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X / R Ansmnac'r | o PR
Breakouts or preferred dlrectlonal spalllng along the walls
of boreholes have been observed 1n many wells throughout the:'

'sedlmentary bas1n lih most. parts of Alberta. Many studles

/

‘have been carrled 'out “into the' p0551b1e\ cause of this
phenomenon.b'fIn. th1s 5Study,” data ‘ focu551ng on" the "(

’relatlonshlp of breakouts w1th depth rock types and age of

fthe; rocks have béen‘ 1nvestlgated n 50 well@ scattered

Br1t1sh

(.

through most parts Of Alberta‘ plus 'one ’well iny

<

R

Columbla. A regress1on of breakout az1muths on dept s shows
' regre551on coeff1c1ents !notj slgnlflcantly dlffer nt from
| zero. Furthermore,_lt has‘been noted that break/yts have no
relatlon w1th the rock types and the age of the rocks.v Thev
bJeakout az1muths iin?‘a' well are tlghtly grouped around a’

mean dlrectlon whlch in most cases,‘ls NW SE f Q;' ‘ ,‘\"
. ]

o These obServatlons ‘and ‘other ~ev1dences lead to the

o conclus1on that breakoﬁtzzormatlons are better explalned by
7

Wth stress concentratlonv;at¢<theﬂ walls of the boreholes,.
- rather than bthedpfresultﬂ-‘of;f;the,; drrll; encounter1ng
‘Pre ex1st1ng fraotUres gor}'zones bof;WeahnesSes.lFrom thlS
conclu51on l'the' orlentatlon of ;fhgffgm;ilé§~, horlzontal
b_prlnC1pal | stress v"isﬁ NW- SE and _the§ larger‘ horlzontal
hprlnc1pal stress 1s NE sw The con51stency of. the’ breakout
f.az1muths2 w1th depth ‘wherever these phenomena are observed
- may 1mply that such large horlzontal pr1nc1pal stresses 7afe"
h:not necessarlly 11m1ted to the top crustal sedlmentary rocks‘
w'but 'may be contlnued down 1Dt0‘3_h deep ’d'm'older,’

) o /N‘ : . . - . j’-" ‘. X
S v"/ T E , K . - e 4
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Precambrian igneous rocks of
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‘the Earth's crust.
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THE PHENOMENON OF ALI?NED BREAKOUTS XNQ ITS MEANING -

B The prlmary purpose "f borehole dlpmeter‘ surveys »“tb;

;vdetermlne magnltudes and a21muths of dlpS of beddlng planesfk
:from observatlons 1n a 51ngle hole. Prlor to such surveys,;;
f‘kthe? subsurface structural plcture was determlned prlmarlly,_

from selsmlc sectlons and correlatlon 65} marker horlzons

'

;kaetween three or more.wells no?idrllled on a stralght llner;j

‘kUhfortunately,a geophy51cal surveys ‘normally/ cover large?d
“:areas and far‘ good for determlnatlon of average reglonalkp
E?fdlps but glve poor resolutlon of local d1p varlatlons.ﬁLnn‘a:]

nllke:;manner d1p determlnatlon 7Qﬁ marker hor120ns “from-.,

/“ .

‘:lcorrelatlon 1s va11d only 1f the bed used 1s truly plane’f

'\Lsurface and contlnuous between wells.\¥77'

About 1970 the Four Arm D1pmeter (also known :as Theﬂ
(qﬁgh Resolutzon Dlpmeter HDT) begaﬂ to supersede the three;f
‘farm type of tool Thls the51s ﬁi largely concerned w1thﬁf

'»[l011 wells of non c1rcular sectlon. Flgure 1 reveals th%t thefﬁ

’ 7HDT 1s capabLe of determlnlng two d1fferent dlapeters of‘ra}f

\.b .\.

vff'non c1rcular1 hole and the1r az1muths,‘whereas the three arm”;

Lo

',1nstrument cannot do this.'
faInd;the four arm dlpmeter shown 1n Flgure 2 tﬁeﬁfoufg?

rarms are a21mutha11y spaced 90° apart Each | prang'wioadeaqq

'jfarm carrles a pad of electrodes wh1ch enables the electrlcal&w

‘d_re51st1V1ty of the rock near the electrodes to be 'recorded
A - v 9 : . - )
- -The. four correlatlon -curves ;ihg Flgure _3;_show typlcal iy

. "‘ /A L e -‘ .
"res1st1v1ty varlatlons wh1ch enable beds :to 'be recognlsed =
:'and~-correlateda A plane [Céﬁ be f1tted to the four depthdf

RIS
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Flgure 1....%P0551ble pos1t10ns assumed by 3- arm cal1per
and 4-arm dual callpers 1n the same elongated hole.

b(schematlc) R
T . ».:/" b .
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r]hlLﬂfThe:-nearly vertlcal l1n'

: values for a bed to gave 1ts d1p in magnltudevand dlrectzon.p
fRe51st1v1ty changes on: only one or two 'electrode pads may'
'a551st piln‘}‘ldentlfylng fractures ~‘as~ \ 111ustrated,df,u
‘schematlcallj in. flgure 4, 'wf. .j_g‘.:‘j;{;f'$5
Traces,inot; yet dlscussed 1n flgure 3 are-of pr1nc1palf.

'1nterest 1n thls study.,On the far rlght the two 'orthogonal'

- dlameters"slndlcated by opposed palrs 'bf‘ callpers ;ared.:

' #recorded These prov1de 1nforﬂatlon concern1ng the shape of ¢

7:the borehole.‘ on the left wé requlre the trace wh1ch shows, Q'Q

"ftthe a21muth _ No 1 'electrode,.;relatlve to ‘ap‘magnetlc‘eh.
C{ compass housed 1n the tool Other traces on the left are--f

3

' 5vert1ca11ty on. a common scale'from 0°'to 9° |

é.rdA dashed 11ne whlch runs dlagonall
o tool hi_' drawn up in the c1rcular por'
.fThls llne ceases to rotate on encounterlng a"ell1pt1cal’
)"faonef;and glves thél relatlve bearlng of the too ;f,f .
dfscale of 0 to 360 degrees wlth respect to. azlmuth AQfEF\;\
‘ffﬂd;' elctrode. From thls the bearlng of the hole drlftjff'”

‘can’ be calculated

wh1ch shows the dev1at1on from_»_,s

i rotates ~as “the

;'ons‘of'the Hoiepry,f

f“ihe tool normally rotates as 1t 1s drawn up the well and 1nfﬁ1’f

.

”many depth ranges the’ callpers w111 :1nd1cate essentlally e

e fequal dlameters equal to the drlll b1t dlameter.,Thls can ben

'“fseen 1n the bottom and top sectlons.'of5 flgure'ddﬁi'Itghisf
"»observed however,,,in' othe{i depth ranges_ ‘that. the\tool‘r»

wﬁ)ceasesy t‘ rotate‘ and the ﬂcallpers' 1nd1datev"d1ffeﬁent7i*

O.’

"vf'dianeters.; Th1s 13\ the result of - exten51ve fracturing'"ﬁ‘

i
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i{@vertxcal fractures. (schematlc) ‘ ~
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) VA;cretaceous perlod) 1nterval f the Strachen R1c1nus areaf =

IIS equal to. the drill bit. Th1s condltlon

‘;fleld of M1551551pp1._.

