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Hyclrnul:Lc. f1:.:.1ctur.:!.ng bf tl1c water source well for the Geoth ennnl 
FciJs:i b:Ll.l.t:y Proj cet n the c.:.1mpus of the Un:lvcrsl.ty of Rcr,J.na was 
pcrforme<l clur:lng No.y and June 1979. The field programme nncl ancillo.ry 
l aborntory cxpcrlmentntion allowe<l determination of the magnitude and 
or ientéltion of the in s:l.tu principal stresses. 

Th e borchole in w11ich mc.::lsurements wcre made \vas 2215 °mctres :ln 
cl cpth and was clrillcd on the c;-unpus of the University of Regina, Regina , 
Sn sk,1tchewnn. The uppcr 20311 mctrcs of the hole were casccl , liaving an 
ins idc diamcter of 1 inches (0.179 metrcs), The lower 175 metrcs wcre 
uncnse<l , with a diamcter of 0.222 mctres. 

Four intervals were succcssfully fractured, betwcen a depth of 
2062 and 2215 metres. It would appear tbat _the Deadwood sandstone n\l.ly 
be a zone of trnnsition from astate of stress in the Winnireg·whcre 
(J 

V > cr I!H.AX ::: cr HHIH to a situéltion in the upper· part of th e Precambri.an 
· ,~hère a I!HAX is slightly greater than the vertical stress • 

.-; •. 

. RESU}fE 
~. - .. . ~ .. - ~- - . . -
, · ·.:· · : : ~.-, J •• • .. ..... . . .... -

• 1 ~ . .... .. _: • • ~- - . - ~ ' 

Aux'·mois de rnrJ. et juin :i.979, la .frac:tnraLion. hydi,::.nil:i<iuc clu pu:f.ts 
d' extrc1cfion clc l I u,u pour le T'1 oj et . de fais:1biJ-i.té géothermfcp·e -;,ur le 
campus de l'UniversiLé c1c Rér;:Lna fut exécutée. Le programme sur le 
terrain et l'expérimentation accessoire en laboratoire ont permis la 
dét ermination <le la 3randeur et de l 'o rientGtion des tensions in situ 
principales. 

Le forage dans lequel les mesures ont été faites était d 1 un c 
profo11dcur de 2?.15 mètres et sitl"~ .sur le campus de:-: l I Univers:Lté de 
Ré3ina, Régina, Saskatchewan. Les premiers 2031, mètres du trou furent 
tubés, avec un dinn~trc intéiieur de 7 pouc~s (0.179 mètres). Les 
derniers 175 1,1ètres furent non tubés 5 avec un d:Lamètre de 0.222 mètre. 

Quatre intervalles· furent fracturés_ave.c.· succès~ ·entre une 
profondeur allant cle 2062 à 2215 mètres, IJ. semble que l e grès de 
Deadwoo<l pourrait ~tre une ~one de transition entre en état de tension 
dans le H:i nnipP3 où a r > cr JIM/\.X ::: a llMIN et: un état. dans la pnrtie 
supêr:Lcurc du Précrnnbrien où 0 HHAX est quelque pen · plus grand que la. . 
tension vciticale. · 

.•·: 

. .' · .. 
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SUMMARY 

(1) ORIENTATIONS 

Tne measured direction of the maximum in situ horizontal principal 

stress was approximately E~W . 

. (2) MAGNITUDES OF THE PRINCIPAL STRESS 

As vertical fractures were created, the vertical stress was estimated 

from the weight of overlying material. This is consistent with stress 

measurements at other localities. 

It would appear that the Deadwood sandstone may be a zone of transition 

from astate of stress in the Winnipeg where av > aHMAX:::::; aHMIN to a 

situation in the upper part of the Precambrian where aHMAX is slightly 

greater than the vertical stress. The gradient of crHMIN is approximately 

constant with depth (crHMIN::::::: .58 av). 
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(31 LIMITATIONS OF THE MEASUREMENTS 

(i) Only a limited number of measurements were possible. 

(ii) As a viscous gel was required to prevent excessive penetration 

into the formation, fracture propagation after initial breakdown 

was stable. Consequently, the difference in successive break­

downs could not be used to ascertain tensile strengths. As a 

result apparent hydraulic fracturing tensile strengths had to 

be measured using laboratory simulations. Unfortunately, the 

poorly consolidated nature of many of the sandstones rendered 

some of the samples not amenable to sample preparation for 

laboratory testing. 

(ittl In one case, breakdown did not immediately occur and may 

indicate so~e penetration and consequent pore pressure bui1dup. 

(iv) In some cases, the presence of a mud cake may have led to 

anomalous breakdown pressures. 
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I. INTRODUCTION 

Hydraulic fracturing of the water source well* 1 for the Geothermal 

Feasibility Project on the campus of the University of Regina was 

performed during May and June 1979. The field programme and ancillary 

laboratory experimentation allowed determination of the magnitude and 

orientation of the in situ principal stresses. 

The borehole in which measurements were made was 2215 metres in 

depth and was drilled on the campus of the University of Regina, Regina, 

Saskatchewan. The upper 2034 metres of the hale were cased, having an 

in~ide diameter of 7 inches (0.179 metresJ. The lower 175 metres were 

uncased, with a diameter of 0.222 metres. 

Four intervals were successfully fractured, between a depth of 

2062 and 2215 metres. 

The hale in~linaiion was very near to vertical. The horizons 

fractured were selected in order to: 

(i) Provide an adequate representation of the variation of 

stresses and orientations with depth. 

(ii) Induce fractures at depths where pre-existing discontinuities 

did not exist. 

*1 University of Regina 3-8-17-19 well (W. 2nd . Mer.) 
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II. STRATIGRAPHY 

The stratigraphy of the uncased portion of the borehole is 

represented in Table l. 

*l 

· DEPTH (m) 

2034-2045 

2045-2083 

2083-2209 

2209-2215 
T.D.=2215 

TABLE l 

STRATIGRAPHY OF UNCASED SECTION 

FORMATION 

Winnipeg Shale 
(Ordovician) 

Winnipeg Sandstone 
(Ordovician) 

Deadwood 
(Cambrian) 

Basement 
(Precambrian) 

DESCRIPTION* 1 

Grayish green, fissile, 
waxy claytones with thin 
interlayered quartzose 
sandstones 

Quartzose sandstone, 
characteristically fine 
ta medium-grained with rare 
coarse grains. Commonly 
interlayed with thin 
varicoloured and mottled 
silty claystones. Often 
quite friable 

Upper part of the formation 
is claystones interbedded 
with quartzose sandstones 
with argillaceous matrix 
and potassium bearing accessory 
minera 1 s (:-67 m) 
Lower part has considerably 
less claystone and is 
dominated by semi-consolidated, 
medium to coarse sandstone. 

Coarse grained, biotite rich 
granite . 

From Vigrass, L.W., Final Well Report, U. of Regina 3-8-17-19, 
Energy Research Unit, University of Regina, Contribution No. 14. 
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Table 2 describes the str-atigraphy of fractured intervals in a 

more specific context. 

TABLE 2 

STRATIGRAPHY OF FRACTURE□ HORIZONS 

FRACTURE OEPTH OF FRACTURE 
NUMBER INTERVAL (m) 

l* 2211-2215 
(Precambrian) 

· 2* 2165-2170 

3* 2062-2067 

4 2069-2074 

5* 2097-2102 

STRATIGRAPHIC DESCRIPTION 

Coarse grained biotite rich 
granite 

Kaolin matrix, fine grained white 
sandstane with miner coarse grains, 
poor porosi ty 

Sandstone, medium ta fine grained 
with kaolin matrix, often friable, 
fair ta very good porosity, 
occassional shaley laminae and 
pyritic stringers 

As above 

2097-2099 - Sandstane-quartz, 
light grey, fine ta medium grained, 
well cemented, poor porosity, 
thin filter cake on surface of 
best porosity. Argillaceous 
stringers and thin bands of 
argillaceous, sandy siltstane, 
tight, pyrite crystals cornmon 
in argillaceous portions. 

2099-2101 - Sandstone - medium 
grained, fairly well cemented, 
tight in bands about 8 cm thick. 

2101-2102 - Quartz Sandstone -
medium grained, occasionally coarse, 
fairly friable, good parosity, 
very little argillaceous material, 
miner (15%) well cemented. 

* Indicates successful hydrofraature,defïned as a test which provides 
sufficient data ta compute bath magnitude and orientation of the stress 
tensor. 
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III. HYDRAULIC FRACTURING AS A TECHNIQUE FOR STRESS 

DETERMINATION: AN OVERVIEW 

3. 1 CtASS I CAL APPROACH 

Conceptually, hydraulic fracturing involves press~rization of a 

sealed-off interval in a borehole until rupture of the rock formation, 

at the pressurized horizon, occurs. The pressure at which this rupture 

occurs is known as the b1r.e..a.k.d.own TJ,:teA.oU/t.e. Pb. After "breakdown", 

further pumping propagates the fracture away from the borehole wall 

in a controlled manner. If pumping is discontinued, with the hydraulic 

circuit maintained closed, an instantaneous .ohu:t--<.n plteA.oU/te. is 

recorded. - From equilibrium considerations prevailing at that time, 

this pressure is approximately equal or slightly above the pressure 

necessary to keep the fracture open. The two characteristic parameters, 

breakdown pressure Pb and instantaneous shut-in pressure Pisip' are 

related to the pre-existing stress field provided certain assumptions 

are made: 

( *) 

Ci) Linear elasticity and isotropie conditions prevail. t*) 

(ii) The borehole axis is parallel ta the one of the principal 

stresses. 

It should be pointed out, however, that the conventional 
interpretation of hydraulic fracturing data does not require 
the knowledge of any elastic rock mass parameters; and as 
such, anisotropie conditions are not incorporated in the 
interpretation other than by influencing anisotropy in the 
apparent tensile strength. 
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The two limiting situations are that: 

(i) The vertical stress (crv) - or overburden stress - is the 

least principal stress component. 

(ii) The vertical stress (crv) is either the intermediate or the 

largest principal stress. 

(i) Vertical Stress as the Maximum or Intermediate Principal Stress 

In this case, occurring usually at depths in excess of 1000 feet 

(300 metres), the shut-in pressure (Pisip) is taken equa1 ta the 

in-situ compressive stress component acting perpendicular ta the 

fracture plane. Provided leakage into the fonnation is negligib1e, 

this shut-in pressure wil1 remain constant and, 

where: 

crH . > p. . mm - 1s1p 

{

Y - rock weight gradient 

H - depth to the fracturing horizon. 

