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The Analysis of Fracture Propagation in Hydraulic Fracturing using Artificial

Slot Model

Sung-Oong Choi and Hi-Keun Lee

ABSTRACT One of the most important matters in stress measurement by hydraulic fracturing
technique is the determination of the breakdown pressure, reopening pressure, and shut-in
pressure, since these values are the basic input data for the calculation of the in-situ stress. The
control of the fracture propagation is also important when the hydraulic fracturing technique is
applied to the development of groundwater system, geothermal energy, oil, and natural gas. In
this study, a laboratory scale hydraulic fracturing device was built and a series of model tests
were conducted with cube blocks of Machon gabbro. A new method called 'flatjack method' was
adopted to determine shut-in pressure. The initial stress calculated from the shut-in pressure
measured by flatjack method showed much higher accuracy than the stress determined by the
conventional method. The dependency of the direction of fracture propagation on the state of the
initial stresses was measured by introducing artificial slots in the borehole made by water jet
system. Numerical modeling by BEM was also performed to simulate the fracture propagation
process. Both results from numerical and laboratory tests showed good agreement. From this
study which provides the extensive results on the determination of shut-in pressure and the
control of fracture propagation which are the critical issue in the recent hydraulic fracturing, it
is conclued that in-situ stress measurement and the control of fracture propagation could be
achived more accurately.
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Table 1. Physical properties of coarse-grained Ma-
chon gabbro

Properties Value
Unit Weight (kN/m’ 28.1+0.06
Apparent Porosity (%) 0.48+0.06
Uniaxial Compressive Strength (MPa) 120+10
Tensile Strength (Brazilian) (MPa) 9.8+1.0
Young's Modulus (GPa) 58+1.3
Poisson's Ratio 0.21£0.009
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Fig. 2. Dimensions of rock specimen: (a) with long
slot (siot length=13 mm) and (b) with short
slot (slot length=7 mm).
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Fig. 3. Schematic diagram of the system for hy-
draulic fracturing model test.
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Fig. 5. Hydraulic fracturing specimen in MTS.
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Fig. 6. Miniature packer and wedge.
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Table 2. Test conditions for each specimen

Sample External pressure” (MPa) P /P, Slot dimension P, P, (MPa) Calculated T by
No" P, P, P, angle’) lengthimm) MP2 904 31 4th  Eq(11) (MPa)
LS-Al 4.94 3.5 2.79 1.77 0.0 13 170 109 102 10.1 12.0
LS-A2 4.90 3.5 2.86 1.71 22.5 13 16.3 79 71 6.9 10.7
LS-A3 4.94 3.5 2.81 1.76 45.0 13 13.7 8.8 8.0 6.1 8.3
LS-A4 491 3.5 2.74 1.79 67.5 13 15.2 8.1 6.8 6.6 10.8
SS-Al 4.94 3.5 2.79 1.77 0.0 7 16,5 104 9.8 9.2 11.6
SS-A2 4.93 3.5 2.79 1.77 22.5 7 169 108 8.9 8.1 11.3
S5S-A3 4.95 3.5 2.79 1.77 45.0 7 16.8 91 179 7.1 114
SS-A4 4.90 3.5 2.83 1.73 67.5 7 17.6 79 6.8 6.0 12.0
SS-B1 4.80 25 0.97 4.95 0.0 7 11.8 49 38 3.0 10.8
SS-B2 4.89 2.5 1.92 2.54 0.0 7 18.6 6.8 58 5.8 16.7

NS-1 3.90 3.0 2.00 1.95 no slot no slot 15.2 52 52 5.2 10.0"

1) "LS-" means slot, “SS-" means short slot, and “NS-" means no slot.

2) P, and P, are the maximum and minimum horizontal principal stresses, respectively and P, is the vertical
stress.

3) Slot angle means the beteween the minimum horizontal principal stress, P, and slot direction.