AN

out'uon . opposite

4

causlng the borehole to “spall- and wash|
* . . N o ' N N £ . ’

sides‘thus becoming elliptical. Usually the smaller'diameter o

as been named byl‘

’Babcock (1978) a BREAKOUT ‘and is 1llustrat d in flgure 5 D.
“Other situations encountered 1n a borehole are also shown 1n‘
dflgures 5. A- to C. In F1gure 5 D one pa1r of cal1pers has
“nbecome trapped in a. locally elongated sectlonlof fthe_ hole.J
“The orlentatlonv_of the breakout can be estlmated from the
ha21muth of the trapped callper pads..In Flgure 3,_a breakout‘”
fls shown between depths 9418 and 9527 feet. Callpers 2 ‘and {4
l(solld dlameter llne) 1nd1cate the greater dlameter and ftheF
;statlonary a21muth trace shows No 1 electrode near 200° The§-
ha21muth Gf thef long ax1s of‘ thlS breakout ;isfs‘neard;d
;200 90 110°v relative’ito the magnetlc north J he ~final;,';

:’forientatlon 1s 110° plus the magnetlc decllnatlon.a”

7The_ success ofivthei HDT 'i_ determ1n1ng sedlmentaryﬂ””

“Cbeddlng planes has led to. an exten51ve use of thls tool in
:]many areas, startlng from the West Texas Ellenberger play in-
h1969 the: cretaceous Of North\LOU151ana and M1551551pp1 ‘éhd[,‘

'falso ,in the' llmestone o& the Moorlngsport of ‘the Waveland~

f

Durlng the‘ 1nterpretat10n ;fof Schlumberger 4—armdlln

nf'dlpmeter logs wells in Alberta,-fn (1970) ‘observed that

F.ithrough e“ Wap1ab1 shale (a predom1nantly dark gray shale{]fﬂ

of both Colorado, and post Qolorado age; ln¢ thef upperlt"

A‘,i(sei; Flg ' 16 shaded portlon) fof' West lCentral Albertaj

A

P
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adjacent to the Rocky Mountaln foothllls, where the borehole ’
was not ‘at' bit size it ,was always’lelongated in the
d northweSt-SOUtheastv dlrectlon. Structural dips were usually
northeast.or sOUthwest. Nevertheless, several wells in thls‘"
’area' in ‘which"struetural' dips hwere differently oriented
showed v the same northwestﬁsoutheaSt eélongation.  This
» observatiOn led Cox to make a broader statlstlcal study of
. 4-arm. d1pmeter logs in 31- zones from . 17 wells scattered
‘about Albertavand the North West Territories.

:Vl - This new dstudy ranged from Cretaceous ‘shales " to

f.DeVonian .carbonates' in. which d1p values ranged from 0° to

‘3Qf The orientation of the long axes of the holes had 'an'ia‘

average dlrectlon of N47 W to‘ S47 E ‘A few elongatlons.
-formed another group perpendlcular to th1s major trend (F1g
'~6 A)' That-the d1p dlrectlon is not a. controlllng factor ‘for

8

the hole elongatlon 1s shown 1n f1gure 6 B. “F,
| An 1nterest1ng feature of these elongatlonskobserved by;
'CoxH(4970)'was that they were 'conflned ‘to dlscrete depthitw
'intervals w1th1n a hole and separated by uncaved beds. Thgs
'l-observationt led Babcock (1978) ‘to " suggest . that - ‘the
elOngation'qm1ght be caused by the drlll encounterlng zones
'of steeply dipbing vfractures Babcock later -undertook a -
-study of. the phenomenon of hole elongatlon u51ng the callper-
bort1on of thef 4- arm dlpmeter logs,' and’ extendlng h1s

'zlnvestlgatlon to'»23 wells in” var1ous sedlmentary rocks,f

,wadely d1str1buted through Alberta.
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Dip Azﬁnyﬁf

: Flgure 6..n. Orlentatlon of breakout long axis wlth respect.
to -(A) North and (B) Dlp a21muth (J. Cox,‘1970)

ST
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He noted the follow1ng propert1es of breakouts
1., The breakout zones may be short discrete events,‘or may
persist over depth 1ntervals of several tens or hundreds
vot feet. }
2. A breakont of 2 to 4 feet commonly slows down the'tool‘
rotat1on or may have no notlceable effect on rotation'
whereas a longer breakout 1s commonly assoc1ated with a
ce%satlon in the rotatlon of the tool. |
To " explain his observatrons, wh1ch were con51stent ‘with
Cox's (1970).ohservations, Babcockvturned to hls._study of "
the regional‘ jointing in exposed bedrock of ‘the Alberta‘
_plains and in the Fort McMurray ‘area -of 'northeast ‘Alberta
(Babcock, 1973, 1974 1975) - Within this area ‘two orthogonal
joint systems made qg_ of' vertically dtpping' extensiona;
fractures are present. SYstem 1'has sets striking northeast.
'and northwest roughly normal to and parallel Wlth the_ Rockj'
»Mountaln Belt. The northeast str1k1ng set. is domlnant in the
sense that it 'is most commonly developed in that ljo1nts of
'.thls set usually 'CUt-vacross’ jOIntS of other sets,‘whlch

i

termfnateiagainstvthem. A second _301ntalsystem= (System 2,
'Babcook;n 1973) having sets»striking'rouohly North—south'and'
A»j»Easthest‘waslalso‘ObserVed 'This system was common in the
:?ort McMurray area and in the southernmost part of/KI;erta
and OCCUrred elsewhere. in the prov1ng\. These tmo' jOlnt
systems were ’reported (Babcock - 1973) 1n nearly flat lylng’

sedlmentary rocks ranglng from late Devonlan to Paleocene 1n

age, 1n'outcrops of shales,‘51ltstone, sandstone,,l;mestone \,'

TG
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dolomite and coal distributed through many thousands of
square kilometers and several thousands of meters of the
stratigraphic column. Out of a total of 1,236 nearly

vertically dipping joints measured, Babcock obsenbed .that

~although joint sets were well defined at most stations, set

directions between = stations varied- considegably,,.
Nevertheless,‘the Sets_striking northeast and nérthwest &eref
most developed | |

‘ Regions- covered by Babcock in hlS study of breakouts~

included the»Claresholm’district._Here he‘compared the  joint

vazimuths -measured at 10' outcrops and “the azimuths of -

elongatlons from five wells. The ‘mean directions of the

o elongations he observed showed a varlation in strlke ranging

‘fifrom;1299 tb'.155.5°,, thus corresponding closely to the

'nofthwest—southeast _ striking joint set.  However, the

elongations showed much less variability than -do the strlkes‘

&
of . 1nd1v1dual ]OlntS of the northwest striking set in the

‘area. A comparison of all az1muths of elongation (41 in all)

-w1th that of all joint strikes (1, 236) in the area is. shown

el

in Figure 7. Clearly there 1s no. close correspondence as a:

i‘reSultf‘ofm'the predominance of one Joint set striking at :

approximatelyv 17594 (No;th-South), . whlch falls - under

I,Babcock s System 2

LS

Slmilar compar1sons were made by Babcock in ‘hisl-Red o

Deer study between 400 az1muths of jOlntS in bedrocks and 67

m;/hreakout elongations in nearby il -wells.v Here,i however,

joint sets belong to the System 1 and the dominant dlrectlon
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v F1gure 7o H1stgggig,ggmpafing’Tleft) strlkes of 1,236
joints measured at outcrops 1in Clareshol - region,
southwest Alberta, with-(right) azimuths of 41 elongated.

| breakouts from five wells. (Babcock 1978)
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of hole elongation was northwest-southeast at about 140 °,
Babcock's study of 23 wells scattered throughout

Alberta ledwhim to draw the following conclusions,some of

which had béen mnda by Cox (1970):

1, In most of the 23 wells studied, the breakouts are in

the northwesterly direction. However, in some wells a

s

small number of breakout/s may follow a northeast trend.

g

g e .

2. The aiimuths of elongation are parallel to well
developed sets of regional joints which are present
wherever.’” joint directions have been studied.

3. Hole deviations from vertigality, changes 1in the
magnitudes and direct?ons of bedding dips, and lithology
are unrelated to breakouts.

4. The preferred orieﬁtation of breakouts could not be the
result of the drill encountering vugs becauée this would
lead to hole elongations with no p?éferred orientation.

5. Babcock further stated thét through his informal
discussion with’ engineers iﬁyolved with  hydraulic
frécturing and from consideration :of the _tectonic
setting, the inferred direction of intermediate stress
in rocks of the Alberta plains is normal to the trend of

the Rocky Mountain Belt or roughly Northeast Southwest

et e
S

] : . : . . . . .
and [the . maximum stress 1is vertical, with the minimum

G

stre$s direction inferred to be Northwest Southeast
paka#lel with the dominant azimuth of hole elongation.
j R T ‘

From these general - conclusions Babcock , finally concluded

that ,dhé ~ breakouts occur as a result of the drill



n

5pencoun¥er1ng steeply dipp1ng fractures or zones ‘of steeplyy

5;d;ppxng iraqtpreS.; Wthh may Fk may ‘not be open. . Thei.7\'"
ffsolutlon w1dened jolnts.‘;;f

thhe cause of breakouts very dlfflcult to accept. Thelr most;fi'

'b'In thlS connectlon they remarked that sedlments 1nvolved inp;fL-f

0

"

3_'o¥ersize . holes“‘tin‘n carbonate & rocks 'heﬁy relaged; to

Bell and Gough (1979) found Babcock s hypothe51s forf"f'

._Q«

“fserlous objectlon.fewa575uthe,- fact that hjh_azlmuthalf‘ﬂ
k-,dlstrlbutlon of breakouts 1s vegy unllke that of jOlnt sétS'li
hy?éFj the”surfacek They argued that glven four concentrataonsb»fp*f””
of jOlnt dlrectlons on the surface (Babcock 1973) NW NE N:5f.