(ii) Vertical Stress as the Minimum Principal Stress 

t 1) 

This situation genera11y dccurs at shal1ow depths. A vertical 

fracture will ini•tiate regard1ess of the value of cr due to the use of 
V 

rubber packers which influence the induced stress distribution 

at the borehole wa11. However, the fracture will •irotate 11 to become 

horizontal as it propagates away from the borehole and from its local 

influence. 
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Consequently, two shut-in pressures may be detected if the 

hydraulic fracturing tests are conducted with great care. The first 

shut-in pressure is associated with a vertical fracture while the 

second one corresponds to an horizontal fracture. 

psi = O'Hmin (2) 

In this case, where fluid penetration into the formation is 

negligible, 

Pb - 3cr a + T - p (*) - Hmin - Hmax o o (3) 

where (compression is taken positive): 

( *) 

Pb -- breakdown pressure 

To 

p .. 1s1p 

p 
0 

= p .. 
l S l p 

1 

minimum horizontal principal 
stress component 

maximum horizontal principal stress 
component 

apparent tensile strength 

instantaneous shut-in pressure 

formation pore pressure 

* The stresses calculated using this formula are total stresses 

This formula assumes no fluid penetration. Refinements to this 
approach are discussed subsequently. 
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3.2 FRACTURE MECHANICS APPROACH 

In recent years, consi derati on of the hydraul i c fract_uri ng process 

in terms of classical elasticity, particularly the propagation phase, 

has been extended te include the presence of the fracture itself. 

Conventional analysis is probably incorrect for the determination of 

crHMAX because it ignores the mechanics of fracture initiation and fracture 

extension. 

For exarnple, growth of a crack inclined to the directions of the 

farfield in-situ stresses and ~u~jected to pressure on its faces can 

be analysed by using fracture mechanics concepts where linear elasticity 

is assurned and consideration is devoted to the elevation of stresses 

near the crack tip. 

A prerequisitè is the assurnption that plastic deformation and other 

non-linear effects near the crack tip are confined to a small region 

within a linear elastic field. In such a circumstance, the state of 

stress near the fracture tip can be characterized by the stress 

intensity factor K, or alternatively by the strain energy release rate, 

G. Cracks are expected te advance if the values of these parameters 

reach critical values character.istic of the material considered. 

An Introduction to Fracture Mechanics 

The presence of a crack (or a notch) in a body causes a redis­

tribution of stress which may be estimated by methods of linear 

elastic stress analysis. 
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The surfaces of the crack are the dominating influence on the 

distribution of stresses near and around the tip. Other remote 

boundaries and loading forces affect only the intensity of the local 

stress field at the tip. Equations in terms of stress intensity factors 

have been fonnulated for stresses and displacements at crack tips. 

These stresses depend on stress intensity factors K1, K11 and Krrr 

which reflect the elevation of stress due ta crack opening, sliding 

and tearing respectively. 

One philosophy is that failure occurs when stress intensity factors 

rea~h critical values (i.e. K1c) appropriate for a particular material. 

Other failure criteria are based on attainment of a maximum circumferential 

tensile stress, creMAX' near the crack tip, attainment of a critical 

strain energy release rate or attainment of a -critical strain energy 

density. 
, , • t 

vc1r· 1uu:::i e1u1..riu r·:::i rie1ve c;un:::i1ae ea -i:ne app 11 a--c1an or r rac,:ure 

mechanics to hydraulic fracturing analysis. Several approaches are 

outlined in Appendix C which is an excerpt from Numerical Modelling 

of Pressurized Fractures by J.-C. Roegiers· and J.O. Mclennan, October 

1978. 

Discussion of this tapie by Abou Sayed et al, 1977*r is possibly 

the most relevant. Summarizing these authors' analysis ... Consider a 

*1 Abou-Sayed, A.S., Brechtel, C.E., Clifton, R.J., In-Situ Stress 
Determination by Hydrofracturing - A Fracture Mechan1cs Approach; 
Terra Tek Report, fR/7-60, July 1977. 
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pressurized crack which is oriented at an arbitrary angle a with 

respect to the direction of the horizontal stress crH of the far field 

system•*l (Figure 1). Extension of thi s exi sting crack at an arbi trary 

angle y from the original inclination is associated wtih an energy­

release rate G(y). 

4{1-v 2
} l 3+c:s 2y ! 

y/rr 
[(1+3 cos 2y) G(y) = (!:X.) K 2 

E TT+y I 

+ 8 siny cosy Kr Krr + (9-5 cos 2y) Ku'] (4) 

where G(y) - Strain energy release rate at an angle y 

'V - Poisson's ratio 

E - Young's Modulus 

KI - Opening mode stress intensity factor 

Kir - Sliding (shearing) mode stress intensity factor· 

et al. 1977 provided the relationship between orientation 

of crack advance in a direction Ymax (in a direction where G(y) is a 

maximum) and- the ratio of stress intensity factors KII/K1. The theory 

basically predicts that for (crH - cry) f Othe crack tends ta extend in 

Abou - Sayed 

a direction which is more nearly perpendicular to the direction of 

minimum compressive stress rather than along an existing crack. 

This theory is based on isotropie assumptions. If anisotropy 

prevails, numerical analysis is required (e.g. finite element analysis). 

*l At the present time, mathematical complications encourage 
consideration of two dimensional situations. 
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If failure anisotropy is included, Abou-Sayed et al proposed the 

following failure criterion: 

If G(a) - GBC a:nd G(yma:r:) < GVC' the incZined fracture will 

take a sha:rp tu.rn a:nd propaqate aZong the bedding planes. On 

the other ha:nd, if G(yma:r:) = GVC a:nd G(a) < GBC' then_ the 

crack ertension wiU be in a direction incZined at a:ngZe 

y toits original direction . . ma:r: 

where G(a) 

G(ymax) 

- strain energy release rate in original direction. 

- strain energy release rate in direction of 
additional extension 

- critical strain energy release rate for 
horizontal extension 

- critical strain energy release rate for 
vertical extension 

Abou-Sayed et a 1, 1977·, a 1 sa offered a campa ri son between 

classical ana1ysis and a fracture mechanics fonnulation: 

crHmax 

crHmax 

where: 

(w
2 + 1) = 3P

5 
- Pb+ P. - P

0 wz - 1 , 
(CLASSICAL) 

G F KIC FRACTURE 
= (G-F) ps - (G-F) Pb+ (MECHANICS) 

0 • 6 ( G- F ) ./irL 

w - ratio of outer radius to inner radius 
in a laboratory burst test 

P; - burst pressure in laboratory test 

G,F - tabu1ated parameters depending on the 
ratio of fracture length ta borehole radius 

L - fracture length 

( 5) 

(6) 
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Cleary, 1979, has suggested an alternate formulation: 

where: 

( 7) 

PF - the breakdown pressure for fast fracture 
0 (or jacketed borehole walls) 

PT - the -ambient pore-fluid pressure 

crM - the minimum in-situ horizontal stress (total) 

crH - the maximum in-situ horizontal stress (total) 

~ - an effective stress parameter where cr' =cr+ sP, 
the prime denoting effective stress and p being 
a pore pressure. Tension is taken as positive. 

Kc - critical opening mode stress intensity factor 

i - length of a pre-existing radial fracture. 

/ 
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IV. FIELD PROCEDURES 

4.1 Fractured Horizons 

It was desired ta fracture a complete depth range in order ta 

evaluate variation of stress with depth. It was also necessary ta 

evaluate variation of stress in the individual formations. Caliper 

logs, from a previous ho1e survey fonned the basis for selecting 

fracturing horizons in the Winnipeg and Deadwood sandstones. There 

was little f1exibility in selecting a fracturing horizon in the 

Precambrian granite, due ta the limited extent of the borehole into 

this formation. 

Regardless, based on the logs, there seemed te be no predominant 

discontinuities in the pressurized horizons. 

On the basis of the above considerations, the following horizons 

were tested ·(net all were successfully hydrofrac~ured). 

FRACTURE DEPTH FORMATION 
NUMBER (m) 

1* 2211-2215 Precambrian 
2* 2165-2170 Deadwood Sandstone 

(Cambrian) 

3* 2062-2067 Winnipeg Sandstone 
(Middle Ordovician) 

4 2069-2074 Winnipeg Sandstone 
(Middle Ordovician) 

5* 2097-2102 Deadwood Sandstone 
(Middle Ordovician) 

* Hydrofractured successfully 
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4.2 Field Instrumentation and Eguipment 

4.2.1 Straddle Packer 

A straddle packer consists of two rubber seal elements mounted 

a set distance apart on a steel mandrel. These elements "straddle" a 

zone to be fractured. The zone is isolated from the rest of the hale 

by inflating these sealing elements, forcing them against the borehole 

wall. This sealed-off zone can then be pressurized · until hydraulically 

induced fractures occur and/or pre-existing discontinuities open up. 

The elements used were corranercially available units from Lynes Inc. 

The diameter of the tool was 0.144 metres .. A single packer of this variety 

is rated for 24.1 MPa (3500 psi) differential pressure in an open hale 

of 0.222 metres. The sealing elements were separated by 5.4 metres. 

The straddle packer assembly and auxilliary equipment for pressure 

me~surement and coupling to the drill string is schematically shown 

in Figure 2. 

The el ements were 1 owered in order to II straddl e" the frac tu ring 

interval* 1 , were inflated and then sealed by twisting the tubing string 

at the surface. After several revolutions, a left-hand threaded split 

nut released, which in turn released the inner mandrel. The tubing 

string was then raised 0.23 metres, moving the injection ports of the 

inner mandrel in line with the ports of the outer mandrel, located 

between the sealing elements. The system was then open to the formation. 

After the fracturing sequence was completed, the tubing was lowered 

For the fracture in the Precambrian, the limited depth to hale 
bottom required an alternate sealing arrangement, described in 
4.2.2 . 
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.23 metres, moving the injection ports of the inner mandrel in line 

with the sealing elements and allowing for their deflation. The split 

nut was again engaged by this movement and the packer was ready ta be 

moved ta the next horizon. 

4.2.2 Single Set Production - Injection Packer 

This packer was used ta inflate the lowest interval in the 

Precambrian. Essentially the principle and mode of operation is the 

same as for the straddle packer arrangement with the exception that 

the bottom of the hale serves as the lower seal. The packer configuration 

is shown in figure 3. 

