU.

[Lpyron nonuroH pacnonoxkeH B okpyre Reagan

wrata Texac. Ha yyactke paHee npoBogmnach
BbICOKOKAYECTBEHHAS TREXMEPHASA CENCMOPa3BEaKa,
NPOBYPEHO MHOXECTBO BEPTUKAbHbBIX 1 FOPU3OHTaSIbHbIX
SKCMyaTUPYEMbIX CKB2XKMH, UMEKOTCS AaHHbIE
reoU3NHECKUX NCCNENOBaHNI 1 PE3YIETATOB U3YYEHUS
KepHa, OTOBPaAHHOMO NP ByPEHUN BEPTUKATbHBIX 1
rOpPW30HTaIbHbIX CTBOI0B. [ONOAHUTENBHO MO OTAEbHbIM
CKBaXXMHaM Oblni COBpaHbl Pe3yNbTaTbl MUKPOCENCMUKIA U
N3MEPEHU MNKPOOEDOPMALIA, MOMYYEHHBIE B MPOLLECCE
rvaopopaspbiBa Nopomq,

Ha nonuroHe 6b11 peaHMMPOBaHbI 1 MEPEYKOMIMIIEKTOBaHDI
2 CTapble BEPTVIKA/TbHbIE CKBaXKWHbI 1 MPOBypeHb! 11

HOBbIX CKBEXXMH, MPOTHKEHHOCTE MOPUSOHTASTbHBIX

CTBOJIOB KOTOPbIX cocTasuna ~10000 cyT (~ 3050 M) B
Ka>KO0M 13 HX.LLIeCTb CKBaXKMH NPOBYPEHBI B OTIOXKEHNS
Upper Wolfcamp v nsamb CkBaxXMH B OTNOXeH1st Middle
Wolfcamp. PacnonoxkeHbl CKBaXKMHbI B LLIAXMATHOM
nopsiake Ha paccTosHun 660 dyT (~ 200 M) opyr OT gpyra

B nornepeyHoM HanpasneHm 1 450 gyt (~ 137 M) —no
aviaroHann. HanpaeneHme ropu3oHTasIbHbIX CTBOJIOB CEBEP-
tOr, MPEANONOMUTENBHO NMEPMNEHOVKYIFAPHO OpUeHTaLAM
MaKCHMaUTbHOrO FOPU3OHTASTBHOrO HaNpPsKeHWs Mopo[,
3ateM Npobypusiv MUNIOTHYHO BEPTUKASTbHYHO CKBEDKHY
yepes oTnoxkeHust hopmauyn Wolfcamp.

Bo BCex ropu3oHTasbHbIX CTBOSIaX MPOBEAEH
MHOrOCTaOUHbIN MTMAPABINYECKU Pa3pbiB NOPOL,
(06wnm komyecTBoMm cabille 400). MponnaHTOM CRyXXN
necok. [Npu I'PI ncnons3oBasivck pagmoaKTVBHbIE U
XUMUHECKMe Tpaccepbl. B aByx ckBaxkuHax npw Pl
NPUMEHEHBI LIBETHbIE MapKepbl NMponnaHTa. OnpobosaH
rMOpoPaspPbIB C MEPEMEHHOM CKOPOCTLIO 3aKauKMu.

B npouecce Pl npoBoanncs MNKpPOCENCMUHECKIAN
MOHUTOPUHI K&XXO0N CKBavKWHbI. BbINOHEHDI
reoOUsnHeCKme NCCNEA0BAHUA, VHXXEKLIMOHHBIE TECTbI
0151 AVAarHOCTUKW TRELLWH, CENCMNYECKNE UCCE0BaHNS
MexXay TPeEMS CKBaxKMHaMu o v nocne [P,

3aTem B 30HY TPELLMHOBATOCTU ABYX FOPU30OHTaTbHbBIX
CTBOSOB, Mpw Pl KOTOPbIX MCMONB30Ba/IN LIBETHbIE
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identified, all in Upper Wolfcamp sediments. More than 700
fractures were identified - natural fractures, fractures caused
by hydraulic fracturing, fractures caused by changes in
stress during core drilling and lifting as well as fractures
caused by milling of aluminum sampling barrels. The core
was analyzed with a 3D laser and then sawn into individual
pieces. The contents of the open fractures were sampled

in order to determine the filler, distribution and size of the
proppant particles.

Two tests were carried out: one to evaluate the interaction
of 11 horizontal wells and one to evaluate the interaction of
13 wells.

According to the data from operations at the testing area in
Reagan County, the main results are as follows [4-11,14]:

1. Hydraulic fracturing does not create a network of
multiple fractures (as it is usually presented). According
to J.Gale, who studied hundreds of core samples, «we
are not dealing with planar bi-winging things» [10].
Spread butterfly wings are implied. There’s only a single
fracture on one side of the well.

2. There is no evident hydraulic connection between
wells drilled on Upper Wolfcamp and Middle Wolfcamp
sediments.

3. The observed hydraulic connection between horizontal
wells in the same sediments indicates that the distance
between wells is too short for previously approved
completion design, especially for Middle Wolfcamp
sediments. Choosing the right well spacing and
completion design will reduce the number of wells required.