\aand E, they would expect ¢oncentratlons of breakout a;lmuthsf

e

in all the four dlrectlons on Babcock s hypothe51s,ifrather‘:i

Pona

}afthan‘- only dﬁe« 51gn1f1cant concentratlgn’,of subsurface f:k

;ylbreakout dlrectlon (NW)

s _ o - 4
Secondhy, Bell and Gough wondered 1ﬁ such»surface jOlntﬁy:

fﬁ{dlnectlons\would necessarlly be parallel tO those at depths

:.f*extendlng beyond 2 km at wh1ch breakouts have been observed .

i

_,A[thép_study iﬁ‘ the Alberta Pla:ps were la1d domn in varY1n9ivp
. ftectonlc settlngs between Devonlan and Cretaceous tlmes-'and{;]ep

"ffifurthermore.v joints 'fm??7¥ arlse‘,?n'vseveral ways afterhfj‘fbw
”.f:dep051t10n of sed1mentary focks,‘;)‘ o ’ ‘

'“ﬁlnf,anf attempt T‘ f1nd an 1nterpretat10n that would?‘-»V"

'faccount for both the breagout¥\1n the wells and the vsurface?ﬂ"

o 301nts System 1 of Babcock Bell and Gough (1979) Proposedbdf"

"ﬂgthat both features result from a general stress f1eld actlngf:<j- |

B

_:ﬂpthroughout the' Alberta Plalns and orlented w1th the largerfj
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e

A

) pr1nc1pa1 hor1zontal stress NE -SW., and the smaller of the two g

= horlzontal stresses parailel to"the Rocky Mountaln fold'£1"'3

'axes.. Us1ng-tthe; Klrsch equatlons ‘f r the stress nearfaf’

'c1rcular hole, 1n a hedlum under b1ax1al stress, they argued““

vthat w1th large enough unequal horlzontal stresses orlentede;y“ﬁ

ffa'f above,'fthe hOleSr themselVes could concentrateffjthe:"

stresses so." ~-to produce subsurface breakouts w1th long'

' axes 1n the Nw SE dlrectlon. Such concentratlons _of,vstress:5;g7

b‘vare bel1eved to arlse at the tlme of drllllng.v,ﬁf’"

'fl If the breakouts 1n Alberta are. shear fractures cauéea'?l'

| ‘by the concentratlon of stress at the walls of the boreholer

L"as propdsed by Bell and Gough (1979) the larger horlzontaljﬁ> v

compre551on isu orthogonal to the az1muth of the breakouts7“

v,

and hence nearly ‘Northeast Southwest i Alberta. Thelr-wV"3

hypothe51s prov1des no 1nd1cat1on of the magnltudes of thel

A ST ‘
prlnc1pal stresses other than the fact that .the_ horlzontal

e pr1nc1pal stresses af large and unequal Gough and Bell,fﬁ*f
(1982) have recently maderi quant1tat1ve study '”;shearff,g ‘t
§§actur1ng near borehole,. and have vshown 'that such»

fractures can form breakouts w1th the observed propertles.v"

| Stress measurements 1in' mines ?fni several contlnents:
reveal that kh'v vert1ca1‘ pr1nc1pal‘ stress approx1mates‘d'
(w1th1n‘ 20% or 1ess 1n most cases) the overburden pressuref:?

'°(McGarr and Gay, 1978) Furthermore, the pr0x1m1ty o ;théf

hrust faults of the Rockles to areas covered ‘in the studles?ff"“

by Cox (1970) and Babcock (1978) coupled ylth the fact thatslyf

'f thel Rockles are fold mountalns led Bell and Gough (1979)



*fft SO e .

- suggest  that aﬁ'sitUation<'with S, (thewmaximum‘principalf-}5"

f»stress)'vertical»('a.”normalrfault;JStress.ffield)ufis"omost;f

2

_*unllkely 1n Alberta.

B ThlS fact is further strengthened by thev oCCUrence of

- breakouts,“at{ depths‘ of 500p meters fof[ less Laboratory,“

’experlments by Gay (1973) 1nd1cate' that héﬁ threshold‘.n"”

pressure xf spall1ng ‘in.:a,wcxrcular. hole under equalr"

1::orthogonal pressures ,ié. about 100 MPa.,. W1th unequal;,x‘*

‘mffpressures,’ howeyer,f'spalllng would be‘ expected w1th thedp_o i

'felarger compre551on around 30 MPa. But at a. depth VOf_ 500 mt;,‘iv

”1'7the;'overburden pressur%) w1ll be,,about -12 MPa.'If»S.olf'

'fyert;cal.then both S,’and Sa,twhlch are horlzontal Will”’

°lsmallerb than thls ,value (12 MPa) and may be too small too

'*ffproduce shear fractures. ThlS now. leaves us w1th e1therlma'

~;thrhst fault or a strlke sllp (wrench) fault stress f1eld,f

ﬁ;fBell and Gough s hypothe51s f1ts e1ther of these twov stressfj;'i

J

‘~”f1elds ‘and the breakouts are con51stent w1th elther case Itﬁ"‘

J-fls worth not1ng that the breakouts alone cannot reveal whlchf

'“of the two stress. 51tuatzons prevalls 1n Alberta.‘

<-;;h; , later paper, Gough and Bell (1981) »added o

._taddltlonal wells in: Alberta to the1r study of breakouts Theyhfhpf

falso extended the area covered 1nto northeastern Brltlshfif;:

'"ngolumbla.__ln_ add1tlon results from hydraullc fracturlng 1n.¥

”f'an 011 f1eld 1n West Central Alberta Were dlscussed Theysr'bu

‘o

‘Vsuggested that some local anomalles 1n breakout orlentatfons:”

:3smlght represent local var1atlons 1n the stress f1e1d

. Vo



Lo and Morton ,(1976) attrihuted"'fallures of ltunnell
| roofs ji' Ontarlo to 1nteractlon of the tunnel with. large;a
gf hor1zbntal compre551ve‘stresses transverseh~to‘»the‘-tunnel.
h Dusseault)f (1977) suggested that'l unequal v'horiaohtallh‘

compre551ve stresses prevall 1n several areas ‘in Alberta,jtoﬁf

account Lforfﬂthe propagatlon of vertlcal fractures durlngbb"

o hydraullc fracturlng in Northeast Southwest vertlcal planes.3

Such fractures _1mply fa horlzontal least pr1nc1pal stresslj.

(S )dlrected Northwest Southeast The formatlon;hof: ten51le”.

fractures normal to S, dur1ng hydraullc fracturlng was f1rstvjtg¥:'

N proposed by Hubbert and WllllS (1957) . Thls leads ftb'Vther”p‘f

“y

expectatlon that _~a thrust ,stress fleld (S,,vertlcal)'f'

hydraullcally formed fractures w1ll be horlzontal (Kehle,,””l ,.;

1964) ThlS Jis“ dlfflcult to verlfy 1n many cases, becaUSeh

‘..I‘

, horlzontal fractures are hard to detect. Zoback et al (1977){f1f,§_

\

'hvargue that’fthej 1nflatable packers 1nh1b1t such horlzontal.‘?'

fractures, and that hor1zontal fractures form only 1f flu1di

penetrates pre exlstlng planes of weakness. ThlS contentlon5f

B RN

ﬂ{‘“ supported by laboratory :experlments by Halmson rAhdt,;

Falrhurst (1970) Halmson (1976b)_suggested that 1f Sy = Sg' -

then the 1nduced fractures 1n1t1ate in a vertlcal plane idnd;

;then vbecome horlzontal as they propagate based on the fact‘

that energy propagates along the path of least~ re51stance. ’

ThlS _can be observed in- the pressure t1me hlstory where thefh’

asymptot1c shut 1n pressure.-"is7;‘smaller 5 than Atgthe‘~vf'

