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ABSTRACT: In order to increase the productivity of extraction of hydrocarbons reservoirs, the well
is usually drilled in the direction of the minimum horizontal in situ stress, and hydraulic fractures
simultaneously initiate and propagate perpendicular/transverse to the wellbore. In the last decade, more
than 10,000 horizontal wells per year have been bored and hydraulically fractured, with up to a hundred
hydraulic fractures placed in the horizontal segment of the well. In order to reduce operational cost,
it is usual to create several hydraulic fractures at once. The well is there for stimulated in stages, with
one stage consisting of a single pumping operation aimed at initiating and propagating simultaneously
typically between 3-8 cracks spaced about 10-30 m apart. When the fluid pressure is applied on the
surface of the fracture, the crack can propagate in the medium, but the pressure, induced from the fluid
injection, may have a negative influence on the extension of adjacent cracks which is stated as shadow
or interaction stress. Certainly, an accurate estimation of interaction/shadow stress between the cracks
leads to a more optimal design. In this research, the effect of the interaction between the hydraulic cracks
with respect to the spacing and the number of cracks on each other and considering the position of the
fractures are evaluated using the pseudo traction method. The results are shown that inner-fractures
are further affected by shadow stress compared to outer-fractures. On the other hand as the distance
of hydraulic fractures increases, shadow stresses decrease. In the last, the results can be useful in
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determining the optimum number and spacing of cracks in the design of hydraulic fractures.

1. INTRODUCTION

In the last decade, extensive research has been done on the
propagation of single hydraulic fracture, either numerically
or analytically, but most recent research has focused on the
simultaneous growth of an array of parallel or multiple oriented
hydraulic fractures considering interaction and shadow
stress between the fractures along a horizontal wellbore [1-
2]. In the case of horizontal wells, a detailed investigation
of the interaction between hydraulic fractures and stress
interference between propagating hydraulic fractures is
still required. In this research, the effects of interactions
between hydraulic cracks are investigated using this method.
Innovation in this study is related to the application of the
pseudo-traction method[3] with a fluid presence which
is very useful in estimating the interaction stress between
cracks. Also, the effect of interaction on multiple hydraulic
cracks with respect to their location and number has been
analytically investigated in this study.

2. INTERACTING MODEL FOR TWO HYDRAULIC
FRACTURES
In order to evaluate the elastic interaction among

*Corresponding author’s email: a.asgari@umz.ac.ir

neighboring hydraulic fractures, we apply the so-called
pseudo-traction method developed by Horii and Nemat-
Nasser[3].

For simplicity, we first consider an elastic body with two
KGD hydraulic fractures i and j with lengths 2¢, and2/,
, both of which are subjected to far-field stresses i.e. normal
stresses (o77 , 05, ) and shear stress (o7;) as shown in Fig. 1.
Two coordinate system x,», and x,y, are employed that their
origins are located at the center of the hydraulic fractures i
and j, respectively. Note that the ¥, andY;are taken to be
normal to the hydraulic fracture surfaces. The symbols in Fig.
1 are defined as:

9:: The inclination angle of x, toX;,

¢,: The angle between x and center of cracks direction
and, d, : The distance between origins of hydraulic fracture.

The original problem is elastically examined by
decomposing it into three sub-problems; i.e., a homogeneous
sub-problem and two sub-problems i andj. In the
homogeneous problem there is no crack and the same
stresses as the original problem are applied at infinity (i.e.
normal stresses” , o7 and shear stress o ), while in each
sub-problem i and j, the single hydraulic fracture which
is subjected to uniform pressure p,and p, respectively, is
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Fig. 1. Process of decomposition of (a) original evolution problem to (b) homogeneous problem and (c,d) sub-problems I and ]
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Fig. 2. Distribution of vertical and horizontal stresses vicinity of half-length parallel cracks (drawn using Mathematica version 9.0.0)

contained without far-field stresses, as shown in Fig. 1.
In the sub-problem j , the stress functions with respect to
the local coordinate z,=x;+Iy,are given by:

fTs—ﬁ
2 11/2 —fz
¥ (z)) =P (z) - @ (z) - 2,P(z2)),
j=12

(D’/(Z/):_ S7

Z;=x+ 1y, (1)

_ 14, 10,
z,=de"” +xe”, |xi|S€j

j )% % 12
T= {(0'22 +o0, ) 1(012 +0'12)—pﬁ}

T=T,+IT,, T,=Re{T}, T,=Im{T}
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Where the quantitiesgand 57 are local stresses in j
, induced to far-field stresses and o7/ and o7/are “pseudo
tractions”, which are unknown functions to be determined
(for more information please refer to persian paper).