4. The height of fractures filled with proppant that will
most likely be the channel for hydrocarbons did not
exceed 30 feet (~9 m). At the same time, the fracture
heights calculated using microseismic data are
significantly overestimated: these heights range from
550 feet (~168 m) to 1,100 feet (~335 m); the average
fracture height for 11 wells is 830 feet (~253 m).

5. At the same time, microseismic data show no growth of
fractures down from the lower wall of the horizontal
bore, i.e. fracturing does not create hydraulic connection
between oil-bearing and water-bearing parts of the
reservoir.

6. The highest density of fractures is observed in the core
sections closest to the wells with hydraulic fracturing.

7. The observed proppant distribution in the fractures is
sporadic: some fractures with high density of proppant,
some fractures without proppant. The vast majority of
the fractures identified by researchers as fractures
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MapKepbl NponnaHTa,bbina NpobypeHa HakNoHHas
non 81° ckBaxkmHa. B Heln oTo6paH CnoLLHOW KepH
anameTpoMm 4 aronma na otnoxerHuin Upper Wolfcamp
(437 dyT - ~133 M) 1 Middle Wolfcamp (158 dyT - ~
48 M). [No3>Ke B CKBXKWNHY YCTAHOBWAM AATYMKM ONd
HabtoAeHVIS 32 N3MEHEHMEM [aB/ieHNs BO BPEMS
0o6bI4N.

Becb kepH NoapobHo n3yyeH creuyianmcTamm

OBYX YHVBEPCUTETOB U KOMMaHWUN-COYYaCTHNKOB

npoeKTa. YCTaHOB/EHbI B OCHOBHbIX HaMpaBIeHNs
[Pa3BUTNA eCTECTBEHHbIX TPELWH, CUEMEHTNPOBaHHBLIX
KasbLIMTOM:CEBEPO-BOCTOK — tOro-3arap, 1 3anap,ceBepo-
3anaf, — BOCTOK,HOro-BoCTOK. aeHTndnumposaHs! 11
cbpocos,sce B oTNoxeHusx Upper Wolfcamp.OnpegeneHo
6onee 700 TPELLVH (ECTECTBEHHbIX, MMAPOPAa3PbIBA,
0BYCNOBNEHHbIX N3MEHEHMEM HaMPSXKEHVIS! MW
BbIOYPUBaHUN 1 MOObEME KepHa, a TakKe BbI3BaHHbIX
dpe3epoBaHEM asIFOMUHMEBBIX KEPHOMPUEMHIMKOB). KepH
OblN NPOcKaHMpoBaH 3D NasepoM 1 3aTeM pacnmnieH

Ha oTaesbHbIe KYCKU. /13 OTKPbITbIX TPELLWH 0Tobpasu

MX COOEPXKNMOE C LIeSbio OnpeaeneHns 3anosiHUTens,
pacnpeneneHns 1 pa3mepoB YacTuL, MponnaHTa.

BbinonHeHbl ABa TecTa: No oLeHKke B3aumoaenctama 11
FOPU30HTaSTbHbIX CKBEXKMH 1 MO OLIEHKE B3aMMOOENCTBMS
13 CKBaXKUH.

Mo oaHHbIM PaboT, MPOBEAEHHBIX Ha MOJIMFOHE B
okpyre Reagan, OCHOBHble pe3ysibTaTbl 3aK/I4a0TCA B
cnepytollem [4-11,14] :

1. TnopaBAMHECKU PaspbiB MOPOA He CO3AAET
CETb MHOIOUMCIEHHbBIX TPELLUMH (KaK 3TO 0ObI4HO
npegcTasnsatoT). 1o 3aasneHno J.Gale, nayuvBLuen
COTHM 0BPasLIOB KEPHA, «Mbl HE UMEEM [0 C
MAOCKMM KpblbsiMn» {we are not dealing with planar
bi-wing things} [10]. MNoapa3ymesatoTcs
pacnpaB/eHHbIE KPblbs Baboukn. PassmBaeTca
€0VHCTBEHHas TPELLWHA MO OHY CTOPOHY OT CKBaXKMHbI.

2. Mexay CKBaXXMHaMU, NPOBYPEHHBIMU Ha OT/IOXKEHWS
Upper Wolfcamp 1 Middle Wolfcamp, o4veBnaHas
ryapaBnMyeckas B3anMoCBsA3b HEe OTMeYeHa.

3. HabnopaBlasics rmapaBnMyeckas B3aMOCBA3b
MEXX[y FOPU30HTaSTbHbIMI CTBOSIAMW B OHNX U TEX
»KE OT/TIOKEHMISAX YKa3bIBAET Ha TO, UTO PaCCTOsHME
MeXXy CKBEDKMHaMM CIIMLLKOM MaJU1o 151 MPUHATON
KOHCTPYKUMN VX 3aKaH4Y1BaHKs, 0COBEHHO A5
otnoxxeHuin Middle Wolfcamp. NpaBunbHbIM BIGOP
PACCTOAHUS MEXOY CKBXKMHAMU 1 KOHCTPYKLUMM
3aKaH4MBaHSt MOMOXET CHU3UTB YMCIIO CKBEXKMH.