-

1nstantaneous shut-lna’pre55ure{gf1n«-such a 51tuatlon thelf

”h-Instantaneous-shUtfinfpressureiisfnott'egualv~to *the»_least~"
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ca, *\1

j_pr1nc1pal stress but rather the smaller horlzontal pr1nc1pal

AN

.'.7stress ‘wlth the asymptotlc shut 1n pressure belng equal,totjf‘”

e
BRSNS

“the least pr1nc1pal stress s,.‘ F~ n '.‘-“j‘ e

\

_ Id” the J Lease of the Pemb1na Ollfleld Macleod (1977)

»v;noted durlng secondary 011 recovery from Cardlum Format1on o

[

'fsandstone‘ :that ) permeablllty was greatest finy the

e NortheaSt-Southwest,,drrectlon. }Thisr obserwation '.implied

e1ther ‘ar fracture ysystem' o else a permeablllty trend

a’or1ented Northeast Southwest. But Ne1lson (1957) showed the

f'.xsopach axes in 'th1s formatlon and' area to‘bertrend1ngg”‘g

'lNorthwest Southeast.,Thus one would expect a permeability, o

L

"}trend related toﬁlthe‘ process of dep051tlon to run NW SE

'Z,Gough and Bell (1981) therefore concluded that Macleod s}f“ '

"fobservat;on could be better explalned 1n terms of vertlcalyf

idfractures -or1ented NE SW “_wh1ch would 1mply ’jl NW#SE'

1;breakouts( occur 1n rocks of Pale0201c ages over depths from‘“* N

o orlentatlon Of Sa. Slx wells logged w1th the. HDT in thlsﬁ'm

area were 1dent1f1ed and studled by Gough and Bell ‘The'

5_2500 to. 45b0 meters A21muths“of hole elongatlon‘ were’ﬁu”

: ftlghtly grouped _w1th mean values rang1ng between 132° and5

"1mply1ng that thejmlnlmum pr1nc1pal stress was horlzontal 1n'.v”

';f:and~ 141°*, WIth var1at10nsvgoverx,approx1mately ~20‘_’\{'-_';_'in':

: 1nd1v1dua1 wells.

\.,;
!

Imperlal Oll 1n 1978 publlshed 1nformatlon ' '} their“

‘”‘Cold Lake progects 1n far eastern Alberta. IndUced vertlcal

fracture orlentatlons varled from N 30° ? jto. N_ 45°? E*b

' 7yth1s reglon and orlented between 120° and 135°*d'The] largerA



. i’

.‘hbrizonﬁal étresé fonldi.théh\tlie' betWeen' 3Q°‘ and 45°,

. lmperial' 0il ran ‘Ho HDT logs in. wells in the Cold Lakeff“

e

' region (J S Bell personal communlcatlon wlth the Company)
l.However,_ Gough and Bell_-(1981) located one well in: thlS‘
reglon logged by the HDT The a21muth of a 51ngle' breakout |
depth 477 to 479 m in the Clearwater Format1on, was 131°
, suggestlng the major hor1zontal stress dlrectlon fof ‘41°;-d
;'Recently, Gough and Bell. (1982) have reported compar1sons of,
| breakout~raz1muths, %U* Colorado' _iﬁj East. Texas‘nand'rvin.
_rnOrthnesternf;léanada_»‘w;thf otheraflnd1catlonsd-of”‘stress;r

'orientations in»'thoSe‘;’regions; “In - every ..case the

’/

'xobservatlons support 'the1r~ explanatlon\ of breakouts as a‘:»"

.consequence of stress concentrat1on by the borehole.din an .

gan1sotrop1c. stress f1eld fTh hydraullcally ’indudedl
7dfractures at West' Pemblna- and at Cold Lake ‘1nd1cate fa
' “strlke sllp type tress‘ fleld -(Siv and S3 horlzontal S 2
;1lvert1cal? is most llkely present 1n nost parts of Alberta.

Th1s the51s reports a study of the StatlsthS of the_

"az1muthal distrlbutlon of breakouts in 011 wells An Albertaﬁb,d

"v1n relatlon to depth llthology, formatlon and age of rocks,k‘ |

-

5itogether w1th the geophy51cal 1mp11cat10ns of breakouts.;'



STRESS

Vo : .
RIS STRESS ‘AND FRACTURE IN THE EARTH'S CRUST

If one con51ders a 51mple)pr1sm of cross sect1onal area.

a subjected to a force F, as shown in Flg 8 the }stress S,

;factlng on the end surface ABCD is given by

¢

'it‘vcanﬂ be Seen that the force F has -no component acting
uparallel to the ABCD surface. ThlS means 1t exerts no shear g
..stress on -thls' surface.v By deflnltlon, any stress actlng:
‘:perpendlcular to a surface along wh1ch the shear stress is?

f‘zero is a pr1nc1pal stress.‘ Thus in thls case Sz-ls a .

P

=:pr1nc1pal stress. Here, the SUfle 1nd1cates -the dlrectlonl'.

”3in: wh1ch the~ stress acts. Other pr1nc1pal stresses may be-

1or1entated parallel to the X—-and Y—Jfaxes,,-and would “be
“ryde51gnated fisxtv‘and;' Sy respectlvely -:ff,;the~ relat1ve
"tjnten51t1es of the pr1nc1pa1 stresses are known, they may bef:'
termed the max1mum (or/grfatEEET“_1ntermedlate and m1n1mumf
’Kor 5 least) pr1nc1pa1 ;'stresses D (ile. S,,'vjsg,_‘ S,y,

hrespectlvely)

If one consaders the actlon of the force F on a surface

'?’,GHIJ '1nc11ned at. an angle ¢ as shown in: the Flgure 8, _thev'

component of F actlng normal to GHIJ is. glven by,.r”

.,Lfﬂi = F. S1n¢ f‘ }.. v' \f'Ffo {:y?: o ‘-i/’f

C ¥ :—\‘

/

:However,“ t w1ll be seen that the area a of GHIJ 1s/wgreaterv"

e

'.than the area a of ABCD and’ that L _4'],f" frsz‘-V-

'ﬂaf'= a/51n¢

3
\,

L SRR L e N
Therefore,- the normal stress Shy.actlng,ﬁon'the_fncllnedg‘

5, = E/éf;"’";f;;f"T‘;';;fj*"f‘";;""'f;";*:;';‘;;;';'243::
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. Figure 8..., Normal and Shear stresses acting on external
- ~and internal surfaces of a unit cube subjected to a force -

B - ‘e
UL,
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sur face is ' )
“EF,/a' = F.sing/a' =(F/a).sin’@
so that
Sn S =_ Sz . Sin 1¢' __... ______ ‘ """""""""‘"T“"“"';';—‘%-————.f—'f_~———;'——2—2’

similarly the ‘conponent, dﬁﬁ Fkﬁangential/to}tne inclined
'piane isfgiven g;_: : D o
'.a- ='l«‘..cos¢3.\..;j -
' Consequently.the shear sﬁressH&T) acting galo;Q"thef.plane
‘eQUais[‘ | | , _ o | |
F, /a'=f-C§S¢/a'=:(F/a).coS¢.sin¢f
| that 1s '5 7 S o : o : | L
| T = Sl .C:os¢ s1n¢—-—4--»—i—f'_"‘-"‘-—'.:‘T’T“",;‘"—-*-—f—*--——--_——{—-2:3 <
~ shear. stresses as well as other stresses may pe.:elated
g to'co-ordinate axes. We denoteaby'I‘zy the shear .s;ress Qﬁ,
g ¥z~ planes act1ng parallel 'to the ‘YfiXi5¢. %imilarly T.
[:denotes a shear stress actlng in the zx~pianes paraiiel 'ﬁo
the-x—ax1su The str%ss across a plane whose normal is. 1n the‘
"y dxrectlon Wlll have lcomponents‘ Tyx ,‘_Sy, 'Ty;_'and thaf
across ‘a plane whose normal 1s in the.x d1rect1on W1ll have

components S( 'gy rT‘he nine quant1t1es below

xz *
vS'xi‘ g Txy _sz ‘ , ‘ .
B e e
T Td S: | |

'ase "called the stress. components and - glve 'a complete .