Fig. 2 shows the 2D distribution of stresses in the various
directions by considering the effect of the interaction of
parallel hydraulic cracks from the exact method. As can be
seen, the effect of the shadow stress increases as the distance
between the cracks decreases, and this effect emphasis as the
cracks approach each other.

3. SPECIAL CASE: EVALUATIONS FOR INTERACTING
PARALLEL HYDRAULIC FRACTURES

In the special case, if the hydraulic fractures are assumed
to be parallel to each other we have:
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Fig. 3. The shadow stress ratio according to the location of the
cracks for the six- and twelve-array cracks

o). ¢ |_
ool (wey @

315 35 315 i
ot ot O(£7°),
267 BEY16£° 128¢

d
=—>1
d 14

Where O, is shadow stress between two parallel cracks
and p, is the internal pressure can be readily obtained by
following equation [4]:

1 E'Qy
Po= 27 1

©)

According to Eq. (2), the shadow stress of adjacent cracks
on one of the hydraulic fractures depends on the location of
the crack and the number of parallel fractures. Therefore, to
evaluate the interaction effect of N parallel hydraulic fractures
on one of those in the position of P, the Eq. (2) with the
approximation of of (6) changes as follows:

[Zl = ;222 (H;+H ;) 4)
(e )+ 0(0/a)”,

o= |
H(rk) :;mk’ — )
lLrpwHﬂl‘):Z(k),Hi:Z(z):%z, o
Y =0, HY =1 —

Where, Hf‘k) is the generalized harmonic number of order
k and 7 is The Riemann zeta function.

Simply, the mean interaction stress¢ 7, < on a crack can be
obtained from the following equation without considering the

position of the crack:

o, 3(2\r¥E ., 15(2}/@‘”“ .
Ll 2N HE -2 = ) HY,
Z(N)dzz " 8N d4z

m=l1 m=1 (5)

Using Eq. (4) with approximation termO(¢/4)", Fig. 3 is
plotted to better understand the effect of the interaction stress,
with respect to the spacing and the number of parallel cracks
on each other. According to this figure, inner-fractures are
further affected by shadow stress compared to outer-fractures.
On the other hand, increase in the number of cracks, the
interaction stress effect increases for the inner-fractures, but
this increase is not significant.

According to the above-mentioned arguments, if the fluid
has been injected in the array parallel hydraulic fractures with
the same flow rate, the inner fractures will grow less due to the
larger shadow stress.

This diversity in the growing need a modification in
the calculated interaction stress, which is unused due to
differences in the lengths of the cracks.

4. CONCLUSION

In this study, the pseudo traction method (PTM) is
proposed to determine the evaluation of interaction stress
between two oriented hydraulic cracks and is extended the
array of parallel hydraulic fractures according to the number
and position of cracks in the elastic medium. The present study
shows that as the number of cracks increases, the interaction
stress for the inner cracks increases, but this increase is not so
significant for large array cracks. The inner cracks are more
affected by interaction stresses (compression stress type),
which will lead to a smaller growth. On the other hand, outer
cracks will grow more. If the space between the inner cracks
is considered more than the outer cracks, then it may lead to
the simultaneous growth of cracks.

REFERENCES

[1] A. Bunger, Analysis of the power input needed to propagate
multiple hydraulic fractures, International Journal of Solids and
Structures, 50(10) (2013) 1538-1549.

[2] C. Cheng, A.P. Bunger, Reduced order model for simultaneous
growth of multiple closely-spaced radial hydraulic fractures,
Journal of Computational Physics, 376 (2019) 228-248.

[3] M. Hori, S. Nemat-Nasser, Interacting micro-cracks near the tip
in the process zone of a macro-crack, Journal of the Mechanics
and Physics of Solids, 35(5) (1987) 601-629.

[4] H. Tada, P. Paris, G. Irwin, The analysis of cracks handbook, New
York: ASME Press, 2000.

HOW TO CITE THIS ARTICLE

Amirkabir J. Civil Eng., 53(2) (2021 ) 163-166.

DOI: 10.22060/ceej.2020.16566.6277

A. Asgari, A.A. Golshani, Evaluation of Shadow Stress between Hydraulic Fractures,

165






75 g0l (1308 (wikigen g uli

VYY BV Sloxio Ve e Jlo o 0yleud O )93 ¢y pual (o (wrdites &yl
DOI: 10.22060/ceej.2020.16566.6277

SHgyaad b S 5 o Syl 518 g 4

S ST e s S e

e\

Ol il a5 5le ol8isls (g ,5lid g (cwdige 0uSiily (] jas cwiig 05,5
u‘)" ‘ulﬂf ‘U"’)M w): oKiils ‘w.:) .Ia...?oo 9 ulj.o.c ‘5.\:.).4{0 ouSiiils ‘s 9 S &g&o 05;Y