4. BbicoTa TPeLVH pa3pbiBa, 3an0SIHEHHbIX
NPONMaHTOM W, Hanbonee BEPOATHO, PUMBTPYHOLLINX
yrnesoaopodp!,He npesbiwana 30 dyT (~ 9 M).
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caused by hydraulic fracturing are characterized by very
low openness. Only three fractures filled with proppant
with 5-10 mm openness were found, and all of these
fractures belong to Upper Wolfcamp deposits. At the
same time, it was found that there is much more
proppant in the Middle Wolfcamp core than in the Upper
Wolfcamp core. Although the fracture zone in the Middle
Wolfcamp was farther from the deviated well than the
Upper Wolfcamp fracture zone.

8. The sand grains sampled from the fractures were very
fine. Most of them were 1/2 to 1/3 of the grain size
passing through a 100-mesh screen. Three slugs
of proppant with high volumes of larger grains were an
exception.

9. Sporadic distribution of proppant correlates with rapidly
decreasing rate of hydrocarbon production.

10.0ne well with variable fracturing fluid injection rate
provided an average 20% increase in production as
compared to the nearest 4 wells where the fracturing
was performed at constant pump pressure. The
increase was observed not only immediately after the
fracturing but also in total production after 24 months.

11.The industry trend to increase the length of horizontal
wells, the volume of injected proppant and perforation
density leads to a significant increase in short-term
production, but not to the optimal well design in terms
of NPV - net present value.

12. The head of the $25 million federal grant for operations
at the testing area in Texas stated that «The «incredible
complexity» observed was «far beyond what current
simulations can model and predict» [10].

Fracturing Pressure Calculation

Fracturing pressure can be calculated with a different
method from the one used in stimulators. This method

is based on the following. Drilling of a well results in the
disturbance of the initial stress state formed in the rocks
before drilling. For an empty cylindrical well, the new stress
state is described in the long-known equations:

0,=0,,-2v(0,-0,)r 2/ cos2¢ 1),
o, =0,5(0, +0) (1-r,2?) + 0,5(0, - 0,) (1-4 1 2/r? + 31 /rY) cos2p  (2),
0,=0,5(0, +0,) (1+1.2r?) -0,5(0, - o) (1 + 3 r,*/r*) cos2d @),
where:

O, » 0, , 0, - Initial vertical, minimum and maximum
horizontal stresses, respectively;

o,, 0, , O, - new vertical, radial, tangential stresses,
respectively;

v - Poisson’s coefficient;

r, - radius of the well;
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Torga Kak BbicoTa TPELUWIH, OLIEHEHHASA Mo
MaTtepuasiaMm MUKPOCENCMUKI, CYLLIECTBEHHO
3aBblLLeHa: BapbupyeT oT 550 dyT (~ 168 M) oo 1100
dyT (~ 335 M); cpeaHee no 11 cka. - 830 dyT (~ 253 m).

5. OpHOBpPEMEHHO MaTepuasibl MAKPOCENCMUKIA
CBUOETENBCTBYIOT 06 OTCYTCTBUM POCTa TPELLMH
BHM3 OT HUXKHErO OCHOBAHWS MOPU30HTaIbHOMO
CTBOJ1, T.6. MapaBNHECcKas CBA3b MEXY
HeTEHOCHOW 1 BOOOHOCHOW YaCTsAMK 3aU1EXKN
Bcneactaume [Pl He obpasyeTcs.

6. TpelwHbl pa3pbiBa Hanboiee PacnpPOCTPaHEHDI B
CEeKLIMSIX KepHa, BavKanLLIMX K CKBavkMHam ¢ TPT.

7. Habniogaemoe pacnpeneneHne nponnaHTa B

TPELLMHAX Cropagnyeckoe: e To rycTo, rae-To MycTo.

MopasnstoLLee 60MbLUNMHCTBO TPELUWH, BblAENEHHbIX
ncenenoBartensaMm B Ka4eCTBe TPELLMH pas3pbiBa,
XapaKTEePU3YOTCH OYEHb HU3KOM PACKPbITOCTHIO.
OBHapy>KeHbI TONBKO TPY TRELLMHBLI PACKPbITOCTHIO
5-10 MM 3aM0STHEHHbBIE MPOMMAaHTOM U BCE OHU
oTHOCATCH K oTNoXeHusam Upper Wolfcamp.
OOHOBPEMEHHO YCTAHOBJIEHO, YTO B KEPHE 13
oTnoxxeHnn Middle Wolfcamp nponnaHTta ropasno
6onblue, Yem B kepHe 13 Upper Wolfcamp. XoTta

3oHa [Pl B Middle Wolfcamp Haxogunach ganblie oT
HaKJTOHHOM CKBavKWHbI,YeM 3oHa [P B Upper Wolfcamp.

8. TlecumHKn, oTobpaHHble 13 NpeanoaraeMbIx TPELLMH
paspbiBa, Dbl 04EHb MENKUMK. BONBLLIMHCTBO 13
HUX cocTaenanm 1/2 - 1/3 pa3vepa 3epHa,
npoxopgero Yyepes cuto 100 mMeLw. VickrodeHmnem
SABNSSIMCh TPW NakeTa NponnaHTa ¢ 60bLUIMM
KOJIMHECTBOM B01EE KPYMHBIX 3EPEH.