-

'spec1f1cat10n of the stress at a p01nt It can be shown that,'

Tyx =Ty + Tyz 'T& and T Jn,', so that only six quantltles'

yx
.out of the nine. are needed to specxfy the stress at a po1nt.;,

M .
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The stress omponents ;n 'Eqn.(2—4) are 1n,‘fact. the
components of a mathematlcal ent1ty called a tensor, (and
tensor a \221y51s 1s much used in developlng the h1gher parts .
of the theory of elast1c1ty where X,¥, z,'_are ,replaced by

‘1,2,3,' respectlvely) A tensor ‘in which tq‘=T;;, Tyz =Ty »

w0

T, =T

- Ty =Tax is said to be symmetrlc.

In a b1ax1al stress fleld it can be 1nferred from Eqn.

(2 2) and Eqn. (2-3) that the stresses act1ng normally ,and

tangentlally to a plane incllned at @ to S, and hence (90+g) . -

to. S, w1ll be’ represented (on superpos1t10n) by o

SnA= S,.51n’¢*s,.cos’¢
and Co q
T = (8,-8; ) 51n¢ cos¢———-——-———-? ———————— mmmmmemmommm=m2-5

‘whlch can be wrltten 1n terms of the double angle 2¢ as"‘
Sy = (S +S, )/2 ; ((S ~Ss). c052¢)/2 ‘and o (

= ((s,-S5). sm2¢)/2 ,—-4*'—,—_-;——_-———"————'—éé-_ ————— -e---é——z 6
'quuatlon 2- 6 may be represented graphlcally by means of
“j:Mohr S stress c1rcle, whlch w1ll be dlscussed later in thls

‘chapter. .

4 Subsurface rocks are normally 1n a state of compre551veﬂ
 stress except very near the surface. because of the welght of
.i overly1n§ rocks. This overburden we1ght creates stresses in'
‘both h vert1cal and horlzontal dlrectlons. The stress
.»fleld at a p01nt can be represented by S‘,'S,J S, as‘alreadyt
‘ideflned Over long per1ods of geologlc t1me the earth has

Wexhlblted an appreclable degree. qu mob111ty durlng whlch"'

| rocks have been repeatedly stressed to the 11m1t of fa1lurevh

9,

o
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to produce_faulting'and.folding.bThe probfem of‘rock squeeze
b(i.e.-‘continuous ‘deformation of the roCk)‘ has been
recognised in parts of the cruét."In‘HSouthern Ontario
istructures builty, in rocks have exhlblted distress in var1ous
: degrees dur1ng or -subsequent to constructlon (Lo, 1978) .
vGeologlcal processes such as faultlng foldlng, and pop;ups
or buckling of the. surface rock. strata, w1thout any apparent
change of external loadlng,'hay be 1nterpreted as‘"eVidence
of ex1stence-~of h1gh hor1zonta1 stresses. In a study of‘
geolog1cal features and movements of structures in " rock :in
' New York State, Rose (1951) assoc1ated the rock squeeze with
the p0551ble ex1stence of hlgh horlzontal in- 51tu stress in
the rock formatlons. Such phenomena regu1re that substant1a1
dlfferences must eX1st between ‘the pr1nc1pal stresses. Sbar
:and SykesV (1973) have used 1nformat10n ﬁrom postglacial
geologlc features such as east -west rock squeeze in “weStern
'New York and Nlagara, and brldge abutments mov1ng together :
_ to 1nfer that the maxlmum compre551ve stress in thlS aread
\has an easterly trend Postglac1al buckles or pop ups near
Chlppewa Bay, New York Jhave also been ascrlbed by Sbar and
Sykes-’as“"nOt ‘due to any env1ronmental factors other than
large horizontal.compress1ve strgfses.,.Pop ups have alsof
,been encountered elsewhere in vwestern’New York where'the‘
llthostatlc load has been reduced by. quarrylng (Sbar .and
Sykes personal commun.-gw1th J Dav1es, 1972) Deformatlon'

1nd1cat1ve of a hlgh horlzontal compre551ve stress was also’

observed in varrous parts of Ontario (Coates, 1964), where a



pep?up about two and one half meters high, striking

\

northwest, occurred overnight in a quarry after it had been _ -
. | -

!

excavated to a depth of 15 meters. Flnally the results“

- obtained from geologlc features, in- situ stress measurements

‘and,_earthquake ~distributions-—in eastern and central North'
Americaﬁmay be ;eia:edlto the presence of high stress.
;The" orlentatlon ‘of the trajectorles of the principal

_stresses in space 1s lérgely determlned by he condition

wh1ch they must sat1sfy at the earth s strface is is a
free surface, on wh1ch normal and//shear stresses vanish.

S;nce the only planes on @hich the shear stresses are zero . .

ular

are fthcsel perpen ;te» the pr1nc1pal stresses, it

_follows—. at,'onev'of the three trajectorles of pr1nc1pal _”

Q \

" stress must end perpendlcular to the surfade\of the ground,

and bhe‘ other. two must be . parallel to thlS' surface.

'\

Therefore, in regions - 6f gentle topdgraphyf w1th simple

n*ﬁ“

geonglc vstructures the pr1nc1pal stresses should be near{y
N

.

horlzontal ~and vert1cal o w1th " the . vertlcal ,/stress\*{\
approximately equal to the pressure of overlylng materlal
Measurements of stress in m1nes 1n several ont;nents' show

that in many _cases the vertlcal normal streSs_is; within

urabout 20%n equal t& the overburden pressurer v = p‘.gth ,

vwhere p is the den51ty of the mater1a1 g i _graQity and h
is the depth, If ‘the lateral stress».were jd,uejsolely ‘toT
'elastic* response' of the‘reck Sv s theAhorisontaljprincipaihf
streSses“would be _s=s= vﬁ/(1~ﬁ) Sy = Sv/3 Where:.g is
Pcissen‘s ratfo{-‘SUCh a stress- fleld would produce normal

.
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faults at any dﬂp%%iat.which‘?he stress difference exceeded

the strength of tpe “rock.' However, observations in

underground structures, guarries and hydraulic fracturing in
'hboreholes indicate that the horizontal stresses § and s S>s

aref’not generally equal and do not vanish close to the

surface, a necessary consequence if the horlzontal stresses

were due ‘simply htoﬂ elastic . response of the rock - to

‘overburden ptessure. Lo /////////f// ,

' Measufements in several continents of in-situ .stress in
rocks show that in many cases the hOrizohtal stresses - are
much hlgher than the 'vertlcal stress ‘calculated from the

A
overlylng welght of ‘the ' rock (McGarr and Gay, 1978 ; Hast,

' 1973; Herget, 1974). Frequentiy the horizontal stresses S

and s increase linearly with depth. It is thus evident that
} : «

“large - and ‘unequal' horizontal 'principal stresses are

P

w1despread in the contlhental crust of the earth

'Relat1onsh1ps Between P#1nc1pa1 Stresses at Fa11ure

Most substances behave - elastlcally at 1ow stresses. As -

the stress 1s 1ncreased the body w1ll begin to y1eld at some .

_-polnt if it 1is ductlle, while 1f the body is brlttle it will

\'fraoture: at some p01ntﬂ without apprec1ab1e y1e1d1ng The

term fracture 1mp11es the appearance/of dlstlnct surfaces of

[

separation in the body and yleld is used for the onset of

- plastic deformation‘*Flo is used for unrestrlcted plastlc

cdeformatlon. Both flow and fracture (also known as fallure)

I 5
(SN v

\are observed on large and small scales in geologlc mater1al

. ’\

SO that _the.f crlter a for them’ are vital for the
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interpretation of géologic phenomena.