4.2.3 Downhole Pressure Transducer 

The downhole pressures were ·measured with a Kuster recording 

transducer mounted in the fracturing interval between the packers 

(or beneath the upper packer). The pressure transducer consists of 

three main components: a Bourdon-type pressure sensing element, 

a clock and a miniature recorder. 

Pressure changes cause the Bourdon tube ta expand or contract. 

These movements cause the attached recorder stylus ta move. A coated 

brass chart records these stylus motions as etches in the chart coating. 

The chart moves past the stylus at a constant rate which is controlled 

by the spring-driven clock. Pressures are then determined by measuring 

the displacement of the etched line from the baseline of the chart. 

4.2.4 The Pumping System 

In order to attempt ta pump at two vastly different flow rates, a 

multi-stage pumping programme was planned. It had been intended that 
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the first stage would involve pressurization using a high pressure -

low volume pump (referred to later as 11 University of Toronto pump " ). 

This was an air driven hydraulic pump manufactured by Teledyne Sprague. 

This pump operates on air pressure (0.69 MPa) and can discharge fluid 

at up to 42. 1 MPa (6100 psi) at rates up to .9 USGPM. This unit 

was not extensively used because of leakage into the formation in 

excess of the pumping capabilities. As a result pumping with this pump 

resulted in pressure stabilization at a value below the breakdown 

pressure. At this time the larger pumping unit (referred to as 

Halliburton pump) was engaged. This HT-400 pumping unit was capable 

of flow rates of approximately 1910 gal/min at a maximum pressure of 

96.6 MPa t14000 psi). 

4.2.5 Surface Recording Eguipment 

All pressurization procedures were monitored using a continuous 

feed chart recorder and an X-Y recorder. These recorders responded 

to pressure sensed by a pressure transducer hooked into the surface 

iron. In addition, all pressurization was monitored from output of 

Bourdon type pressure gauges. Furthermore, the Halliburton pumping 

unit recorded line pressure, an,nulus pressure and flow rates. 

4.2.6 Impression Packer 

The impression packer was manufactured by Lynes, Inc., and 

. consisted of a thick-walled rubber tube, wrapped with a soft semi-

curved rubber sleeve. 

The impression packer unit (Figure 4) is lowered on tubing ta 

the fractured horizon. The element is then inflated, forcing the 
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soft rubber into all irregularities existing at the horizon, on the 

borehole wall. The impression packer is then deflated and allowed to 

return toits ori ginal shape. The impression of the borehole is 

retained on the soft rubber wrap. 

Due ta the long interval of fracturing, two impression packers 

(diameter 0.144 m and· each sealing over 1 .37 m) were used in tandem. 

4.2.7 Single Shot Survey Instrument 

An Eastman Canada single shot survey instrument was used to orient 

the fracture traces recorded on the impression packer. This instrument 

photographically recorded the azimuth and inclination of the borehole 

by photographing a clinometer-compass unit, giving the azimuth and 

inclination of a line scribed on the housing of the impression tool. 

The instrument consists of three basic units : a clinometeç-compass, 

a controlled light source with batteries and a clock, and the main 

frame containing the photographie mechanism. This unit is dropped 

down the string on a wire line. The device nests in a shoe in a 

known orientation. When the clock stops, the photograph is taken and 

the instrument is pulled out on the wire line . 
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4.3 . Test Procedure 

The tool string was lowered to the deepest horizon in order to 

fracture the granite. For this first fracture a single P.I. packer 

was used to seal off the top of the interval and the bottom of the hale 

was used as the lower seal. As this horizon is sa deep, the generation 

of a horizontal fracture due ta stress concentrations at the bottom of 

the hale is unlikely. 

At this stage, using the Halliburton pump, the sealing element 

was inflated to approximately 3.4 MPa (500 psi). This pressure was 

held for several minutes in order to check the integrity of the 

0-rings in the packer. The packer was inflated in stages to 12 MPa 

(1750 psi) at which point the movements were made and ports to the 

formation were opened. 

·It was then attempted to pressurize the interval with the University 

of Toronto air-operated pump. As the flow rate is very small, breakdown 

did not occur, probably due to leakage into the formation. When 

breakdown did not occur, the well was "shut-in" (i.e. pumping was 

discontinued but the pressure was not released). Halliburton then 

pumped at 660-10-
6 

m3 /sec (1/4 bbl/min) in order to breakdown the formation. 

When breakdown appeared to occur, the well was "shut-in ''. The 

well remained shut-in for several minutes and then the cycle of 

pressurization was repeated. A series of breakdown-propagation-shut-in 

cycles was performed. After the last cycle the system was left shut-in 

for a longer period of time in order to study the pressure-decay 

behaviour. 
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For horizons tested above the Precambrian, the actual interval 

depths were detennined from the core and caliper logs. For these 

intervals, the straddle packer arrangement was used. 

During all phases, pressure and flow were monitored. 

After fracturing,the packers were deflated. For the fracture in 

the Precambrian the packer was removed from the hale immediately after 

fracturing. For the straddle packers, it is ideally the case that 

after deflation, the tool string is raised ta the next horizon and the 

same pressurization procedures are performed. Unfortunately packer 

failure at several intervals made jt necessary ta pull the entire tool 

string and use new packers more frequently than was desired. 

The impressions of the fractures were taken by running the dual 

impression packers down the hale and inflating these in stages ta a 

downhole pressure of 12 MPa at which point a shear pin burst. A check 

valve locked, maintaining this pressure in the packers. Therefore, it 

was no longer necessary ta pump from the surface. At this point the 

orientation tool was dropped on a wireline, the photograph taken and 

the orientation tool pulled out on the wireline. After the film was 

developed the impression packer was deflated and removed from the 

hale. 

Where possible, the orientation of the fracture trace was determined 

by measuring the relative angle between the fracture trace and the 

scribe line on the housing and from the film record determining the 

orientation of the scribe line. 
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V. LABORATORY TESTING AND RESULTS 

5.1 Apparent Tensile Strength 

5. l . l Procedure 

In order ta estimate values of the tensile strength necessary for 

the calcu1ation of crHMAX' 1aboratory hydraulic burst tests were 

peformed on cores obtained from the borehole. The cores, where 

possible, were machined ta a length/diameter ratio of 2. The extremely 

friable nature of some of the samples made it sometimes necessary ta 

use smaller L/0 ratios. 

A 6.4 mm diarneter borehole was drilled through each sarnple 

(concentrically). In order ta be able ta use standard equipment to 

apply confining pressure to the samples, it was necessary ta core 

smaller diameter samples (0.054 m diameter) from the available core 

prior to drilling the concentric interal borehole. 

After preparation, samples were loaded axially, confined radially 

and the boreholes were pressurized internally until breakdown. The 

fluid used ta pressurize the interval was very viscous hydraulic oil, 

selected in order ta prevent penetration of borehole fluid into the 

sample (i.e. P
0 

did not increase due to the fracturing fluid). 

Based on the burst pressures measured in these simulated hydraulic 

fracturing tests, the· tensile strength was estimated. 

5.1.2 Computations 

Thirty-five burst tests were performed. Of these, a percentage 

was done with no confining pressure (i.e. axial and borehole pressure 
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only). The others were done using a confining pressure. Oespite the 

statistical scatter, the samples - when divided into similar rock 

types - display acceptably consistent behaviour. 

Tensile strength values were determined from plots of 2crH versus 

Pb .(crH being the confining pressure and Pb being the 1 aboratory burst 

pressure). Specifically: 

"In order to est-i-mate the vaZ.ue of the major horizontal. principal. 
stress (al!max) the poroeZ.astic relationship between the critical 
(breakdown) pressure (Pb) necessary to indu.ce a vertical hydrofracture 
and the t:wo horizontal. principal. stresses is used: 

- cr -Hmax 
K 

2P 
0 

where compressive stresses are taken as positive and: 

P ~s the pore pressure ~n t he rock at the tested depth, 
0 

T is the hydZ'ofracturing tensiZ.e strength and is equaZ. to Pb 
when a . = a = P = 0 and K = 1, Hm~n Hmaz o 

K is a poroeZ.astic parconeter which can be independentZ.y determined 
in the Z.âboratory. The range of K is l<K<2. K = 1 when the 
formation is impermeabZ.e to t he fracturing fZ.uid. K = 2 when 
the rock matrix compressibiZ.ity and the rock buZ.k compressi bility 
are equaZ., or when the Poisson's ratio equals 0 .5. 

In practice, the values of T and K can be derived from a plot of 
(Pc-P0 ) versus ( Jol!min - O'Hmaz - 2P0 ) based on Z.aboratory sirmi.Z.ated 
hydrofracturing tests in which the principal stresses are known since 
they are the appZ.ied Z.oads. 1 

In practice the analytica1 interpretation of K is somewhat more 

difficult than is outlined above. For example, K can be associated 

with the expression [ 2 - a. ~=~v] 

Haimson, B.C.; The Hydrofracturing Stress Measuring Technique 
Method and Recent Field Results in the U.S.; ISRM Symposium, 
Sydney, Australia, August 1976. 
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where: 

v - Poisson's ratio 

a = 

Cr - compressibility of solids 

Cb - compressibility of the bulk mass 

The problem arises if K is considered bath in terms of compressibility 

and permeability. For exarnple, considering an impermeable granite: The 

permeability is very small irnplying K - 1. However, the compressibility 

of the rock matrix material is approximately equal to the bulk compressibility 

irnplying K = 2. 

In the present theory of hydraulic fracturing this discrepancy has 

not yet been èntirely rationalized. 

Frorn the calculated values for T and K, the appropriate material 

properties are known for analysis. 

Sarnples tested were visually divided into lithologically and 

structurally sirnilar types. The test results are shown in Table 3. 