9. Cniopaguyeckoe pacrnpenesieHne nponnaHTa
KOPPEMPYET C BbICTPO CH/KAKOLLMMCS TEMIMOM
oT6opa Yrneeoaopoaos.

10. CkBarkmHa,B koTOpOM P NpOoBEAEH C MEPEMEHHOW
CKOPOCTBHO 3aKayku XXNOKOCTW paspbiBa, Aana
B cpeaHeM 20% npupoCT A06bI4M MO CPaBHEHMIO
C GVPKanLLINMM 4-Ms CKBaDKHAMI,B KOTOPbIX [Pl
MPOBOOMIICS MPY MOCTOSIHHOM AaB/IEHNM HACOCOB.
MprpocT HabtdANCSA He TOIbKO cpasy nocse
NPOBEAEHNS MOPOPa3PbIBA,HO 1 B CyMMapHO
n06bI4e Yepes 24 Mecsaua.

11. OTpacneBas TEHAEHUMS K YBESTMHEHWIIO
MPOTSKEHHOCTU FOPU3OHTAIBHBIX CTBOJIOB,POCTY
06BbEMA 3aKAYMBAEMOTO MPOMMAHTA, YIJIOTHEHIO CETKU
nepdopaLn NPUBOOUT K 3HAYUTENBHOMY YBEIMYEHNIO
KPaTKOCPOYHOM [OObIMM; HO HE OMTUMASTBHOMY AM3aHY
CKBaXKMHbI C TOYKM 3peHnsd NPV — vucTtoi
NpVBEOEHHOW CTOUMOCTU.
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r - current radius;
® - vectorial angle.

For further calculation the tangential stress on the well walls
is of the greatest practical use. Provided r = :

0,=0, +0,-2(0, - 0,) cos2¢p (4).

If the horizontal stresses are equal (o1 = 62) and the
vectoral angle in the horizontal plane changes from 0°

to 90°, the tangential stress is o, = 20, =20,. Thus, in an
empty vertical borehole, tangential stress compresses
rocks on the borehole contour with a force equal to twice
the value of initial horizontal stress (stress concentration
coefficient Kcon = 2). For the horizontal well, the initial
vertical stress is used instead of the initial horizontal stress.

Filing the well with flushing fluid is equivalent to partial
recovery of the initial stress state of rocks and reducing the
compressive effect of tangential stress. Mathematically, this
is recorded by the equation:

0, = [0,+0, - 2(0,-0,) cos2¢] - P, (),

where P__, - the solution pressure in the well at the
calculation depth.

During hydraulic fracturing the pressure in the well increases
up to the moment of fracture initiation. In terms of the
previous reasoning, the fracture development occurs in
two stages: neutralization of o, and then exceeding the tensile
strength limit of the rock (fracturing). When the bottomhole
pressure P__ is equal to the value of the term in square
brackets of the equation (5) and equal to 20, =20, the
impact of tangential stress will be neutralized. In other
words, at this moment the stress state of the rocks that
existed before the well drilling will be restored. Further
increase of the injection pressure of the frac fluid will be
used to exceed the tensile strength limit of the rock. The
sign will switch, and tangential stress will change from
compressive stress to tensile stress. Since the tensile
strength limits of the rock fracturing are significantly lower
than compressive strength limits, the further increase

in bottomhole pressure up to a fracturing fracture (P, )

is insignificant as compared to bottomhole pressure
neutralizing the compressive effect of the tangential stress.

Once the rock is fractured, the bottomhole pressure will
decrease. This is because after the fracture is developed,
further support for its opening requires less effort than

for the fracture itself. That is, the pressure to support the
fracture in the open state and to push it deep into the rock
Py, > K, ® 0,- When the pumps stop and the injection

of the frac fluid stops, the rock will tend to restore to the
original state (before fracturing) and close the fracture.
Fracture closure pressure P =~ K ® 0,. This equation
provides estimation of o,. Fig.1 illustrates the calculation of
P

frac’ © sup’ * close”
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60 —
50 —
___Ppas - Pfrac
40 HKT - Tubing

KoHu,. - Concentration

DaeneHune, MlMa - Pressure, MPa

KoHLeHTpauus B nnacTe

Concentration in reservoir _ 1200

400

KoHueHTpauus, kr/m?
Concentration, kg/m?

I
20

Mopgaya, M3/MuH - Injection, m%/min

30 40

Bpems, MuH - Time, min

Puc.1: MNpumep pernctpaummy npoLecca rmapaBaMy4eckoro paspbisa niacta

Fig. 1: The example of monitoring of hydraulic fracturing

12. PykoBogutenb denoepanbHOro rpaHta pabot
Ha MoSMroHe B wtaTe Texac cToumMocTbto $25 miH
3as9BW/, YTO «HabtoJaemMas C/IOKHOCTb HaXOQUTCS
Janexko 3a npegenamMm Toro, YTo MOryT MOAEMPOBaTb
1 NpeackasaTh CyLECTBYOLLME cuMyaaTopbl» [10].