For brittle materials in tension, tensile or cleavage
fracture takes place across a surfacg perpendicular to the
direction of tension (Fig. 9 A). For brittle materials in
compression, shear fracture takes place along a pair of
planes of a cone approximately in the 1direction of the
greatest shear stress but always between this direction and
the direction of the largest compressive stress ( Fig. 9 B).
The maximum shear stress theory, which dates back to Coulomb

(1773), states that failure oﬁcprs at a point when the
at

maximum shear stress is equal to the shear ét:ength of the

material. If $,25,2S, are the principal stresses at a point,
taking compressive stress positive, the maximum shear stress
x : . ,
/

' has magn;fude ($,-85)/2° , and occurs across a plane

containin the direction of S, and whose normal bisects the

ang&g betwgen”the greatest ahd‘least principal stresses. Thé
theory implies that if C, is the compressive strength of the
material in ‘an uncohfined compression te;t in which S,=S?=Ol
S,=C°; the imaterial willAfail across any plane inclined at
45° to the directiohv of"compreésion for a frictionléss
méterial.‘FOr'reai matefials the angle is less than 45°. The

"theory also implies that the tensile. and compressive

stréngths- are equal. The theory has been modified by Navier -

to fit quilitatively most of the.observed facts, .and is used

by 'Andergon in a diScussion- of the types of geological
‘faulting. In this modification, instead of assuming that

fracture takes place across the plane over which the shegg

o X
AR
[t
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Fzgure 9 .
fracture and (B) Shea{ fracture' B

| 'v)'."(—“(

i Fallure of a brlttle materzal (A) Ten51le E



30

"1'stress flrst becomes equal to the shear strength Sog. ftvthe

B

,fmedlum, _1t assumes that thlS shear strength 1s 1ncreased By_"
:a constant u t1mes the normal pressure vacross ‘th plane.

‘ Because oftfthei analogy to ordlnary frlctlon 1n wh1ch the 

' ',tangentlal force is u t1mes the normal reactlon, uis known”

'}asrtthe coeff1c1ent of 1nternal frlctlon. Thus,’lf Sn and Th'

"

.fare the normal and shear stresses across a 'plane,-vfracturej;'

d;itakes place lon the plane at wh1ch the magnltude of. T f1rs§¢f

*ﬂf;becomes equal to So + u Sn. Therefore,':”es ﬁ'; ) .g7frf“,3;'

| ' "0| = So + U, Sn —'"'----————"‘"""""‘"“‘""‘""”"""““—2-7 ‘
| ThlS 1s the‘Nazler Coulomb cr1ter1on for shear fallure.srhethx
_~uﬁ§f dlSCUSS the case of two d1men51ons f1rst If S,, and S,ff
“;fafe the pr1nc1pal stresses we can then wr1te Eqn (2 6) as’
sn < (s +5.)/2 (s s )c052¢/2 s S e
T = (S S ) 51n2¢/2 —--—--—--—-—-——-————"*-“‘“"““—--2-8
.;Only values of @- between 0 and 90° need be con51dered 51ncef

’only the magnltude of _Tl occurs‘iln Eqn.i (2 7). so thatd

‘fvchanglng he>'51gn ,of ¢ only changes the s1gn of s1n2¢ andji'

f5does not affect the magnltude of Sn or T. The shear stress

fallure 1s: thus symmetr1cal about ¢ 0 It can be shownai;
*Ithat fallure takes place across a- plane whose normal makes ¢d”
e w1th S,, where tan2¢ —1/u.1¥if;_u‘0 then ¢ 45°;3‘fgu¥1,;:.
‘>;2¢ 135° and @= 67 5° ifeu———> 1nf1n1ty, ¢-—>90 that 1s ‘as.
".}1ncreases the plane of fracture moves towa;ds the drrectlon?,
j‘of maximum stress. Values *af,ip]saf];the' orderjiofbwjfnare,ﬁ
Lh1nferred from the d1rect10ns of fracture of rocks 1n testlngf}

':fmachlnes, and also from' geolog;cal faultlng (Jaeger,1956;t



’ Prace 1973) It Shou1d'he ’rememhered that because of -the
. B |
'.symmetry ‘i g mentloned earlier,. the theory leads to twov,

fldp0551ble Planes,.éf -fracture' equallY' 1nc11ned : to" the -
fpr1nc1pa1 stresses and g1ves no - reason ?fqr preferring

_e1ther. For fallure under comblned stress 1n"terms of: the_

_compre551ve and tensrle strengths,, C° :andb T, of ,the,h

vhmaterlal the relatlon ‘ S e
"fC /T° g (‘J(u’+1) + u)/(\ku‘+1) +‘Ul,l f | 3
l:d~holds. The theory predlcts that the compre551ve strength of.

'a materlal ,1s always greater than 1ts ten51le strength butf-

nthe rat1o 1s rather smaller than that found 1n pract1ce. Thefl

'gutheory also predlcts that under any cond1t1ons the normal tO‘;
_ 5 :

lvthe plane of fracture makes thef same: angle- arctan(1/u)/2

- »o....

'w1th stg dlrectlon, of greatest pr1nc1pal stress. Although"

A e
_jthls 1s approx1mately true for compre551ve stresses, 'it’”is'

-flvery far from the truth 1n the case of pure ten51on when the
‘yfallure is . usually by br1ttle fracture w1th hei planehfof~

”7iffracture' normal to the dlreqtlon of ten51on. The-reasOnfmay“

e

’be that ’I‘° should not be the actual ten51le strength buththel

e value"at wh1ch shear fallure 1n ten51on would take place 1ft

. '0

‘ten51le fractureidld not occur in practlce before thls valuend

‘xis,vreached Nevertheless, the- theory glves a reasonably=d

Im

taccurate account of the beha@ﬁour of .rqeksx under comblned*.

g &'compre551ve stresses

‘ﬂMohr ‘s representatlon of stress and fallure 1shlu5eful_f

a@;(Flg '0);3 Mohr 5 theory assumes that at fallure across al}

i ‘plane the normal and shear stresses across the plane, Sn andf'



: F1gure 10.... Representatlon of stresses on any. plane
oootwom dlmen51ona1 stress system by means of Mohr s stress
‘L¥c1rcle., .

32

.in'l



: c1rcle 'lles wholly ‘w1th1n the fallure envelope ABA B"ln?_:"”

may bef‘plottedi on a (Sn, T) plane and 51nce changlng the

51gn of T 51mply changes the dlrectlon of fallure but not

Sn ax1s. ‘Any state of stress can be represented by a Mohr

coa

’.c1rcle on the (Sn, ‘T plane.«In representlng the normal and<

shear stress across a plane 1n -a b1ax1al stress fleld on thet

\

Mohr s Stress c1rcle, the normal stress Sy and shear stress'
'.(T)'are chosen as co ordlnate_ axes. Here the- greatest

pr1nc1pal stress ps;. and the least pr1nc1pal stress S3 are.

- Tﬁ_are‘connected by some"relationVT = £(S, ) This relation

,‘the’ COndltlonvvfof'-lt the curve is symmetrlcal about the f

i

represented by ON and oM respect1ve1y on the S-—ax1s. bThelf

quantlty (S +S, /2 of Eqn. (2 6) represents the mid- p01nt Cdif'
on the Sn axls between M and N whlle (S S /2 represents'
half the dlstance between M: and N. If a c1rcle is drawn w1thJ
centre C and radlus (S S )/2 ; then for any spec1f1c values,'
’jwqtj_s;l and 1 e thls; c1rcle' represents the condltlons of

Equatlon 2 6 where 2¢ 1s measured as 1nd1cated in Flg ’10'3'[

the values of shear and normal stresses at fallure.;Iff thlsv’

values..51fhvany port1on l1es out51de 1t the mater1a1 could-_;

m& Thls-_constructlon ‘as we shall see is used 1n representlng;

Flg, 10 b, the stresses 1nvolved nowhere attaln the cr1t1cal‘

not w1thstand|the stresses. Obv1ously,vthe 11m1t1ng case isn

that of a c1rcle such as those of centres Ci, o and C2 whlch

]USt touch the curves AB and A B'“ In thlS case fallure wlll,"

take place under stress 'condltlons 'correspondlng to theg;ri

DU

.ypolnts_PP'_ that 1s, over planes whose normals are ,1ncl;ned’



sat angles of half the angle PCN (Flg 10a)ﬂto.the.bdirection
dfw.the greatest pr1nc1pal stress. ‘The curve AB will ‘be: the
tenuelope_of all the c1rcle5'corresp0nd1ng to all cond1t1ons.'-
. .‘nhich fracture takes place and for" this reason is known |

as the Mohr' envelope |
-fin pr1nc1ple, three c1rcles wh1ch touch the envelope
can be. found from simple experlments. These‘hare. those of
‘centres C1, Q and c, (Flg 10 b) ,,correspondlng to ten51on,‘
.;51mple ‘shear,tvand compress1on. 'But fin_ practlce it is
'difflcUlt:,,tor perform shear or‘ﬁtensfle;'teSts ton_ rock~
‘mater1als. An approx1mat10n to the Mohr -enuelope:?forf‘many!
rocks,’ from results ,'f tr1ax1al .tests,ﬂfis vthetpair'ofg
‘stralght llnes | | S
Rl = et usy |
':ucorrespondlng to the Coulomb Nav1er cr1terlon forf'fracture
lg'under shear stress, where To 1s ‘the shear strength In this"{