With appropriate analysis; the data has been reduced to give 

values for ·the apparent tensile strength T
0 

and the poroelastic parameter 

K. These are indicated in Table 4. 





GROUP 

A (Granite) 

B (Fine Grained, 
Well Cemented, 
Quartz Sandstone) 

C (Moderately Clean, 
Fine ta Medium, 
Quartz Sandstone) 

D (Medium Grained 
Sandstone) 

E (Gray-White, 
Medium Grained, 
Friable Sandstone) 

_F (Dirty Brown, 
Medium Grained, 
Quartz Sandstone) 
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TABLE 4 

LABORATORY TENSILE STRENGTHS 

AND POROELASTIC CONSTANTS 

SAMPLES DEPTH RANGE 
(m) 

247,246,244 2209. 0-2211 . 0 

215,214 2103.4-2104.0 

196,195,194 2075.4-2098.7 
190,188, 185 
1 7 6 , l 7 4 , l 64 , l 54 

1 34,129, l 2 7 2068.2-2070.l 

l 08, l 06, l 05, 2054.0-2059.6 
l 01 , 98, 97 ,88 

76,71,67 ,58 2045 .5-2050.8 

T K 
0 

(MPa) 

25.74 1.2 

19 .05 1.0 

17 .82 l. 7 

4.05 l. 6 

12. 72 2 .0 

10. 34 l . 5 

From this information it is now necessary to assess the appropriate 

parameters for the individual fracturing intervals. Table 5 indicates 

the selected parameters. 



FRACTURE 
NUMBER 

1 

2 

3 

4 

5 
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TABLE 5 

SELECTE □ VALUES FOR THE TENSILE 
STRENGTH AND POROELASTIC CONSTANT 

DEPTH Ta K COMMENTS 
(m) (MPa) 

2211-2215 25.74 1.2 -
2165-2170 19 .05 1.0 Assumed as B 

Table 4 

2062-2067 8.39 1.8 Average of D 
in Table 4 

2069-2074 10. 94 1.65 Average of C 
in Table 4 

2097-2102 18 .44 1.35 Average of B 
in Table 4 

in 

and E 

and D 

and C 

In terms of the other poroelastic parameter, a , after Haimson 

196B ... , it may also be backca1culated from K measu~ed in the burst 

tests. In addition, based on a 1imited number of laboratory uniaxial 

compression tests, porosity measurements and judicious selection of 

representative properties based on characteristics of similar rock 

materials, K and a have been calculated from first principles. The 

following table indicates the ~esults. 
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The poroelastic parameters detemined from the burst tests and from 

basic material properties are summarized below, for each fracture 

i nterva l . 

INTERVAL 

l 

2 

3 

4 

5 

DEPTH 
(m) 

2211-
2215 

2165-
2170 

2062-
2067 

~ 

2069-
2074 

2097-
2102 

TABLE 7 

POR0ELASTIC PARAMETERS 

To BURST TEST 

(MPa) a. K 

25.74 l . 23*1 1.2 

19.05 1.21*1 1.0 

8.39 .27 1.8 

l 0. 94 .44 1.65 

18.44 .79 .79 

MATERIAL 
PR0PERTI ES 

a. . K 

.35 1.77 

.63 1.48 

.80 1.40 

. 7.8 1 . 39 

.64 l . 47 

a. has been calculated from K. By definition a. cannot 
exceed l . These values arise because of the value of 
Poisson 1 s ratio used in the calculations. 

The approach to overcome discrepancies in poroelastic parameters 

is uncertain. The most logical approach is to evaluate all possibil'ities 

in the stress calculations and through judicious interpretation select 

a representative range of stress values. 
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5.2 Critical Stress Intensity Factor 

5. 2 .1 Procedure 

Two separate testing procedures were used to estimate the critical 

stress intensity factors. These were: 

(i) Hydraulic burst tests on prenoteched specimens. 

lii) Short rod technique. 

The specimens for the hydraulic burst tests were thick-walled 

cylinders with an outer radius of 27 mm and an inner radius of 3.18 mm. 

Two radial ly opposed prenotches twith a depth of approximately 1 .6 mm) 

were eut along the entire length of the borehole. 

The specimens were loaded axially and confining pressure was 

applied by pressurization behind a urethane membrane. The applied 

loading was designed to simulate anticipated in situ stress conditions . 

The internal borehole was pressurized until breakdown occurred. The 

pressurization fluid was viscous oil selected in order to prevent 

penetration of fluid into the specimens during testing. Fracture 

toughness (K 1c) was calculated from available formulae (Tada et al, 1973). 

Four specimens were prepared. The friable nature of many of the 

samples prevented satisfactory'slots being eut in three of the specimens. 

Consequently, only one sample is regarded as indicating representative 

values. 

The Short Rad Technique (Refer to Figure 5) allows the measurement 

of the plane strain critical stress intensity factor Krc· Advantages 

of this technique are that: 
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(i) the specimen has a geometry favouring plane strain 
conditions. 

(ii) the need for pre-cracking is reduced. 

(iii) sample size is small enough that measurements of anisotropie 
behaviour are possible. 

Samples are prepared by cutting a narrow chevron notch in a plane 

parallel ta the axis of the core. The core is pulled apart at a 

slow, controlled displacement rate sa that splitting of the chevron 

notch is encouraged. The load applied to the sample is electronically 

recorded. Simultaneously displacement across the sawn crack is recorded 

(accuracy of .001 mm). This is accompl ished with a "cl ip-gauge" 

measuring displacement between two plattens epoxied ta the rock face 

on either side of the sawn eut. 

The load is increased slowly until a crack initiates at the tip of 

the "V". Initially crack growth is stable and each incremental load 

corresponds ta further fracture propagation. When the crack attains a 

critical length, this trend is reversed and the load decreases with 

increasing crack length. 

5.2.2 Computations 

One analytical interpretation of the results, proposed by Barker* 1 

1977, is: 

AF 
K - c 

IC -
8

3/2 (8) 

Barker, L.M.; A Simplified Method for Measuring Plane Strain 
Fracture Toughness; Engineering Fracture Mechanics, 1977, 
Val . 9, pp. 361-369. 
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KIC - critical stress intensity factor 

A - a material independent parameter, found to 
be approxiamtely 20.8 

B - specimen diameter 

Fe - maximum load 

Unfortunately, the parameter Amay be geometrically sensitive. 

To overcome this, an alternate approach is to analyse the samples as 

"compact specimens". Computations are based on formulae proposed by 

Srawley and Gross, 1972*1 , where appropriate parameters for particular 

geometry and loading conditions are outlined. 

Finally results were also analysed using cornpilance calculations*2
• 

Once the increase of compilance with crack length has been computed, 

the stress intensity factors can be calculated from: 

G 
p2 ac = -28 aa (9) 

KI = GE 
1-v 2 

(10) 

Srawley, J.E., Gross, B.; Stress Intensity Factors for Bend and 
Compact S pecimens; Compenduim, Eng. Frac. Mech., 1972, Vo 1 . 4, 
pp. 587-589. 

The compilance is the ratio at the point of maximum load of the 
displacement to the load. 



1 

f \ 

where: 
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G - strain energy release rate 

8 - specimen diameter 

K1 - opening mode stress intensity 

E - Young's modulus 

v - Poisson's ratio 

The compilance method and Barker's calculations appeared ta give 

i nferior resul ts compared ta the "compact specimen" approach. 

Representative values are summarized below: 

GRQup· 

A"'' 

B 

C 

0 

E 

F 

G 

TABLE 8 

STRESS INTENSITY FACTORS 

SAHPlE K {MPa-m· 3l 2) 
t Kr (MPa-m· 312 ) 

( Srawley and Gross, 1~72) (Barker, 1976) 

241 .39 .24 
241 1.4 .47 
242 .79 .46 
243 .32-.36 .46 

243 1 .9-2.1 2.4 
244 4.4 1.l 

201 .42- .43 .30 
195 .30 .21 
194 .28- .31 . 41 
190 1.6 .68 
188 .86-.87 .58 

164 .6~-.75 .95 
154 .48-.49 .35 
153 .55 .26 

134 .15 .059 
133 .080 .053 
129 .01 6- .018 .022 

98 .099 .042 
97 .069- .070 .046 
94- .050-.056 .076 

71 .067 .037 
67 .089-.099 .13 
62 .56-.57 .42 
58 .41 . 18 

• ' This is weathered granitic material from near the 
Preeambrian contact. It was not amendable for producing 
long enough samples for burst tests. While it lay outside 
the pressurized 1nterva1, it may have affecte<l lattar 
stages of propagation. 
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The groups in the above table were selected to incorporate 

samples of similar lithology and structure. From these results 

appropriate stress intensity factors for the individual fracture 

intervals were selected (Table 9). 

TABLE 9 

REPRESENTATIVE STRESS INTENSITY FACTORS 

FRACTURE DEPTH OPENING MODE CRITICAL STRESS INTENSITY 
NUMBER (m) FACTOR, KIC 

l 

2 
3 
4 

5 

it i s 

(MPa - m- 312 ) 

ABSOLUTE MINIMUM AVERAGE 
RANGE 

2211-2215 1.9-4.4 1.9 3.2 

2165-2170 .28-1 . 6 .28 .70 

2062-2067 . 01 6- .1 5 . 016 .078 

2069-2074 .016-.75 . 016 .33 

2097-2102 .28-1 .6 .28 .70 

In all calcualtions the average value of KIC has been used because 

(i) Most representative of the entire interval. 

(ii) Probably conservatively small enough due to inevitable 
sample damage during the sampling procedure and during 
transportation. 
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VI. DATA ANALYSIS 

6.1 Introduction 

The first fracturing interval was in the Precambrian (using the 

single packer). Next an interval in the Deadwood was fractured. Two 

fractures (one of which was successful) were then attempted in the 

in the Winnipeg formation. Finally another fracture was performed in 

.the Deadwood formation. The fractures were not propped and due ta condi­

tions which arase in the field none of the fractures were filled with 

the very viscous gel. 

6.2 In-Situ Stresses*1 

Table 10 synthesizes the raw results of the downhole and the 

surface recordings. Pressure-time diagrams are presented in Appendix A. 

Appendi x B. contains repro-ductions of the downhol e pressure-time plots. 

Tacle 11 indicates the calculated in situ stresses, based on the 

assumption of tensile strengths typical' of rocks of the nature 

encountered in this hale: 

Tensile Strength Rock T
0 

(MPa) 

21 Granite 
3.5 Sandstone 

Tab 1 e 12 t.abul a tes in situ stresses based on tens ile strengths 

derived from the laboratory testing programme. 

Finally, Tables 13-15 out1ine in situ stresses based on measured 

(laboratory) values of fracture toughness using fracture mechanics 

considerations. 

The stresses tabulated are total stresses. 
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6.3 Fracture Orientation 

At these depths all fractures are generally vertical. It is 

unlikely that bedding plane anisotropy will have disrupted this trend. 

The final column in each of the foregoing tables summarizes the 

fracture orientations as determined from the impression packers and 

the downhole orientation surveys. 