15918 Az b
YWAAYIYA bl o
VYA B/ 0 s S35
VYA F1Y iy

VYR85 ) b il

390 Ygano oS 5 da)] (35 oo b oS 5 (528 5 Lo )55 o o] (50 Gl polins 4y 1aads
a8l ol 50 00 3l o I el (50,8 )0 alls jo sl a3l aigds co 0old 0y (gl s O jgo 4y g JBla> i
Sl (Sgyen S ao p dll (Elola 18 50 g Sl ()i o 0 e A5 ($390e S 5 0 g ol sl
Sl s yte Yem) v odgamme S 5o oy o2 sob 4 ) S5 AT Ygone (ol 2l anje a8 jelaie 4005 oo
log,T Job 5 alold ecpaBsn coloas (JS5 o 425 L oS 3 o o o) im0 00 (3708 (350 53, gyl 5 98 (o
0 13 Jlew B35 5 (8L JLad Cod 093 olaw )3 (S5 (S89 550 Ojle el Jge K00Sh 0, (KSs »
1 ol 4y o sl 4l it 51 pgloee (clacS 5 0y gy p2 i ol sl 5o Lol 355 oo ] i, el e 8
S5disn 65 ki b 4 yie S 5 (s il (15 5 Sl oo 0 5l Lakine 00 (o S 25,0l L gl
Jolsd arazgi b (s yoee Slocs 5 (e (2S5l (g a0 4Bl W5 )| QI ST (g, SaS a4y JLiigs o
o (8 s ylos G35 30 5 oo (5l 5 353 450 (n (L5 i 395 o 4351 0 [0S (55, 2 oS
P g ol s 09d (oo il J1 als Sl b S 5 e Jalsd Bl (B5b Sl )l 18 LS sla S 5

el (63 )5 Sl (Sgyiep CunSs (b )3 o S5 Jolgd g Slaas (e

(eoals wlls

LR P W PSRV SURR o)
o 5 5 LS,

olej po 2,

3 S )

Sl s,

Selaiet glo S5 a6y (28 e (] S (gilessll e S
olr 5wl (oS olr Glews o)lazy (poyelogas Djso 4
Sl (pl 1005 jao dineS (El AS Sz yd g (B Djg0 @
e S L S5 izmen el Joo 0 olx i Sl on e
lo T arsl atslos mge o slos! 4555un 9 asles BL (5550
Ored 9 S 5 Lol Jlail e po jlid S8l ol Gadow ol o
8 S5k 1) Jlew o o S5 S ol
5 Ol e oo 5 (il ool 3l eolizd b [N Sy
5 Slgyied CunSh ol g Jlow 3255 Cuz oy 3 9590 5999
Slge (Selgyien sl S 5l atns S sl 655 Gy 31y o w,

O S SR il 087 a9 15 5 (S5 sl 2 5

O R Ay 9 dodiio —)

Sl sl S5 S 6y 2 sl ed S sle Slagh
Ll cesl oad plonl (Lo gla (29, 4z 5 oue Jo 4z 000
SHopied slo S5 ey ep W) 55) 2 b Gy ST 1S
S S PP AR S BUESvpLg) ) ) ROV PRV JUCN
Ll 00

2 slo by S 5l eolial b 0] (Ko 5 05 grel)
6 Wolee (g5lul e gl iy @ ailS lal> 5 sgume
wwd ady widly il Cuddge b4 SlesS g ol
Ot GRSl B gy o Ly JSS sl aSs (s5lge sl S

a.asgari@umz.ac.ir :olslse jloesge odimsy ™

(Creative Commons License) oo o (Sosis 31 Luilacd o allie oyl .ol 00 0010 1S ol ol8ils ol )Ll ay 126 B g S ot g5 4y el (358>
Auileyd s hittps:/www.creativecommons.org/licenses/by-nc/4.0/legalcode ol 5l uilucd cpl bz gl sl 48,5 )8 Loy o 2 10 BY NG

vy


https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

YYY B VeV daxiwo NF- - JL..J &y D)LM OY 0y9d x).:.S).:.AI U‘)A'c L;»A...Q(c 4.3).“;