_case the normal to the plane of fracture makes an angle :(inf

Tfthe second quadrant) arctan(1/u /2. with the d1rect10n of theh

'.greatest pr1nc1pal stress. When appl1ed to tr1ax1al ‘stress,f

’the7 Mohr theory leads to' the. result that only the Mohr-”
'“cmrcles for the plane containing ~the greatest ~and least‘;

".pr1nc1pal~ stresses ~need be'wCOnsidered and that fractured"

'[ always takes place 1n planes conta1n1ng the dlrectlon of the'

»41ntermed1ate pr1nc1pal ,stress.z Thls is not: altogether7

-'con51stent w1th the experlmental results.v e

- One. 1mportant appl1catlon of these results 1s the studyh’72

'f_of\faults whlch are fracturesqof the rocks ofr‘the'-earth S
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. b
"crust (F1g. 11). Geologists.diStlhguish three majorgtypesfdf
faults ; and Anderson’.(1951) has shown that - these are‘t
determlned by the relatlve magnltudes ef} the principal
stresses.\ One pr1nc1pal stress w1ll always be vertlcal and
‘ three' cases arlse accordlng ‘as " this 1is \the' greatest
- 1ntermed1ate,' cr least pr1nc1pal stress. In the-case where‘

the vertlcal pr1nc1pal stress is the least in magn1tude‘ and.

the' otherv' wO' pr1nc1pal stresses are. compre551ve (Flg. 11

ll{A); the fault is, known as a thPust fault The: planes” of

fracture pass through the dlrectlon - of the 1ntermed1ate
A pr1nc1pa1 stress and makes angles of less than 45° w1th .the
dlrectlon’ of ;the- greatest ecompre551vev stress wh1ch is‘ -

horlzontal (Flg.‘11'B) This- appllds 1n reglons of_'actlve

tectonlc compre551on or er051on or vertlcal unload1ng When,s

° jthe 1ntermed1ate pr1nc1pal stress s vertlcal we haveh<

Flgure Ill'c;-'The‘ fallure can take place on elther of two

L vertlcal planes (F1g 11_D) whlch are equally 1nc11ned 'at7 i

- angleS/hcf? less thanv'45° to the d1rect1on of the greatest
compres51vel stress.; This type of fault ls?ffcalled a‘
t/"anscur'nent wrench or Stl“lke-sllp fault When the Vertlcalv
prlnC1pal stress 1s greatest as may oftenl be Vthed case at'

fycon51derable depths,' and ‘in r1ft -structures near the

‘A:xsurface, the type of fallure is called normal faultlng Here

the faults make angles less than 45° w1th the vertlcal (F1g.y

11 E) T ;-_; -



'Figuréfll;}},,Types of faulting in relation to the
principal stresses; A and B, Thrust fault, C and D,
fault, .E and F, Normal fault. - - " B g

36
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Stress COncentratlon Caused by the: Borehole_

The presence of a borghole d1storts the pre exlstlngv
stress fieldk beoahse as -dlscontlnu1t1es ln the - earth s
crust, boreholes cause redistribntion ofAstresses‘in'thev
nearby rock An approx1mate calculat1on of this- distortion
is' made by assumlng that the rock is elastlc,,the borehole
smooth and cyl1ndr1cal and the borehole axis vertlcal 'and
'-parallel 'to',one of | the reglonal pr1nc1pal stresses. Klrsch

‘(1898) found an analytlc solut1on of the - problem of the

'e'stress- fleld near-a small hole of rad1us a in a large plate"'

-0

under uniaxial compress1on_-s.~AThe solution as _rglven by
Timoshenko'and Goodier (1951) is-given'below. B
Let Figure 12 represent a plate subjected to a uniform_

ICOmpre551on of magnltude 'S in the x- d1rect1on.fIf-a'small'

k:'c1rcular hole 1s made in the mlddle of the plate,.the stress

_ﬁ1str1but1on :in’ ‘the 1mmed1ate v1c1n1ty of the hole wlll be
changed. Howeyer,.hy Sa1nt Vena F 5 pr1nc1ple we know, that"
‘the. change will ‘be negllglble at dlstances whlch are large’
-lcompared’with a,»the rad1us-of/ he hole. Let us con51dervthet

|

portlon of the plate w1th1n a concentrlc c1;cle of radlus b

large 1n compar1son w1th a. The stresses at the radlus b are

effectlvely ‘the' same as: 1n the plate w1thout the hole and

‘are therefore glven from Equatlons (2-2) and (2- 3) by

(- Srh—b = S cos’¢— S/2 (1+c052¢)

"

('r,qb b = -1/2.S. sm2¢-———'—]—v—ﬁ—-'—_~—-_-'—‘—-"— ——————— ,————-:—_:———z 9

,Eor ‘-stresses dlsposed symmetr1cally about ‘a. po1nt of

weakness in. the earth s crust the dlrectlon of the pr1nc1pal ;

'\

P
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Fxgure 12.... A pl.ate submltted to a uni form ccmpr:esmon of
magmtude S m the x dxrectlon with a»small hole in 1t
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étreSses Jw{ll‘ be vertical, 'radial, and tangentiet;.The
efxqforces actlng around the out51de of the_ ring " in Equation
2~9, having e' 1nner and outer radii r=a andAr=h give'a:.
stress d15tr1but1on w1th1n the ring which can be considered |
as c0n51st1ng of. two parts. (a) ‘The first 1s due to the
constant 1/2 S of the normal forces. (b) The remaining part
consists - of the normal forces 1/2 S. c052¢ together w1th the
‘shearzng forces -1/2 S. 51n2¢ The stresses produced by th1s
hsecond- part may- be derlved from a stress function of the
form, | _ . _ |
d);'f(r).Cbszg‘-;;"'—;’;'f';‘fff;—“-;;;;;-f—;——i:—?-——z—1Q
:This stress fﬁnction >cén: be,.“éubstituted into ‘the
Acompat1b111ty equatlon 4 _ | _'
(Eerdeaba (g aft)e

S . r2 5' o2 ?2§¢2

‘ tO'yieidxan ordinary differential équation frdm-’which Cf(x)
can be determlned | g » B
(d /dr’+d/rdr 4/r y(qaz? f/dr + df/rdr 4F/r =0
The general solutlon is B
£ = ;',_“'2»+ ‘B. r« + C/rz + D
"Equatlon 2—10 ‘then becomes |
o= (A r’+B r‘+C/r’+D) c052¢--f-~*--ff-c—--?jfcf----ff—?-2—11

vThe stress components are;

s,=.L,_a_<I>_'1va<I> 4D
| T o + > 2 5 (2A+ 6C‘ + )cosme 2¢ ‘

S | .
oS¢ = %’f (2A + 12Br + 5C )cosme 2¢  —mmemdemseo—--212
T,=-d(13® 2 C,- 20 R

T ar( : gqb“) (2A+68r 6 ! )smeZd»/’
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The constants of 1ntegrat10n A,B,C,D are determmned from the
conditions of’Eqn. 2-9 for the outer boundary and from the
condition 'that ‘the wall of the hole is free from external

“forces. These condltlons give

2A + 6C/b‘ + 4D/b2 = ~-§/2
26 + 6C/a* + 4D/a* = 0
2A 4+ 6ﬁh"~ 6C/b“— 2D/b? = S/2
dzA + saaz.— 6C/a‘l— 2D/a* = 0 - h °‘/@
For -an- 1nf1n1tely large plate a/b = '. These four equatlons”d

. can .then'.be solved to yleld A—-S/4 B=0, . C=-a‘ .S/4,
a’.s/2. These constants can now be 'subsﬁ%tuted into

equat1on 2~ 12 and by addlng the;stressesv produced by' the

"runlform compre551on S/2 on the outer boundary we obtaln

Sr = §/2 (1 a‘/r ) + S/2 (1+3a‘/r - 4a’/r J. cos2¢

as. rad1al stress

 S4=.8/2.(1+a*/r?)- s/z (1+3. a‘/r ) .cO82% —-—mmmmm=-====2~13

as the tangentlal stress and

T = -S/2.(1-3a‘/r*+2a*/r*).sin2¢ |

as. the shearing stress, where the stresses‘ire exbressed in

‘polar co- ord1nates w1th the centre of the holzlas the or1glnx

- and the plane stress components .are at avp01nt (g, )
;exterlor to the hole of rad1us a in a plate‘ under“:uniform