The quality of the impressions was quite disappointing. The 

tendency was for most of the rubber wrap to be scraped off the 

impression packers as the tool was pulled into the casing on the 

return trip. Nevertheless, some interpretation was possible and is 

documented. 

6.4 Discussion 

6.4.1 Variation of HoriZontal Stréss With Depth 

Figures 6 and 7 indicate the variation of aHMAX and aHMIN with 

depth. 

The minimum horizontal principal stress appears ta have a relatively 

constant gradient with depth. This is substantiated by the variation 

of the ratio of aHMIN/av shown ,in the following table. av has been 

calculated as the weight of overlying rock, a valid assumption based 

on the numerous deep stress measure~e~ts made previously at other 

localities. 



FRACTURE DEPTH 
NUMBER (m) 

1 2213 
2 2168 
3 2065 
5 2100 
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TABLE 16 

cr HMIN 
(MPa) 

35.42 
30.62 
25.10 
33.68 

crv cr HM IN/cr v 
(MPa) 

55.08 .64 

53.96 .57 
51 .40 .48 
52 .27 . 64 

AVER,A,GE . 58 

This ~radient seems quite reasonable . Even i n terms of the very 
V simplified theoretical relationship that crH = crv l-v' the back calculated 

value of v is 8.37 which is not tao unrealistic. 

In terms of the maximum horizontal principal stress, the variation 

with depth is somewhat more complicated. This could be due ta: 

(a} Estimations of crHMAX which are inherently somewhat more 
inaccurate due ta the presence of additional parameters 
in the calculations. 

(b) Lithological variations. 

(c) Past tectonic activity. 

Figure 6 indicates that regardless of the assumptions made concerning 

the poroelastic parameters, the basic trend is the same. It should be 

pointed out however that the highest quality of available information is 

for the curve obtained, based on burst test results. As such, this has 

been adopted as representing the variation cf crHr..ax· 

Over the relatively small depth span crHMAX also shows a very steep 

gradient. It is uncertain what the influence of the Cambrian-Precambrian 

contact has on this gradient. The variation of crHMAX with respect to 
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the vertical stress crv is indicated in Table 17. 

TABLE 17 

crHMAX *l cr FRACTURE DEPTH V crHMAX/crv 
NUMBER (rn) (MPa) (MPa) 

1 2213 61.71 55,08 . 1.12 
2 2168 53.81 53.96 .99 
3 2065 23.35 51 .40 .45 
5 2100 35.07 52 .27 .67 

*l 
Refer ta Table 12 (based on a 1irnited number of rneasurements ) 

It would appear from the above table and Figure 8 , which indicates 

the variation of all the principal stresses with depth, that the Deadwood 

sandstane _may be a zone of transiti~n from astate of stress in the 

Winnipeg ·where crv > crHMAX ~ crHMIN ta a situation in the upper part of 

the Precambrian where crHMAX > crv > crHMIN' 

6.4.2 Orientation and Regional Stress "Picture" 

Figures 12 through 16 indicate the stress rneasurements at this site 

in camparison with measurements elsewhere. Figure 17 indicates stress 

measurement va 1 ues at other si tes in western North .America, and shows 

re1atively good agreement. 

From the orientations rneasured, the approximately E-W trend of 

crHMAX is not unreasonable, wh en viewed in canjunction with other 

previous measurements (Figure 18). 
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6.4.3 Fracture ~echanics Considerations 

Tables 13 ta 15 are simply alternative approaches ta the calculation 

of crHMAX' These, however, incarporate the presence of minute flaws 

intersecting the borehole. All the tables are based on breakdown after 

a short period of time sa that there is no penetration of fluid. A 

further dramatic disadvantage of using calculations of this nature 

is in ascertaining the length (and possibly the persistance along the 

borehole) of these critical pre-existing cracks. 

Since no definite measurement of the length of influential pre­

existing discontinuities is readily avaiiable, only a qualitative 

review of this datais possible. Nevertheless, Figures 9 ta 11 indicate 

that the general trends for canventianal and fracture mechanics approaches are 

roughly the same. The figures do however highlight the strong influence 

that the presence of fractures can have. This · is partic.ularly true 

in the "intact" granite. However, based on the present state-of-the-art 

and available information the canventional analys i s will be cansidered 

as valid. It is interesting ta note the relatively good agreement in 

Ftgure 11 between bath analyses for a 0.5 mm deep crack (a feasible 

length canstdering the grain sizes}. The discrepancy in the granitic zone 

cauld easily be less if it is realized that the fracture toughness used 

here is an upper limit. A value for Krc in this horizon of 3.2 ~Pa -

m-312 (an average) was used rather than 1.9 .MPa - m- 312 (the measured 

minimum). If the minimum value in this horizon is used, the predicted 

stress values in the granitic horizon would be (for the eouivalent computa­

tions ta those summarized in Figure 11 ): 
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CRACK LENGTH crHMAX 
(m) (MPa) 

5 X 10_.4 125.33 

10- 3 100. 26 

25 X 10- 3 82.93 

These values are closer tà crHMAX = 61 . 71 MPa calculated using conventional 

techniques·. 
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FIGURE 2: STRADDLE PACKER ASSEMBLY 
(not ta sca l e) 
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rIGURE 3: PRODUCTION INJECTION PACKER (not to scale) 
(used in the Precambrian interval) 
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FIGURE 4: IMPRESSION PACKERS (not to scale) 
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F - Load 

b - Instantaeous Crack Width (Shaded area denotes crack) 

FIGURE 5· Short Rad Specimen Configuration (After Barker , 1976) 
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FRACTURE ONE 

Date: May 28, 1979 

Depth: 2210.5 ~ 2215 metres 

Fracturing History: 

The single packer arrangement was used for this fracture. 

The tool string was lowered. Bottom was 11 tagged 11 and the string 

was pulled up one metre. The packers were inflated ta 8 MPa (measured 

at the surface). Pumping with the University of Toronto air operated 

pump could not build pressure higher than about 8.3 MPa. 

At this stage, the system was shut-in and Halliburton pumped. 

At approximately 19 MPa the pressure began ta drop off indicating that 

some form of breakdown, of at least a small-scale nature had occurred. 

The system was shut-in for several minutes. As soon as repumping 

started, with no increase in pressure (surface) the formation broke 

down initially. The system was again shut-in. There was a large 

degree of oscillation as damping occurred in the drill string. 

On repumping, the secondary breakdown peaks were higher. This 

can happen if: (a) The fracture encounters some form of 

obstruction as it propagates radially 

from the hale. 

(b) The fracture encounters a barrier layer. 

rhe latter is quite possibly the case in th i s situation. Ul­

timately, flow may have circulated around the packers and eventually 

reached the annulus through the overlying sandstone. 
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After several pressurization - shut-in cycles the system was 

bled off. It is interesting to note the shut-in pressures for the 

latter cycles did not drop off. 
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Critical Pressures: 

Pump Pressure* 1 Flow Rate 
(MPa) (US gpm) 

Halliburton 18.79 . 10 
11 . 55* 2 . 0 

5.69* 2 .0 
21.55 . 10 
23 .10 . 10 
20.34* 3 . 10 
25.34 . 10 

Pressure measured at the surface 

Instantaneous shut-in pressure 

Small scale additional breakdown during a 
propagation cycle 

Elapsed Time 
(min) 

1. 33 
2.33 

2.33 
3.33 
4. 13 
4.67 
6.46 
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FRACTURE TWO 

Date: May 30, 1979 and May 31 , 1979 

Depth: 2167.5 metres ta centre of interval 

Fracturing History: 

, 

The packer arrangement was first installed in the hale on May 30, 1979. 

On pressurizing the packers, leakage developed and the string was pulled. 

On May 31, 1979 a new set of packers was attached and pressure tested 

in the casing. There was no leakage. The tool was lowered ta the 

fracturing interval. The drill string was filled with gel and other 

additives; 

Gel and Additives* 

Quantity Name Purpose 
( l b/ 1000 gal ) 

20 Adamide Aqua Reduces spurt lasses 
in the formation by 
blocking off pores 

24 WGll Gel (increases fluid 
vi scosi ty) 

2 FR20· Reduces friction in drill 
pipe 

10 CWl Monosodium Phosphate 
(Water Buffer) 

The gel increases the fluid viscosity with essentia1ly no change 

in dens ity. 

The packers were inflated in stages (3.46 MPa, 6.90 MPa, 12.07 MPa). 

At 12.07 MPa the movements were made and the packers were set. The 

system was bled off. 

Used in all fractures at this site. 
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Halliburton pumped and there was a breakdown and a well defined 

shut-in. On repumping the pressure rose much higher and on shutting-in 

there was no appreciable loss in pressure. With further pumping the 

pressure increased. With shut-in the pressure held constant temporarily 

and then dropped drastically, down ta the lowest value yet encountered. 

It was questioned at this stage whether flow was circulating around 

the packers. To determine this, the annulus between the drill pipe and 

the borehole wall was filled and on repressurization the annulus 

pressure was also monitored. On repumping the pressure in the interval 

(as measured at the surface) rose only slightly. The annulus pressure 

also rose slightly indicating there was some amount of communication. 