Oy 1 S 5 o ST SIS (3857 )l ) (6l anndS s
1) o3l s s, ARIARY S92 5 ol St o Jlw ;5>
Sy cnl sl 5,2 ST IVAT VAAY L jo 5 wis S 3,me
3 il o VY] gidsinge balisee ol wly sl 5
S SIS gy Ry el eolinal b gl ]
SR il 50 Ssly e o Sl (Sgaee slo S o
28 Sl Jlow jpa b QIS 225 by 655 4 4 by ye
e Zul (605 o o S5 G GRSl i 95
Codye 4 azgi b @b (Sdg)ae gl S 5 o (s il il
ol 50 a8 Calodids sy (il Ojgo s b ] Slaas 5 SISG
ROV P CES VS SN PURE V-
Selgyien slo S 5 (238 il gl 5 1 (ko 9551 (61
G ALws Ojgo iy jlbg cpl ISl (o 4 Cud ol
6l @Sl Aol 55 0 (Gpaite laml o cwsloads
ol Jo 09h (o o)Ll (5 AtV (g5l S jee e
Sl s Ky o o bl 5 b (235 s 4y alolas
9 e (IS Sy Sigelasl (5 alolee Julod 0sd oo
(VY] losidinse bawgs (6535, 55 5 550 Lanl b (5285 1k
gk b Jonily @lgi cnlad )l Llisee Josily @l (sl
(it et (6 dalol 0 Al Lol (6500 Jayl s A4S Mg s
Sl S5 S sl sy busme SG 3 0l sbml slo 25
O 50 Kgh (oo et hgidiuge Jaly) SaS 4y aiS i
GRS ey & 2oge Slgped S5 90 G (RSl Sl pse
DI (LS B gy 355 (0 )8 (owyn 3550 D3 piiS
Omed SIS b s Sl (g3 250) (hgtalienge Laily, 4l
S Silse le S5 ates lp ASHul Gl (o,
s cnl 5lead Bie sl azeis 0LL 55 5 90,5 (oo Al

055 (0 B oy 090

SO0 Jomily bl pilgi b ploals g s akuly =Y
Se o R sl S an, 6, 2 S S S, Ll

Sl ozl col 5Ls I3l 55605 gl oyl 50 Lo

9 pseudo-traction method
10  Biharmonic

355 ozt O pwg alay Sl eolaiul Ly w0 polme 5 (5lse S5 9
58,8 L o |, S5 S @l il oad alosil oy wiee [V F]
KGDT gunss sl 5 5 sl 1y oSt sl 5L 9,90 59955 O3
[¥] il Sa 5 ;S0 )5l aalsl 15,5 5,91 PKNT 5 ¥ elass
o sl oo > Jlow ol (o6 28 21 1 65 5 0L
5 €9 A iz o )] 050,51 ol alies da S5 g
ot i 1 55 oo 5 alols (£l )| s 4y a5 L |, PKN 5 3
e 5 oo oizren W0l 3 o)z 3590 (5955 w35 50
b oy ols )3 amgs 3,90 |, bn Suls 3 mns [VO] YoO¥ Lo o
1)l gn o U (ol ais PKN 5 5 oS, @90 45 1y o Sl
B9V 9 9Bk yolme Sl g0 L alold ) 55,5 S 5 el (S5
30,5 oyt (03l sl SIS 53 5 ol | 5SsS S 5 i)
3 9550 69959 Ol Slive I (i e a5 Wil i b
£l L L Syl alols 4 ol _sBgo i 5 5 Lo o 5 5lt eny
sla 15 il SKen g g sl sla Lipgh j0 il plp eyl
Al oais Joe (g yd 4 (53lge sl S5 Syl
<l 3 Sgon aw Gl S olgis b [v] g g e
o @ Cand ) Silae (Sdg o slo S a8 ail gl i
0asS oogame sla Y yias ol Bl el o8 oSN 1l ais S sy
hs T S o) i 5 5 aSiy] ety 0,8 L o 1, 3 Bl b
Talse 5By 9 WS oo 0y eled O jpe bl o gas
5,5 wales ok, PKNG 5 S a5 g cold glas )| b wis )57 0,95 5
36yt Sl cos She slo 55 o azzil o by paiman
e 45 355 (oo B ()led 15 g5 5 MRSyl sl
o0 L Kiegh bwgs sauay (ol ol asles o )] S 0l a
w6, sl S5 b 5l DNAYS F] cadlonts Gog 3
9 50b) 2 4 o Sle S5 Jolgd STy wialss (g i
@ e ol S o] 098 yieS ob A s (5,LS slo S5

D9 5,LS g Sl lo S5 e po 0

1 Westergard

2 Khristianovic and Zheltov; Geertsma and de Klerk (KGD or
KZGD)

3 penny shape or radial

Perkins and Kern; Nordgern (PKN)

novel parallel-planar 3D model

blade-like geometry

barriers

stress shadowing

o N QN Ul s

VoA


https://en.wikipedia.org/wiki/Biharmonic_equation

VYV VY o AF e o o o)lad @Y 0593 S yual lyos cwiges & il

Fig. 1. A crack with 2/ length in the isotropic linear elastic
solid
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Fig. 3. Schematic of two inclined hydraulic fractures under compression far-field stresses
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