OueHKa gaBneHus paspbiBa

[aBneHne paspbiBa MOXXHO pacCHUTaTb CrIOCOOOM,
OT/IMYaIOLLIMMCS OT MPUMEHSIEMOrO B CTUMYISITOpaXx

1 OCHOBaHHOMO Ha credytoLLemM. BypeHne CKBaXKMHb!
MPVBOOUT K HAPYLLIEHWIO HAYaUTbHOTO HaMPSPKEHHOIO
COCTOSIHMS, C/TOXXMBLLErOCS B MOPOAax A0 Hadana
Oypenus. g nycTon UMmMHAPUYECKON BbIPabOoTKM
HOBOE Hanps»kEHHOE COCTOSIHME OMMCBIBAETCS AABHO
N3BECTHLIMM YPaBHEHNSIMIA

0,=0,, - 2V (0, - ) r.*/r* cos2¢ (1

)
0, =05(0, +0) (1-r 2?3+ 05(0, - 0,) (1-4r.%/r? +3r YY) cos2p  (2),

0,=0,5(0, +0,) (1+r2/r?) - 0,5(0, - 0,) (1 + 3 /r*) cos2¢ 3),
roe

Opep » 0 » O, — Ha4a/bHbIE BEPTUKA/IBHOE,
MUHNMAsIbHOE 1 MaKCUMaIbHOE FOPUSOHTaIbHOE
HaMPSPKEHNS1, COOTBETCTBEHHO;

0,,0,, 0, - HOBble BEPTVKasIbHOE, PaamasibHoE,
TaHreHuUMabHOe HanpPsPKEHNs!, COOTBETCTBEHHO;
V — KOS(hnLUMEHT [yacCcoHa;

r— pa,EI,I/IyCVCKBaN(I/IHbI;

r — TEKYLUMM paanyc;

® — NOASPHbBIA Yron.

s panbHenLwero HanbobLLUMIA NPaKTUHECKUI MHTEPEC
NPenCTaBNSAET TaHreHLMAIbHOE HANMPSKEHNE HA CTEHKaX
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Verification of the above described approach was carried
out based on the data of rock fracturing in two reservoirs (A
and B). In both reservoirs, the oil-bearing layer was composed
of sandstones. Depth of reservoir A: -(2775+2885) m. Depth
of reservoir B: -(2870+2920) m. The graph of pressure
change during hydraulic fracturing provided the values of

Prao Psup, P+ AS the values were recorded at the wellhead
in all wells, the pressure of the fluid column in the well from the
wellhead to the hydraulic fracturing interval was considered
additionally. After evaluation of the minimum horizontal stress,
the difference between P, _and 20, was taken as the tensile
strength lmit o

tensile”

Then simple averages were calculated:

- reservoir A (114 fracturing stages) - P, . = 47.3 MPa;
Opeie = 8-4 MPa; 0, = 22.24 MPa;

- reservoir B (34 fracturing stages) - P, . = 49,92 MPa;
O = 7,0 MPa; 0, = 23,26 MPa.

Following the above logic (P, = 201 + 0, ) the

calculated average fracture pressure for reservoir A is
52.88 MPa and for reservoir B - 53.52 MPa. Comparison
of the calculations with the actual data showed that for
sandstones of reservoir A most often the fracture pressure
is within the range 51-54 MPa, for sandstones of reservoir
B - within the range 52-55 MPa. The proposed approach
can be applied without the use of fracturing simulators.

Fracture Density

The main purpose of hydraulic fracturing, as mentioned
earlier, is to create a system of fractures in the rock. What
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CKBaXKMHbI, T.€. MPW YCIIOBUN T =1

0,=0, +0,-2(0, - 0,) Cos2¢ (4).

[Npwv paBEHCTBE rOPVBOHTASTbHbBIX HAMPSKEHWI (O, = 0 ) 1
N3MEHEHWM MOJSISPHOMO Yriia B rOPU30HTasIbHOM MIOCKOCTM
ot 0° 0o 90° TaHreHiaibHoe HanpsbkeHve o = 20, =20,.
TakrM 06pa3om,B MyCTON BEPTUKATbHOM CKBaKMHE
TaHreHUMaIbHOE HanpPsyKEHNE CXMMaET Nopodbl Ha
KOHTYPE CKBaXKWHbI YCUSIMEM, PaBHbIM YABOEHHOMY
3HAYEHNIO HAYaUTbHOTO FOPU3OHTASTBHOMO HAMPSYKEHNS
(KO3 DMLMEHT KOHLIEHTPaLMN HanpsxeHnia K | = 2).

[Nst ropr30oHTaNbHOWM CKBaXKMHbBI BMECTO Ha4asIbHOro
FOPU3OHTA/TBHOrO HAMPSPKEHWIS! CMOMb3YETCSt HaYalbHOE
BEPTUKa/IbHOE HaMpshKeHue.

3anoiHeHNe CKBaXKMHbI MPOMBIBOYHOM YKOKOCTLIO
SKBMBAIEHTHO YaCTUYHOMY BOCCTAHOBIEHMIO
NepPBOHAYaIEHOMO HAMPSKEHHOrO COCTOAHMA NMoPOoL, U
CHIDKEHMIO CXKMMAIOLLIErO AeNCTBNS TaHreHUMaTbHOMO
HanpsbxkeHusl. MaTeMaTieck 3TO 3anmncbiBasTCs
yPaBHEHMEM:

o, =[0,+0, - 2(0,-0,) cos2¢] - P (),

roe P - nasrieHve pacTBopa B CKBaXKVHE Ha ryorHe
pac4yéTa.