4) Tensile strength is calculated by (P,-P ).
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Table 3. Shut-in pressures of each cycle determined from various methods

Sample Pg* Py **(MPa) Py ***(MPa) Py****(MPa)

No.  (MPa) ™ 0™ ond  ard  4th  1st 2nd  3rd  4th  1lst  2nd  3:d  4th

LS-Al 494 690 6.10 580 580 570 525 525 525 660 6.00 610 6.10
LS-A2 400 410 320 375 320 320 275 320 275 450 370 370 3.80

LS-A3 460 520 475 275 275 460 420 243 243 - - 3.70  3.70
LS-A4 3.60 440 405 350 350 420 351 314 314 - 3.50 340 340
SS-Al 494 630 525 525 510 530 478 478 475 - 550 570 4.90
S8-A2 560 630 510 430 430 565 475 3.57 357 - 550 470 4.80
SS-A3 460 5.00 420 375 340 440 320 325 3.10 - 420 350 3.60
SS-A4 283 375 340 380 365 355 315 330 340 - 3.40 390 3.80
S8-B1 097 180 155 115 120 177 153 113 117 - - 140 120
SS-B2 192 350 260 260 260 290 230 230 230 - - 3.00 290

*: Shut-in pressure theoretically calculated according to the fracture pattern
**: Shut-in pressure calculated by McLennan's method
**%: Shut-in pressure calculated by Hayashi's method
*aokk: Shut-in pressure calculated by Flatjack method
-: No data because of no maximum inflection point on pressure curve for flatjack



50 H (bilinear regression method)& &3l
i*"éﬁ]fﬂ"ﬁ%‘% ARsteleh. gk A H“”OH/H‘:-
Ful R, poshalEdel 240w A8
© o Eudel gETAL FA6 deh 5, SAuel

B
=

2] Z HANETIAEE e =
2 7Hsted o] wfe] W FEE T e
~ °J Ao Zoll A 2|

Table 301] Yetligl ).
Table 3ol4], PST+= fuiaf A & 243 T
o] Z+Zol| whe} o] Fdwol] Ak o & 28l

WEEELE o AEsRFa) FHS ey
ofch. wat Uube 02 FARHFHLS 27]5kal o1,

e olxbuts o]F AFHEE FAHREA Eue
ol 42 7iot Ao FellA] ZA 5= A
of, Kt} ts| Fdulell 723 kel 5HE vEt
ek 217k Qlo]'®, B ol FollA] = 4ulx] 7kt Ao
Foll thall 7 ol ofall 73t A= H S vl sl
B & gt}

McLennan ¢} whlzl Zepa wbelo g Jgk Fod =)
HebH e AR vt #FEE fAG e, o5
thx) " o & Hayashi o] Wloz 73 Fd=4gHe

ol M8l Tk H& 7he vehhn e, ol Agw
A g Agaaeddd J2 whE Elo], Mclen-
nane] W 3 2o} 2HAS Yoz T4 PR
gt o] Hayashio] ¥l So2 3 Fdallfighed 2
o tha A vehdube g olEHew A
Hayashi$} Sakurai®] o+ ZA#}¥el = B3tz c},

el 2 QATolAet o] skl gt

mlo
o

17|

b3 Qi el Feiska 4 ¥, FIe) 44
Hol e Bl TR WA YFE 2, 24

il
5 Fodubapol wek of vlol FHo gk &
o2 o & A FaddaerEel PST 2 371
2 ARRed 4"54’#]4""‘744 H|513
yashi 9] H'—t”ib}v— McLennane]

i)

ot
44 e

§ AR 0SS D 5 o)
meba] A&k uhsh 7ol ol whyel olaid i
gl el AA FA) ANE Fae todel
= Seld 4 gl BAlol, $HYel 4% ol
o) L AT Sl S o) gl s
‘ y

hiil
)
&
1o
B
JB
10
3
ok
gl
L
3
3:

od o] #2743 o

5.1 79 AN 0|2

T o] Hohe gE AxkellA ¢ *‘la%ﬁﬂ

off osff A=, o]= At MdE LYt
EelEle 5 vk B ol A= 7 °§F»H9¥ <4
271el atu} 2AE e 79 AxkeliAe] SHGoiAT
o Age] el 54 gl BAlz el ¢
st A YFe] A, F9A9E e+ Mode I
i o] v g)ubsko| Hedvol Az},
Mode II (Sliding mode, FQwi 9] ugjutsko] 7oA
spaps) ek 29 AHgdel 37h), o Mode III
(Tearing mode, 74 9] Wi 9psko] FA- 3k}
THA gl A 7he) Al Ff 2w Ak

2 ocdte] el ddoxe} o] otstaFol sht
o] #58 Wk FH¥Y o= Mode III 9] 79+ Q

o2, Mode 17} Mode ITgro| EAlst: 22491
AelE e 5 vk el a et el E
Fotahef wed Atoll el A58 =7)et 3
ARlog, & Fdds mdgdlie g 74
Hoh 270408 A s 5o 28 EYslsich.