The system was shut-in. Ta this stage approximately .89 m3 had been 

pumped into the hale. A slug of very viscous gel was next pumped into 

. the hale and a~ a rate of approximately 1 bbl/min. The volume of the 

slug was approximately .6 m3
• The character of the very viscous gel 

was: 

Quantity Name Purpose 
(lb/1000 gel) 

40 WGll Gel 

2 ~R20 Friction reducer 

10 CWl Water buffer 

0.5 gal/1000 gal Clll Cross-link for 
drastically increasing 
the viscosity 

With the slug of gel being pushed down the drill tube at 

approximately 3.8 bbl/min, surface pressure rose rapdily and when pumping 

stopped pressure dropped down rapidly. On repumping at a rate of 
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4.3 bbl/min pressure rose rapidly and propagation occurred at a pressure 

of approximately 22 MPa. On shut-in, the pressure rapidly dropped to 

approximately 18.98 MPa. The rate of pressure loss temporarily 

decreased at this point and then dropped rapdily again to approximately 

13.11 MPa at which point pressure decreased slowly and regularly. 

Another pump cycle followed the same sort of pattern. The system was 

bled off and the test terminated. By the end of the test it was 

evident that the annulus was being pressurized either through communication 

through the formation or due to packer failure. 
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Critica1 Pressures: 

Pump Pressure* 1 Flow Rate 
(MPa) (US gpm) 

Ha 11 i burton 10.34 10 
7.24* 2 0 

21 .38* 3 10 
22.76 10 
22.34* 3 10 
24.83 10 
24.24*2 0 
26.21 10 

25.66* 2 0 
7.24* 4 0 
1.72* 5 0 

' 1 

ANNULÙS FILLE□ 1 
1 
1 . 
1 

Halliburton 4.41 10 

2.69*2 0 
5.52 10 
1.79*2 0 

1 
1 

SLUG OF THICK GEL INJECTE□ 1 
1 
r 
1 

Halliburton 22.76* 3 180.6 
12.07*6 0 
12.07*6 0 

Pressure measured at the surface 

Instantaneous shut-in pressure 

Propagation 

Inflection point during shut-in 

* 5 Bottom packer has blown 

*6 Packer pressure (approximately) 

El apsed Time 
(min) 

5.07 
5. l 0 
7.73 

8.03 
8.27 

8.60 
8.73 

10.93 

11 . 20 
12.40 

12.80 
' 1 

12.80 - started ' 1 
1 18.47 - completed 
1 

21 .60 
21 .80 

23. 33 

23.73 
' ' 23.73 - started 1 
1 

' 38.33 - completed 
' 

39.60 
40.27 
43.13 
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FRACTURE THREE 

Da te: June 1 , 1979 

Depth: 2064 m ( centre of i nterva 1) 

Fracturing History: 

Following the 11 standard 11 procedure, the packers were set at 

approximately 11.38 MPa (pressure was raised ta this level in stages). 

The annulus was filled and pumping started with the University of 

Toronto pump. Pressure could not be built up rapidly enough. Therefore 

the system was shut-in. 

Halliburton began pumping. Pressure rose rapidly. On the first 

pressurization cycle (pressurizing to 20.52 MPa at a a rate of 0.25 

bbl/min) breakdown did net occur. On shut-in,pressure bled off at a . 
slow but moderately steady rate. A similar behaviour was noted on the 

second pressurization - shut-in cycle (pressure was taken somewhat 

higher for this cycle). For the third cycle a small amount of 

propagation occurred at a pressure of approximately 23.79 MPa and 

shortly afterwards at a pressure of approximately 24.83 MPa. 

However, continued pressu:izati on cycles duplicated the previous 

behaviour ta a large extent. On the shut-in portion of the fifth 

pressurization cycle, there is some indication of closure of a miner 

fracture at a pressure (surface) of 25.86 MPa. 

After this cycle, the entire system was bled off by slowly opening 

a valve at the surface. The surface line pressure was reduced ta 

approximately 6.38 MPa and was then repressurized. Pressures built up 
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ta approximately the same level. The cyclic behaviour was approximately 

the same except the shut-in curves were notas smooth indicating that 

some fracturing may have occurred. For these cycles and for all the 

other cycles except the first two, there is a relatively small pressure 

loss during shut-in. 

The system was rapidly bled ta approximately 2.41 MPa. Pumping 

commenced again for two pressurization cycles. Behaviour was approximately 

the same. The system was bled off. On repressurization after this, 

the slope of the pressurization curve decreased after a pressure of 

approximately 24.14 MPa. The system was shut-in, repressurized and 

bled off rapidly several more times. With continued cycling, pressure 

during shut-in dropped off consistently more rapidly. 

Eventually the system was left shut-in for approximately 4.5 

minutes. Pressure dropped off ta 7.72 MPa. The formation broke down . 
. 

There was a rapid drop in pressure, eventually levelling out at 1.72 MPa 

with no further pressure loss. 

On repressurization cycles, pressures rose up ta former levels. 

However, there was indication of some forrn of propagation. Sorne of 

the changes in slopes on the pressurization curves are probably due 

ta the rate of pumping into the formation. 

During the final pressurization cycle, propagation was evident. 

1.5 bbl of fluid were injected into the borehole with no appreciable 

increase in pressure. On shut-in for this cycle, pressure decreased 

in a uniforrn fashion ta 16.21 MPa after which point pressure decayed 

at a considerably smaller rate. 

The system was bled off and the packers were deflated. 
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Critical Pressures: 

Pump Pressure* 1 Flow Rate Elapsed Time 
(MPa) (US gpm) (min) 

Halliburton started at 10.8 min 
20.41 10 12 
24. 14 10 15 . 4 
24.62* 3 10 . 19 . 3 
25.52* 3 10 19. 6 
25.86 10 22 . 7 
28.10 10 24 .8 
25 .86* 3 10 26.9 

1 1 

1 BLEED SLOWLY TO 6.41 MPa 1 
1 1 

27.93 10 37 .0 
30.00 10 39.5 
31 .55 10 43.3 

1 1 
1 BLEED RAPIDLY TO 2.41 MPa 1 

' 1 

31. 31 10 48.8 
31 .31 10 50.7 

1 1 
1 BLEED RAPIOLY TO O MPa 1 
1 1 . 

24. 14*4 10 55.4 
32.59 10 56.6 
33.45 10 57.4 

1 
1 BLEED RAPIDLY TO O MPa 1 
1 1 

24.14* 4 10 63.5 
34.83 10 64.7 
35.17 10 65.9 
35 .17 10 67.2 

- 1 
1 BLEED RAPIDLY TO O MPa 1 
1 1 

22.41* 4 10 71.8 
26.90** 10 72.5 
34.83 10 73.3 

1 

BLEED RAPIDLY TO O MPa 
1 

1 1 
1 1 

25.52* 4 10 76.0 
35.00 10 76.8 

1 1 
1 BLEED RAPIDLY TO O MPa 1 
1 1 

35 .00 10 78.7 
1 1 
1 BLEED RAPIDLY TO O MPa 1 
1 1 

35 .17 10 80.5 
' BLEED RAPIDLY TO O MPa 

1 

1 . 
1 1 

35.31 10 82.3 
35. 17 10 85.1 
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Critical Pressures: 

Pump Pressure* 1 Flow Rate 
(MPa) (US gpm) 

t 
1 BLEED RAPIDLY T0 0 MPa 1 

35. 17 10 
1 BLEED RAPIDLY T0 0 MPa 1 
1 

35. 17 10 
1 

BLEED RAPIOLY T0 O MPa 1 
t 

34.31 10 
7.59 0 
1. 72* 2 0 

33.03 10 
24.83 70 
29.66 70 
33.79 70 
34.48 70 
16.90*2 0 
7.24 BLEEDING 

* 1 Surface pressure (MPa) 

Instantaneous shut-in pressure 

Elapsed Time 
(min) 

1 
1 
1 
1 

87 . 4 
1 

1 
1 

89 . 0 
1 
1 
1 

90 . 3 
94 .6 
95.2 
99.5 

105.9 
108.6 
113. 1 
114. 3 
115 
116. 2 

*3 Anomalous behaviour while the system is shut-in 

*4 Change in slope of pressurization curve 
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FRACTURE FOUR 

Date: June 1, 1979 

Depth: 2071 m (centre of interval) 

Fracturing History: 

The packers were set and the annulus filled. The system was 

pumped to approximately 27.59 MPa (surface) and shut-in. Pressure 

decreased only slightly. Pressure was increased and shut°-in again with 

negligible pressure decay. With a further increase in pressure, there 

was detectable pressure decay during the shut-in. 

The pressurization loop was bled and repressurized. On shut-in, 

pressure again dropped off slightly. The pressurization shut-in cycle 

was repeated. On the final pressurization cycle pressure did not 
. 

decay during shut-in. 

The formation did not break down. This interval was abandoned. 
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Critical Pressures: 

Purnp Pressure* 1 Flow Rate Elapsed Time 
(MPa) (US gpm) (min) 

Ha 11 i burton 28.62 10 .8 

35.02 10 3.5 . 
34.14*2 0 3.6 
37.24 10 6. 1 

1 1 1 BLEED RAPIDLY T0 0 MPa 1 1 
1 1 

37 . 24 10 9.3 
1 1 

BLEED RAPIDLY ·T0 0 MPa 1 
1 1 
1 1 

36 . 21 10 13. 6 
1 

BLEED RAPIDLY T0 G MPa 1 
1 

36. 72 10 17.3 
. 

36~ 55 0 35.3 
35.52 10 34.9 

* 1 Surface Pressure (MPa) 

*2 Instantaneous Shut-in Pressure 
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FRACTURE FIVE 

Date: June 1, 1979 

Depth: 2100 m (centre of interval) 

Fracturing History: 

The packers were set at 11 .72 MPa . Pressure was being built up. 

At a surface pressure of 28.97 MPa pressure dropped rapidly ta 11.03 MPa 

and bled off slowly after this . 
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Critical Pressures: 

Pump Pressure* 1 Flow Rate Elapsed Time 
(MPa) (US gpm) (min) 

Halliburton 28.97 10 .7 

11. 03 0 .8 

*1 Pressure measured at the surface. 
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APPENDIX B 

DOWNHOLE PRESSURE-TIME RECORDS 
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APPENDIX C 

APPLICATION OF FRACTURE MECHANICS 

CONCEPTS TO HYDRAULIC FRACTURING ANALYSIS 
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PART A 

MODE I CONDITIONS 
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( C. 1) GENEAALITIES 

Hardy, 1973, .discussed fracture mechanics considerations applicable 

ta hydraulic fracturing .. His treatment can be brief1y synthesized as 

foll ows. 

Consider a fracture geometry as shown in Figure A, this being 

after initiation of a fracture from a pressurized borehole. 