Mpv NpoBeaeHUN rapopaspbiBa NOPOL, AaBNeHE B
CKBaXKMHE MOBLILLAETCS 40 MOMEHTa 06pa30oBaHNS
TPeLWHbI pa3pbiBa. C TOYKM 3peHus npeablayLvx
paccy»xaeHnin 06pasoBaHe TPELLMHbI pa3pbiBa
NPOVICXOOWT B [iBa dTana: HemTpanmaaums o, 1 3arem
MPEBbILLEHME NMpeaeia MPOYHOCTY NMOPOL, Ha PaCTsKEHME
(paspbiB). Koraa 3abonHoe nasnexve P_ . cpaBHaeTcs

Mo BEIMYNHE CO CraraeMbiM, CTOSILLIMM B KBaapaTHbIX
CKOOKax ypaBHeHVs (5) 1 paBHbIM 20, =20,, BO3OENCTBIME
TaHreHUMaIbHOrO HaNPshKeHWs OyaeT HEMTPaIN30BaHO.
IHay4e roBopsi, B 3TOT MOMEHT ByAEeT BOCCTaHOB/IEHO
HanpsXXEHHOEe COCTOSHE MOPO/, CYLLIECTBOBABLLEE

00 BypeHnst CKBaxKUHbI. [anbHenLuee yBemyeHne
OABJIEHVS 3aKaYKM XKMOKOCTU pa3pbiea OyOeT HanpasieHo
Ha Npeono/ieHNe Npeaesaa NPOYHOCTM MOPOAb! Ha
pacTskeHue. [Mpon3onaéT CMeHa 3HaKa U TaHreHUMaIbHOe
HanpsKeHne BMECTO CXKUMAOLLIErO CTaHET
PacTArMBatOLLVM. Tak Kak Mpefesbl IPOYHOCTY MOpOoS,

Ha pa3pblB 3aMETHO MEHbLLIE MPEAENOB UX MPOYHOCTA

Ha cxatne, TO Oa/TbHENLLNA POCT 3ab0MHOMO OaBEHVS
00 06pa3oBaHNs TPELLVHBI pa3pbiBa (Ppas) He3HauTENEH
OTHOCUTESIbHO 3aD0OMHOMO AaBNEHMIS, HENTPAU3YHOLLIETO
OXMMaKoLLEe AEVCTBNE TaHrEHUMAIbHOMO HaNPsXKeHs.

Kak Tonbko nopoga OyaeT pa3opBaHa,3abonHoe
OaBNEHME CHUUTCS. DTO MPOUCXOOUT NOTOMY, YTO

nocne 0bpazoBaHMs TPELLWHBI Aa/IbHENLIAs NoaaepKKa
€€ PaCKpPbITOV TPEBYET MEHBLLINX YCUWIA, YEM ON15
06pas3oBaHNst cCaMon TPELLUMHDL.T.e. JaBneHne noaaep»Kkim
TPELLWHbI pa3pbiBa B PACKPbITOM COCTOSHNM 1 €€
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is needed to know about fractures in this case? Direction,
openness, length and height. Fracturing simulators are
used to calculate fracture openness and length. There is
no verification of these calculations so far. In some cases,
passive seismic monitoring provides an idea of the fracture
direction [1]. In the beginning of hydraulic fracturing, seismic
waves are observed on both sides of the well, but with
further injection of the fracturing fluid — seismic waves are
observed only in one direction. In our opinion, this result
indicates the initialization of fractures symmetrically about
the axis of the well, but only one fracture develops further
(similarly to laboratory experiments). Passive seismic
monitoring technology increases the cost of hydraulic
fracturing. This technology is not widely spread.

The paper [3] «...provides an overview and systematization
of the main widely used hydraulic fracturing simulation
methods, features, areas of application and key
assumptions». Notably, the authors attribute the

further development of hydraulic fracturing simulators

to the complication of the hydrodynamic model for
multicomponent fluid and taking into account porous and
elastic effects. Not a single word about fracturing design.

Summary and Main Conclusions

So, what do we actually know about fracturing? We know
only what’s shown in Figure 1 and similar simulations.

To what extent do the results coincide with the simulator
calculations? There is no info as companies don’t publish
such information. The reasoning about the created fracture
and corresponding illustrations reflect purely theoretic ideas
of the authors.

Based on the results obtained during laboratory and field
experiments and taking into account some theoretical
solutions, it is possible to formulate the main conclusions
useful for practice:

e when the rock fracturing pressure is reached, two
fractures are initiated symmetrically about the axes of the
well, but only one fracture develops deep into the rock (in
this regard the term «fracture half-length» is nonsense);

e the fracture plane is parallel to the axis of the vertical
wellbore and perpendicular to the axis of the horizontal
wellbore;

e regardless of the direction of the wellbore, the
fracture propagates along the path of least resistance
- perpendicular to the direction of the minimum horizontal
stress;

e proppant distribution in the fracture is sporadic, which
correlates with the rapidly decreasing hydrocarbon
production rate;

e natural fractures in the rock do not affect either the
development of the fracture or its growth deep in the rock;

¢ in multistage fracturing, at least 50% of the hydrocarbon
fracture stages will not produce hydrocarbons;