bHo g o dxk F99 FHYHE vy 42

(Opening mode,

Hi tCl-
T

2 g™
= cos —6— K| 1+sin’> — 0 2 K sin 8
\2mr 2 2 2
- 2K, tan QJ
2
0 -6 3 .
O, = o cos 7 [K, cos K EK” sin 9) (12)
1 (o .
Tp=—=— cos = K;sin 0+K; (3 cos 9-])
N2 <

3714, K, 9 K, Mode I 9 Mode IIef| st
o) Aleke] S ARole), 7 Aol QMY T4
W 9 2R ohEat 3Ee] AlitEIch



2r 2G
K,:\[T(x+5(v,-—vo) (13)

_al2n 2G
K, = \/—;— (XH)(u,»—ug)

o714, r: T Auko 2 XE] FAR2 2] Ae,
G: 701'*615'7
(1, - u,): T4 Aekel] tigk Ael,
roll A ] A Ak g,
(V. - vo): T4 Aol it A2,
rof| Ao} AhA 2],
x: =3-4 v (FHHE & L),
=(3-v)/(1+v) FH &8 e,

olgel ¥ AxtollAe SHSA 3 TH Y
ZRE HWHASHol Bl 2% ¢ Ao} 2712 o
=3 2t

(1) Azp7Al: Fd Awke] 2|HH Aol A4
(K)ol =58 uf,

OgV2nr = constant = K¢

AN

0 .8 3 .
, cos—2~ [K, cos~—2— - EK” sin 6] =Ky (14)

T,=0, Z cos g [K, sin 6+ K, [3 cos 6 1)} -0 (15)

52 ZH sl I YN nEE

794 HE A B AFolAdE BALLsE
o] &sl9ict. AAQ A4 g 1882 Crouche} Star-
field of] oJ3t S By Bl Wi Eelsy Zgaa”
S 7|Ee g 9, of7le #dAst 2zl Routine
& A4, F7isle] A ZEaRs AAlsledo)

7AA 84 sAol A, Fdol) Al e Bl
- WS EdS e 47 BYE o] 8 Badsd
AA Aol & 9] Mo a8 Fdgrozy 7+ g
off HF w9l 382 a49 Fagka} Atk
AEeg ALk &3 7 o Hghulekol w9

t e lo Py

0
4p
ot
flo
1
=
@«
3
X
o
i
o
i)
&
28
1%
it
‘1)‘ r;u
ted
N
o
&

Edg XspFy 261

"T-DD Element

FS Element

t+1

Fig. 11. Modelling of the borehole and the artificial slot
for fracture propagation simulation of hydraulic
fracturing.

A AlTE T Akel WS EdE gl LAY

S 59 Belge, D, 3 Arh9) Bolde, D,
226 A(13)% ol felo] thea} o] A4 o]

A, ot FAAT 249 ol (half lengthjol 1, E
S v 844 B9 GE3} Fols vlojo], YHY &
2209 % $olct.

2rn E
K, = —\/— Dn 16
' a §(1-v) 1o
A2 E
Ky= - “aﬁ

8(1-v)

B AollA A4S FdAs) 14 Routineo| 4%
st 7 Aol SHEUAT A4S Al
A(16)& AH4sisia, FdRg ol Rabd o A2 F
dede) mulals flelAe 518004 et Uy
2o ol o8 A(14)9} A1 (15)5 T s}dr}.

5.3 MDY U SHAFA

AAEae 2aagAziele) v Slsk] AR
W9 AREAL ol gulen, Fig 1lel4 2 v
o} o], AYmele] St e SALAL a4
2elesl L, QF S8 A4 # Asbol uke)
AR Ang T WeBls 24 wael
ich. 1) REAY 204 StohaE Zo] Zet
&, & ol 229wk dxetmz W4 27
249 Al g A sisich
4ol Mo 24 AERE Table 19] 4%
Fob4 u] e ol Bk, 271SHZL 7 Ay

o 2 210% ol §eidrh. T2, FAU B

rio o 32

i)
=

fa
o
A ofy



262

Table 4. Relationship between slot pattern and fracture pattern from boundary element analysis

Sample Slot Slot angle Fracture angle A2-A1 A2-Al
No. length Al A2 (degree) in model test
(mm) (degree) (degree) (degree)
LS-A2 13 22.5 26.56 4.06 52.5
LS-A3 13 45.0 63.43 18.43 20.0
LS-A4 13 67.5 80.16 12.66 12.5
SS-A2 7 22.5 37.33 14.83 0.0
S5S-A3 7 45.0 65.32 20.32 20.0
SS-A4 7 67.5 80.75 13.25 22.5
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