Il 
1 

p 

Il 
2 

PRt:sSIJRim> 80~HOLS: (CAACXED) wrrn S'TRESS[S 
11 1.a

1 
ACTING AT INFllHTY 

FIGURE A 

a 
1 

Two parameters f(c/a) and g(c/a) have been defined by Cottre11 

in 1972. 
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f(c/a) (C-1) 

g(c/a) (C-2) 

~ where: 

1 

G- strain energy release rate 

E - Young I s Modul us 

q- Tensile stress perpendicular ta the crack 

P - Compressive stress parallel ta the crack 

a - Borehole radius 

c - Crack 1 ength 

Hardy, 1973, states that for a tensile stress (p~cr
2

) perpendicu1ar 

ta the crack, the opening mode stress intensity factor is: 

( C-3) 

For a compressive stress 0cr
1
-p) parallel te the crack, the opening 

mode stress intensity factor is: 

(c-4) 

By superposition, 

(C -5) 
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. ½ 
Hardy states that at crack extension Kr= (yE) • This would seem 

ta be appropriate only under plane stress conditions. In general, as 

has been shown~ for a MODE I situation: 

where: 

Extension can a11eged1y occur when 

Under plane stress 

At failure 

rr (f~ + {~) kf =-----,,----E 8 2(1+v) 

k2 rr 
- 1 - -y-

k2 = tl_ 
1 rr 

k =fif: 1 

Kr =# 

( c-6) 

(C-7) 

(c-a) 

(C-9) 

(c-10) 

(c-11) 

(c-12) 

(C-13) 
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However, if the situation is plane strain: 

ir (3-4v+l) k:-
GICR = E ~ 

8 2(1+v) 

4,r (1-v) k2 ,r (1•v) 2 k2 

= l = l __ E___ ---E--

4 l+v 

This implies that extension wi11 occur for 

k 2 = rE 
l ir(l-,}) 

or, 

(...É_) 
~ 

KI = 
l-v2 

Consi der KI = (~)½, pat crack extension would be: 
1-v 

p can be 9etennined uniquely as a function of crack 1ength. 

For cr l = 02 = 0 

(crt - tensi1e strength of the rock) 

( c-14) 

(C -15) 

(c-16) 

(c-17) 

( c-1 a) 

( c-19) 
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(C -20) 

as ccmpared te conventional predictions: 

( C-21) 

If hydraulic fracturing were attempted in a region with a pre­

existing crack or joint along the axis of the borehole, across the 

fault crt = 0 and y= O. An apparent discrepancy now arises since: 

from (C-19) p = a
1 

from (C-20) p = 2a
1 

(C-22) 

(c-23) · 

Hardy states that if the pressure at which flow from the borehole 

into the joint were recorded, and if this pressure were used as a 

measure of the stress state around the borehole, equation (C-22) should 

be used. 

For some ratios of cr /a2 there may be a size effect on the breakdown 
l 

pressure, expressed as: 

p* = f ( cr 
1

, cr 
2

, c/ a, c , E, y) 

\ (C-24) 

p • ( rra(l-\/2)/Ey) 
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If cr
1
/cr

2 
is large and is constant and if the value of c is stationary on 

the (c/a) curve, then there will be a reduction in pb for increases in 

the internal hale diameter. 

(C.2) NO FLUID PENETRATION INTO AN EXISTING FRACTURE 

If there is no penetration, this is analogous ta having an 

impenneable membrane in the borehole. Oucherlony (1972) (Refer to 

Figure B) has considered such a situation: 

(.IIT'CI - , lffll 
"'IDSIIIC fOSlS Ca.la UllloTII .oQl ~ ~ 
(1\ • •1 • 01 

-(Jal) 

0 

For no penetration: 

C • 10 a 10- 11d 
T • ,11& 11,_h,/iP 
a • «.S 1• 

M 
' ' 

,,·-··-··--
u 1.4 t.J 

'iP, . 
.o 

l,Q 

t.4 

.o 

FIGURE B 

(C-25) 
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For a para11e1 to the ·crack: 
l 

For a
2 

perpendicuîar to the crack: 

Using superposition, 

½ ]½ KI = p(Tra) F(c/a) - cr
2 

[il'af(c/a) 

+ a [irag(c/a)J½ 
l . 

with, . ½ . 
KI = ~] = (E' /~ li 1-v2) 

(E' )½ + cr2 [f(c/a)J½ - cr 1 [g(c/a)J½ 
P = F( c/ a) 

if cr = a = 0 ~ P = (E' / 2/F(é/a) 
l 2 

_. p = 
~a + a1 f(c/a)½ - g(c/a ½ 
Ffc7aT F c/ a ) 

, 

(c-31) indicates that for large crack 1engths , the breakdown 

pressure increases very rapid1y with increasing crack 1ength. 

(* NO PENETRATION). 

(C-26) 

( C-27) 

( c-28) 

(C -29) 

(C -30) 

(c-31 ) 
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For a preexisting fracture intersecting the hole 

a
1 

f(c/a)½ - g(c/a ½ 
p = F c/a 

For smal1 initial crack lengths (4-32) reduces ta: 

p = 2a 
l 

(C.3) FLUID PENETRATION 

( C-32) 

(C-33) 

Hardy considered a purely mode I situation. Zoback et al also did. 

However, they considered fluid penetration into diametrically opposed 

pressurized cracks. The pressure distribution was considered uniform 

throughotit the fracture length. 

For two fractures stemming -from a circular hole in an i nfinite 

medium, Newman calculated the normalized stress intensity factors (KI/p) 

as a function of crack length t (using geometry shown in Figure C ) 

À= O fluid pressure applied on1y ta the borehole 

À= 1 fluid pressure applied over the fracture surface 

as we11. 

FIGURE C 
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If the f1uid pressure is acting along the entire fracture surface, 

the stress intensity factor grows as the fracture extends and unstab1e 

crack growth wou1d be consequent. When f1uid acts only in the borehole, 

after an initially unstable growth, the stress intensity slowly 

decreases with crack length (stable crack growth - requires increasing 

pressure for continued crack propagation). The reality lies somewhere 

between these two limits. 

(C.4) VERTICAL FRACTURE MIGRATION 

Abou Sayed et al, 1977 analyse a vertically migrating hydraulic 

fracture. (If higher order tenns are omitted this is still mode I ana1ysis) . 

An elliptical crack is considered. The crack is subjected ta f1uid 

pressure acting on the crack faces and a far-field i•n situ stress (bath 

varying linearly with depth). 

The problem considered is one of quasistatic crack extension, 

neglecting f1uid f1ow, forathree dimensional crack configuration. 

Let: 

6 = pg (p - f1uid den~ity, g - gravitational acceleration) 

a= vertical gradient of horizontal insitu stress. 

Stress intensity factors, theoretically derived, vary around 

the crack periphery in a manner implying that an elliptical crack 

subjected to the prescribed loads will net grow uniformly, even if 

subjected to uniform pressure. For unifonn pressure, the analysis 

predicts that an elliptical crack wi11 grow into a circular one. 



1 
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In addition, for nonuniform loading, a circular crack will tend ta 

extend first at the tip which lies on the major axis and~= O 

(Refer ta Figure D ). 

p p • 0 
u u 

+ 

.,.._ ___ zc 

Za 

' ' 
'I 

1 
I 
I 

♦ 

I 
I 

")( 
~ ' ; 

~----__,;:=-+-_...; 

p z 

FIGURE D VEJTTICAL .FAACTURE 11IGAATION: EQUIVALENT LOAOING 
OF TIIE ElLIPTICÀL FRACTURE (AFTER ABOU-SAYED ET Al.. 1977) 

p • ½ (Pu+ PL) - (au+ al) 

a•½ (P1 - Pu)+ (a1 + au) • (a - œ) a 

11That is, for a ~a:!'d fra.ctiœing condition, a cirau.Zaze c!"""--ck 
tir~Zt. tend ta becoms 7-.onger in the vertical, direction tha:n. in the 
'horizontal, direct:ion at its· Zower haZf, i.e. c/a wiZ'l tend ta 
decrease. Onae this g-rowth has ocCUITed, the new crack wi 1, "l take 
an intermeâiate shape bet::we.en a circZe crnd an eZZipse. 1

' 

Abou Sayed et al, 1977. 

(C.5) PARTICULAR FIELD CONDITIONS 

"Hydrau'lic fractuzoe contairunent is discu.ssed ;rom the point of view 
of Unear eZa.stû: fractuzoe mechan.ics. Three cases az,e anaZysed: 
a) Effect of different materia"l properties for the pa:tJ zone and 
the barrier formation, b) C"tr.CI'a.Cterist:ic of fractuzoe propagation 
into region of va:ryin.g in-sii:'u stress and, c) Effect of hyd.rostatic 
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pressure gradients on fract1-œe propaqa:tion into overZyin.g or 
un.derZying barrier formations.· The anaZysis shows the importance. 
of the el,astic properties, the in-situ. stresses and the pressUI'e 
gradients on fractUI'e containment;' 

Simonson et al, 1977. 

"l. Hyd:ro:u'lic frac-tures in a pay zone Zocated be-tween t:LJo adjacent 
barrier 7,ayers wi1.t, tend to be contained provided the stiffness 
of the pay zone is Zess th.an. the stiffness of the barrier Zayers. 
FUZothermore, if the opposite condition e.:r:ists, barrier pen.etration 
is most Ziket.y. 

2. Migration of a hydnzu.Zic frac-ture either upward or dow'nL)ard in 
an isot:ropic, homogeneous medium may be corrtro'l1.ed by the density 
of the hydaru.Zic fractUI'e ft,uid. If the ft,uid density gradient is 
greater (Zess) than the in-situ stress gradient d.oùJru.i;ard Cupward) 
rtrigrcrtion is most probab 'le. 

3. If there eri..sts a difference in in-situ. stress beween the ba:rrier 
Zayer a:nd the pay zone with greater in-situ stress in the barrier 
Zayer, then it may be possibZe to detect fracture propagation into 
the bazTier formation·. A sud.den increase in pwnpin.g pressure wilt, 
ocCUZo as the ;raatUI'e crosses the interface and e=tends into the 
barriez- tayer. The increase in pressUI'e is a function of the 
diffe'I'ence in in-sit-4.J. stress bet:ween the ba.rrier and pay zone 
Zayers and the height of the pay zone. " • 

Simonson et al, 1977. 

(C.6) PENETRATION OF A vrscous FLUIO 

Zoback and Po11ard, 1978,co.nsidered fluid penetration using more 

realistic assumptions of distr1bution and character of fluid. 

"In attemptin.g to intuitivet.y un.derstand the frac-ture initiation 
and eztension process, it is necesaary to consider the cou.pZed 
probZem of the eZastic de.formation of a fracture and ?Jiscous 
ft,uid f7,ow in-t;o it. The necessity of considerin.g this coupZeè 
probZem is iZZu.stra:ted by the ert:reme casas shown in Figure E • " 

Zoback and Po11ard, 1978. 



->-
?:: .,. 
z: 

~ -

-100- , 

CASE 1 

( 

À 
CASEZ 

1. v ;, 

ff ) 

L 

(AFmt Z08ACX I POUAIUI, 1978) 

SOieiATIC REPR.ESEMTATlOff OF STRESS IMTENSITY FACTOR ANO DISPlACDiEMT, 
AS A FUNCTlON OF CMa LDIGTH, FOR TWO LOADING CASES. 