¢ the results of microseismic studies significantly

ROGTEC |67



| [Pl

MPOABVIKEHMS BrlyOb Maccysa nopof P > K e o..
B MOMEHT OCTaHOBKYV HAaCOCOB 1 MPEKPALLEHNS 3aKaqKm
XKNOKOCTU paspbiBa nopofa OyaeT CTPeMUTLCA K
BOCCTaHOB/1EHMIO MEPBOHAYAIIBHOTO COCTOSHIIA (A0
paspbiBa) 1 3aKPbLITUIO TPELLWHbI Paspbiea. [asneHre
3aKpbITVA TPeLLWHbI paspeiBa P~ K e o,. Otciona
MOXXHO OLIeHWTb 0. Prc.1 nimocTprpyeT onpeaesneHvie

P P P
noa

pa3’ 3aK’

[MpoBepka N3NOXEHHOrO NOAXOAa NPOBeAeHa MO AaHHbBIM
rOpoPaspPbIBOB NOPO Ha AByx 3anexax (A n b). B obeunx
3a/1eXKax HeYTEHOCHBIN MIACT CMOXKEH NECHAHNKaMN.
nybuHa 3aneranvis (- 2775 + -2885 M) B 3aniexu A u
(-2870 = -2920 M) B 3aniexu b. C KprBo U3MeHEHUS
nasneHns B npoLecce P cuntbiBaNMCb BEMMHMHDI Ppag,
Pnoﬂ, P . TaK Kak per1cTpaLyisi okasaHuii BO BCEX CIlyqasix
MPOBOOWIACH HA YCTHE CKBEXKVIH,TO OOMOHUTETBHO
YYUTLIBASIOCH A@B/IEHNE CTONOA XXNAKOCTU B CKBXKUHE

OT YCTbs 00 NHTepBana nposefeHus [PI. MNocne ougHkn
MUHUMaUTBHOMO FOPU30HTAUTBHOMO HAMPSPKEHNS PagHLIa
mMexay P .7 20, NpyHMMaiach 3a Mpeaes NPoYHOCTY Ha
pacTshkeHe o,

cT’

3atem BbInn paccumTaHbl CpeaHeapUdOMETUYECKNE
3HAYEHNS, KOTOPbIE COCTaBUN:

-3anexe A (114 TPM) - P =473 Mlla; o, =8,4 Mla; o,
= 22,24 Mla;

- 3a1exXb b (34 TPM) - P =49,92MMa; o, =7,0 Mla;
o, = 23,26 Mla.

Crefyst BblLLEM3MOMXEHHOW JIOMVIKe (Ppas =20, + opaCT)
pacyETHOE CpeaHee NasrieHre paspbiBa 415 3a/1exm A
paBHO 52,88 MIMa n ans 3anexm b — 53,52 MlMa.CpasHeHne
PacHETOB C (haKTUHECKUMM OaHHBIMIM MOKa3au10,4TO /14
MeCHaHNKOB 3aJ1eXXM A Yallle BCEro AaBJieHvie paspbiBa
HaxoauTcs B avanasoHe 51-54 MlMa, ans necHaHkoB
3anexm b — B aranasoHe 52-55 Ml a. [Npennaraemblin

noaxop, npyieMniem 6e3 UCnob30BaHNs CUMyTopoB [PI.

TpeLLl,I/IHOBaTOCTb

["naBHOE NpeaHa3HaqeHe MOPaBINHECKOrO pPa3pbiBa
nracTa, kak 06 3TOM YNMOMUHaITIOCh pPaHee, co3aaHne
CUCTEMBI TPELLWHOBATOCTU B MacCuBE MOPHBIX MOPOA,.
Y10 HEOBXOAMMO B 3TOM Clydae 3HaTb O TPeLUMHax? VIx
HanpaB/ieHME, PACKPbITOCTb,MPOTSKEHHOCTb, BbICOTY.

B pamkax nporpamm cvmynatopos [P paccumTeiBaroT
PaCKPLITOCTb M MPOTSPKEHHOCTb TPELLWHBI Pa3pbiBa.
MoATBEPXOAEMOCTL NMOA0OHbBIX PACHETOB C peaivsiMi A0
CUX MOP OTCYTCTBYET. B 0TAeNbHbIX CyHasx MacCUBHbIN
CENCMNYECKMN MOHUTOPWHI OaéT NpeacTaBneHne O
HanpaBIeHM TPELLWHBI padpbiBa [1]. XapakTepHo,4To B
Havase MapopaspbiBa UCTOHHUKM CENCMOSMUCCYIOHHOMO
N3My4eHNsT OUKCUPYIOTCS MO 0BE CTOPOHbI CKBEXKMHI,B
KOTOPOW BbINOMHAOT [PI1, HO NP Aa/bHENLLIEN 3aKaqKM
YKNOKOCTU PaspbIiBa — TOSIBKO B KaKyk-TO OOHY CTOPOHY.
Takow pesynsTar, No HalLeMy MHEHIO,YKa3bIBaeT Ha
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overestimate the height of the fracture;

e high fracturing efficiency is possible with reduced
perforation density, reduced perforation holes size,
application of variable fracturing fluid injection rate;

e none of the applied hydraulic fracturing simulators reflect
the real design of fracture fractures, i.e. the simulators do
not solve the main task of hydraulic fracturing.
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VHALMETI3ALMIKO TPELLWH PaspbiBa CUMMETPUHHO OCK
CKBaXKVHbI, HO pasB/TVE MOJTyHaET TOSIBKO OfHA TRELLMHA
(aHanorvs ¢ nabopaTopHbIMK SKCIEPUMEHTaMM). TEXHOMOMS
MAaCCUBHOMO CENCMMHECKOrO MOHUTOPVHI YBENNYNBAET
pacxodp! Ha nposenerve Pl 1 MaccoBOro NMPUMEHEHUS A1
NPaKTVKA He Mosty4nsa.

B paborte [3] «...nprBeneHbl 0630p 1 cuctemaT3aums
OCHOBHbIX LLMPOKO 1CMOSb3YEMbIX METOOOB MOAEIMPOBAHNS
P, nx ocobeHHocTen, obnacTel MPUMEHEHV U KITOYEBBIX
NPEONONOXKEHWN». XapakTepHO, YTO Aa/bHeNLLee
Hanpa.fieHme passuTUa moaenen [Pl aBTopbl CBA3LIBAOT

C YCIOXHEHVEM MAPOAVHAMNYECKOM MOAEM 0714
MHOMOKOMMOHEHTHOW XXMAKOCTW 1 C YHETOM MOPOYNpYrX
athdexToB. O an3aiHe TPELLWMHOBATOCTU HU €ONHOMO C/0BA.

tor n ocHOoBHbIe BbIBOObI

Tak YTO (haKTU4ECKM HaM U3BECTHO O MMApPOPa3PbIBe?
TOMBKO TO,4TO NOKa3aHO Ha PrC. 1 1 aHaIOrMYHbIX EMy.

B kakoln cTeneHn nonyyeHHble peadynbTarbl CoBNagatoT

C JaHHBIMM PACHETOB B paMKax CUMYIITOPOB?
Hen3BecTHO, Tak Kak KOMMaHWn Takue CBeAeHNS He
NyGMKyrOT. Paccy»xaeHns 0 CO3AaHHOW TPELMHOBATOCTA
B MaccyBe Nopof, 1 COOTBETCTBYHOLLIME WMKOCTPALMN
OTpaxKatoT Cyrybo yMO3pUTESIbHbIE MPEOCTABIEHNS X
aBTOPOB.

Ha ocHOBE pesybTaToB, NOSTyHeHHbIX NPV MPOBEAEHNM

N1abopaToOPHbIX 1 MONEBLIX SKCMEPUMEHTOB U C

YHYETOM HEKOTOPbBIX TEOPETUHECKIX PELLEHWA, MOXXHO

CHOPMYNNPOBaTL OCHOBHbIE BbIBOAb!,MOSIE3HbIE A5

MPaKTUKK:

® Mpuv OOCTVKEHNW OABAEHNS paspbiBa NOPOab!
NHALIMPYIOTCS ABE TPELIMHBI, CUMMETPUYHBIE OCU
CKBaXKVHbI, HO Br/1yOb MaccyBa npoaBuraeTcs TOSbKO
OfHa N3 H1X (B STOW CBA3M MPUMEHEHME TEPMMHA
«MOJTYOJIMHA TPELUMHBI» - HOHCEHC);

® MJIOCKOCTb TPRELLUMHbI pa3pbiBa NapasiiesibHa ocK
BEPTUKAIBLHOIO CTBOJ1A U NEPNEHOVKYISpHA OCK
FOPU3OHTa/TBHOIO CTBOS1A;

® HE3aBMCKMO OT HampaB/ieHVs CTBOA TPeLUMHA padpbiBa
PacnpoCTPaHAETCA MO MyTU HAUMEHBLLErO
COMPOTUBNEHWS - MEPMEHAVKYIFAPHO HaMpaBIeHNIO
OENCTBUSA MUHVMAIbHOMO FOPUSOHTaSTbHOIO
HaNPsSXKEHNS;

® pacnpefesieHne NponnaHTa B TPELLVHE
Cropagm4ecKoe, YTo KOPPesMpyeT C ObICTPO
CHWKAIOLLMCHA TEMMOM OTOOpa YrNeBo4OPON0B;

® eCTECTBEHHas TPELLMHA B MOPOAE HE OKa3blBaeT
B/NSIHNS H HAa 06pa30BaHVie TPELLMHbBI Pa3pbiBa, HX Ha
e€ pocCT Brybb MaccyBa nopos;

* Mpy NPoBeAEHNM MHOrocTaamiHbIx [Pl He meHee 50%
CTafuii paspbiBa YriieBOAOPOLAb! HE MPOAYLMPYIOT;

® pesy/bTaTbl MUKPOCENCMUNYECKMX UCCIIE00BaHNN
CYLLECTBEHHO 3aBbILLAKOT BbICOTY TPELLMHbI pa3pbisa
nopos;

www.rogtecmagazine.com

® yBennyeHne s MEKTUBHOCTY MMApopaspbiBa BO3MOXHO
NPV YMEHbLLIEHW MAOTHOCTY NepdopaLin,yMEHbLIEHNN
pa3mepa OTBEPCTUN, MPUMEHEHN NEPEMEHHOM
CKOPOCTU 3aKauKM XXMOKOCTM paspbIBa;

® H OVH U3 NpUMeEHSIEMbIX cumynsaTopos [Pl He
OTPa’KaeT peasibHbI AU3anH TPELLVH pa3pbiBa, T.€. He
PeLUaeT rNaBHyHO 3a4a4y NpeaHa3HavYeHNs
rnaopopaspbiBa.
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