FIGUREE 

These authors consider: 

(CASE 1) K = 2Pr /1/2 I,r 

D = 2Pr ( 1-v) [ 1 - ( 2x/ t) 2] ½; rrG 

(CASE 2) K=Plîi" l 

D = P (1-v) [ 1 - (2x/t) 2]½/2G Î 

· where: 

K - Opening mode stress intenstty factor 

P - Uniform Pressure 

2r - Interva 1 of pressuri zati en for Case One 

V 

" p 

(C-34) 

(c-35) 
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Fracture length 

Opening displacement of Fracture Wall 

Poisson's Ratio 

G - Shear Modul us 

A propogating fracture canna~ be repr~sented precisely by either 

of these extreme models. Fluid pressure may act in the fracture to 

some degree, but not necessarily such that fracture propagation is 

unstable at a11 times. 

Zoback and Pollard utilize a two-dimensional plane strain fracture· 

model in an infinite continuum which is linear elastic, homogeneous, 

and isotropie. Also considered is steady, constant property f1ow of a 

Newtonian viscous f1uid 11 into 11 the fracture from the borehole. It is 

assumed that the fracture propaga tes perpendi cu_l ar ta the 1 east 

principal compressive stress. Shear stresses on the fracture face 

due to f1uid flow are ignored. 

Also considered, using a one dimensional steady state flow law 

is the crack-tip stress intensity factor as a function of the fracture 

half-length for various fluid viscosities. Figure F sumrnarizes their 

findings. This figure, along wi-th Figure G seem ta be a good approach. 

The problem seems té lie with what must be regarded as seeming intuitively 

unlikely. This is that (Refer to Figure G) wall displacement is 

herein predicted to increase with decreasing viscosity. The likelihood 

of this is suspect. 
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PART B 

MIXED MODE CONDITIONS 
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(C.7) THE EFFECT OF PREFERRED CRACK ORIENTATION ON HYORAULIC 

FRACTURING CRACK GROWTH 

Consider an ·existing pressurized crack randomly oriented with 

respect to the pri nci pa 1 stresses · (Figure ~ ) . Abou Sayed et a 1 , 1977, 

outline conditions and characteristics of additional propagation. 

-1 t t t 1 t~t ' 1 t t t L T T ' - -- -- -- -~ ~ - -- c:11sn•• 
;IIAQI -- -

7 t t t t t,i t . t t t ' t r 1 

(.IITU -V.1111 ff' M.. 1,m 

sa11111 c»a _. ,,. nu mas ...,. 
~naslllC 

For the situation shown in Figure H 

KI • ~ [ p - a I si n2 a - a 3 cos 2 a] 
KII ={;[ [ 1 / 2 (al ~. a 3) si n2a ] 

FIGURE H 

These are the stress intensity factors for the existing crack. 

If the existing crack extends in an arbitrary direction 

G(y) • 4(1-v2) ( 1 Tl c+y-y)y/rr{ (1+3cos2y) Kr2 
E 3+cos 2 " 

+ 8 sinr cosy K1 KI!+ (9-5cos 2r) KII 2 } 

( C-36) 

( C-37) 

( C-38) 
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G(y) -strain energy relea·se rate as a functJon_of 

· the angle of extension measured clockwise with 

respect to the trace of the existing crack. 

KI' Ku -given in (c-36) and (C-37) 

(after Hussain, et al, 1973, modified for plane strain). 

For an open, stationary long crack, a prerequisite is K1 = K11 = O. 

(These considerations seern dubious since it implies that a crack is 

unstable if G(y) F O. Propagation only occurs when G(y) exceeds a 

characteristic value GCR(y) ). 

P ~ a sin2a + a cas 2~ 
l 3 (C-39) 

and 

( C-40) 

For a1 , a 3 : ~ = 0 or a= rr/2. ·This _implies that the·existing 

crack is stationary if it is parallel ta principal stress directions and 

if the pressure p 1s equal ta the principal stress acting perpendicularly 

ta the crack face. Further cansiderations indicate extension wi11 tend 

to be perpen~icular ta th€ direction of minimum compressive stress as 

expected. 

A consequence i s that à 
3 

i s equa l' te the shut-i n pressure and if 

ais known, a
1 

can be eva1uated. 
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(C.8) CRACK INITIATION WITH A PRE-EXISTING CRACK OF 

PRESCRIBED ORIENTATION 

a-z 

.J 
+ 

1 1 t 003 t 1 1 1 
T T T T T 

p _,.. 

---_.,. 
_.,. - . . - ~ . 

7 t t l J. ' 1 l ' 1 1 0-3 l 1 l 1 

(AFi'ER ABOU-SAml ET AL. 1977) 

IIITERNAU. Y P!ŒSSURIZ!D aACXEil SORE:tOU: 
UNœJl FAR. FUl.D STWS •. 

L 
~ 

~ a'2 

..,_ 

.,._ 

r 
FIGURE I 

Abou Sayed et al, 1977, consider also a dtametrica11y cracked ho1e which 

îs internally pressurized (p).· This is similar te the situation 

described earlier (Zoback et al, 1977) except that KII ~ 0 in this 

case. 

For t.his situation: · 

Kr= p,v1C; F (L/a) - (cr
2 

cos2a + cr
3 

sin2a) F(L/a)v'Lrr 

+ (cr
2 

cos2a - ér
3 

cos2a) · G (L/a)v'G' (c.:..41) 

F(L/a), · G(L/a} - Tabulated Functions 

(after Paris and Sih, 1965) 

For a tensile crack: a= 0 

KIC 
(G(L/a) - F(L/a)) a

2 
= L - F(L/a) Pb+ G(L/a) a

3 
(C-42) 
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For a shear crack: a= rr/4 

2K 
= 2P - !C 

cr2. b F(L/a)~ 
- O' 

3 
(C-43) 

where 

Pb - Breakdown Pressure 

Kic - Mode I Fracture Toughness 

In the opinion of the authors, this ana1ysis seems a little tenuous 

since if hydraulic fracturing is the result of a shearing action, 

Krr shou1d not be taken equal ta zero. Bath stress intensity factors 

Kr and KII should be evaluated. 

If the horizontal primitive stress di stri buti on is r;J =-cr 2. 3 

then: 

cr =-cr =-cr= 
2. 3 

K!C 
p -----
b F(L/a)~ 

(c-44) 

With certain assumptions (c-44) can be expressed alternatively as: 

K!C - Pb+ cr
3 

= -_(_cr 2 -cr
3

) { ~ cos2a - cos 2a} (C-45) 
F(L/a)~ 

"Sir.ce the vaZue of the e::pression in pa:rentheses en the right 
hand si.de of equa-tion( C-45) va.ri.es between - 1/2 a:nd · 1. 5 and is 
necrr zero onZy for a timited ra:nge of values of a, it is reasonable 
ta e--pec"é that, in gen.era"l, its order of magnitude is not fa:r from 
umt:tJ. lien.ce, the difference between cr

2 
and cr

3 
witt be of the same 

K-c 
order of magnit:ude as the vatue· of ( .J. - Pb + cr 

3
) • 

F(L/a)...p:; 

Ths Zast e-.-pressicn. contains quantities thai: either can be measuz,ed 
or evatua-ted durir.g the fieid and tab e:periments associa:ted with 
mini.-hydz-o fract:uring. More pz-ecise 7,y i t invo Zves the meastaement 
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of the break.down presstœe, Pb, the shut in presszœe P
5 

= cr
3

, 

the fract;uzoe tou.gh:ness KIC and. an es-timate of the Zen.ath of the 
pre-eristin.g natu.raZ crack.s in the formation." 

Abou Sayed et al, 1977. 

For an initial crack of length L intersecting the borehoîe and 

lying normal to the minimum in-situ stress: 

Krc F G 
a2, = ---- - --~- Pb + G-F 0 3 ~ (G-F) (G-F) 

G,F - Evaulat~d for a particular value of L/a 

If Krc is found in the laboratory ta be : 

where: 

L
0 

- 1 ength of the crack i ntersecti ng the 

inner wall of a burst samp1e. 
, 

a
0 

-inner radius of burst samp1e . 

• F - for 1 aboratory sampl e 

For L/a and L
0
/a

0 
small, G ::=: 1.5 F, giving 

cr ::=: 
2 

( C-46) 

( C-47) 

· (c-48) 

(c-49) 
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Abou Sayed et a1 (1977) state that using Haimson's ana1ysis over­

estimates cr
2 

: 

(C-50) 

where 

aH - estimated from Haimson's prediction 
2. . 

a~ - estimated by Abou Sayed et a1 

Pb - breakdown pressure 

P1 - ho11ow cy1inder burst pressute 

(C.9) ADDITIONAL APPROACHES 

Advani et al, 1973, discussed analytical, experimenta1, and numerica1 

approaches to modelling pressurized fractures. 

Analyttcal Considerations 

•1 

l · l : l · l - l l 
--- -- -., ., - - FIGURE J ---

l 1 1 t t 1 
•1 

(Wl'II.IIIIMI a'AL. lffll 
1'64DGSIDIII. ,UIJI ·,mi ~ tm..ua ---- ·- _ .. -- -



-109-

Fi gure J , shows the i dea 1 i zed mode 1 used in the anal yti ca 1 

predictions. For this: 

K 
kr = ..l = (p + a sin2s + a cos 2s) -ra-_r:- l - 2 "V ~ 

- "V 'If 

The stationary angular derivative of the strain energy density is: 

( C-51) 

.dS :a Q=a(l+v) { (p + a sin2s + a cos 2s) 2 sine (2cose+4v-2) 
de SE l 2 

- - -- d2S · For stable crack growth - ~ O. The critical strain energy density 
de2 

can be found frtim 

(l+v) (l-2v) K2 . 
'IC s = 2E C 

(C-53) 

where 

" - Poisson 1 s Ratio 

Krc - Cri ti ca 1 Mode r stress intensi ty factor 

E - Young I s Modul us 
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As a consequence, the angle of additional incrementa1 crack 

propagation can be predicted. 

Figures _K and L summarize the ana1ytica1 findings. 

0 Z1l 40 60 80 100· 

a.o 

CAFTER AOVANI ET Al., 1976} 
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140 

100 
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%0 

FIGURE K 
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(AFTa AOVANI Ei Al., 1976) 
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• 
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