'f'unlax1al stress, »wlth _¢v measured‘ from the':axis of the

‘-conpreSSive'stresskS; f\ | e |

| 1f _r§>a; S and ﬂ¢ approachs the 'values given.in

equatlon 2-9. At the edge of the hole r=a we find

-e

S, =Ty =0 ; S = S-28. cosz¢ ———————————— .-;——-;—-:g-—-z-14



B

' Equétion'2—13

it cap"be seen frem (2-14) that S¢ is greatest Qhen @ = /2
or 3.7/2 (i.e. when cos2@=-1) that is at the ends m and\h“of
the - diameter perpendicular  to the directiod of the
c0mpressioﬂ. At these poiﬂts (S¢ Imax = 3S which is the
ma x imum compressxve strees and ;s three fimes the uniform

stress S app11ed at the end of the,plate. At -the poinﬁs P

‘and q, @ is equal to and 0 and we find Sp = -S. So there

is a tensional stress, resulting from the applled

,¢ompfession, in the tangential direction at these points.

Forvthe‘croes séction of the plate through the centre of the

Y

‘hole and - perpendicular to the x-axis, @ =7n/2 and from

v

rqS .=v0 ; S¢ = S/2 (2""6’/[‘”""3"8“/{‘“) -'."-'""-""_—"'-"“""'_"j-.-_'—-‘2~15

It is clear that the effect of .the hole is of a very

16callsed character, and as r"1ncreases the stress

_apptoaches the value S very rapldly, w1th1n a few ‘hole

diameﬁers; The dlstrlbutlon of this stress S¢ as a function

- of r is shown in the Fig. 12 by the shaded area, regardless

" of - the reletive iSOtfopy of a meterial. Having the solutlon

equatlon 2-13 for chpre551on or tension in one direction,
the solut1on for compre551on or ten51on in’ two perpendlcular

directions can be easily- obtalned by superpos1t1on, of

-~’stresses given by (2-13). with (¢+90) 'for fhe angular

- co-ordinate.

A "closer apprbximation to the geological situation is -

shown in Fig. 13 where unequal compressions S and s, S>s,

are applied etthogonally to a plate with a smali hole’infit.

hd PN . . ©
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Flgure 134....A plate submitted to two compressmns S and s
»w1th a small circular hole in 1t B L
J



vh'ivalue (3s S) when ¢ = 0 " (at p,

At the hole boundary r= a,,itnfoliovs_from~the ,superposition'

B R

that’ _ :"tg'g j;.T’v '”_'v.',_.53nh SR | 7
5= Ty = =0 ,@sd, s+s 2(shs)cos2¢-————',—.—---.--—-'-—j--..—*e—2-16 J
By o B e 5T
and ¢,'i5, max1mum, when c052¢—-1 wlth value (35~ s) when ¢) .
~V,-n/2 » '3, n/2 (at m, n) and m1n1'um when cosz¢ 1, w1th“3

§ Where measurements have been‘ﬁﬁ%@,'_orlzontal pr1nc1pa1

stresses 1n the upper crust range from equallty $=s to about

S 4s or more (McGarr and Gay,5 1978).;-~ e~fva-uea of the

, a n :
hor1zonta1 stresses_ across' the pr1nc1pal ‘planes in the

nelghbourhood of the borehole have been calculated by Gough
g o

and Belb (1982) for »varlous relatlve lvalues of the S/s\

K

ratlo and are shown 1n Flgures 14 and 15 Flgures 14 A and

B show\the 1nd1v1dual stress dlstrlbutlons The pr1nc1ple of_-

_-the superp051t10n of the two parts of the 'stress fleld is:'

0;.

Lllustrated Flg.> 14 C fbr'the case in- whlch S/s‘¥1 0

4

For S alone the tangentlal stress at the walls of he' hole;-d‘

varles from a m1n1mum value of —S (ten51le) across the plane“

L Ly 2

parallel to the S axls to a maxlmum of +3S across the planeﬂ‘"

.°

. v
normal to ,the S axls. Wlth the superp051t10n, the stress“

', fleld has rad1a1 symmetry and the tangent1a1 stress' at‘}the_‘r

R

wall f. the. hole 'isr +25 as can also be deduced faom the'dh
equatlon 2- 6. From equatlon %—16 ‘when S¢.% 2S_¥v2s;fhit"is
1ndependent o Q and Sém fallure maz}occur\&ut»vrthoutdéfj
preferred a21muth As the ratlo of S to. %§ﬁapgmoaches one;_

*-:ﬁ determ1nat1on of the magnltudes and dlrectlons of S and»y“ulﬁ

s becomes leSS rellable because of the lack of resolutlon.'

T g )
’/ L
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F1gure 14.... éuper9051txon of stress states about a ‘ R E
borehole due to. two horzzontal pr1nc1pal stresses of equal e
magnltude e : : : : B N
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ure- 15.... Stresg states about a borehole Lor reglonal
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The resultant stress f1elds for other ratlos of S/s are_’
lfshown in flgure 15,':For the case’ when S/s = 3 0 .the*i

Qtangentlal stress "at ’the' walls of the hole varies from a
Lmlnlmum of 0 to a max1mum of +85 (see Eqn.e‘—16).

- n\\_ ) S o . ) ] ’ ) . . '!"_ L



III. DATA COLLECT}ON AND ANALYSIS

: Data have been secured from wells dlstrlbuted w1dely 1n ’the

sedlmentary' ba51n of' Alberta »a‘ ~shown in Flgure 16. In

- analy51ng ‘the records 1t was’ observed that in depth ranges'

h,characterlsed by over51zed holes, the tool tended to. rotate

;hln some parts and ceased to. rotate 1n other parts._,Onﬂ,the

T

-other' hand the tool ceased to rotate 1n certa1n ranges in .

_ wh1ch the two orthogonal dlameters were equal 1nd1cat1ng_-"

fadoption, cfj three cr1ter1a to ‘be .used vln ‘1dent1fy1ng;hi‘“

Abreakouts. These are.-

N

clrcular\,‘cross Sectlon. 'fSuch observatlons' led to: the

Ny

B

“1;*{The tool ceases to rotate, with the a21muth of the No.\1

t 3{-:'h tool vas rbtatxng both below and above the breakou*‘

L -

“ electrode approxlmately constant‘

21‘“The two orthogonal dlameters are deflnltely uneQUal W1thf,;

'tothe smaller dlame er’ at b1t 51ze.:v77

:fzone. ThlS enSures that the rotatlon was stopped by the

5*]}breakout and got by some other cause._-d‘ RS ”g.“

The;appl1catlon of these three cr1ter1a causes the rejectlon

. of pmany elongated zones but ensures that only deflnltely;

fi;-ldent1f1ed breakouts are used 1n the study Table 3 R llStS

th breakouts 'ldentlfled by means of these three crlter1a,’

from the avallable log records.-"’

fb'Representatlon and stat1st1cs of Angular Data

We w1sh now to comb1ne the varlous mean az1muths of the~'

breakouts lin order -to"obtaln ia' representatlve breakout

s,az1muth for each Well We may regard an angular observatlon

S

'{-, L y~.f"47:;’
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Flgure 16. ... Map of Albnrta showxng locatlons of wells
*'analysed in th1s study .
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. as a p01nt on a c1rcle of un1t radlus. A 51ngle' observation

¢ (0° < ¢ < 360°') measured xn degrees is then a‘unit vector

: and the data can be descrlbed .as: c1rcular data. rIf the

-0

':g vector is not'dlrected , i.e 1f the angles ¢ (0° < g < 180 )._"1
and 180 +¢ are not d15t1ngu1shed the datawcan be' descrlbed’,_r
fas axtal OF non polar data. Ungrouped angular data can be -
.represented 1n two ways; (a) by p01nts on the c1rcumference_

i of‘ ’ iunit ’circle , -the same welght be1ng a551gned to eachglf'
| observatlon, or (b) by draw1ng the rad11 of 'a »unlt c1rcle'_-f

B obtalned by joining the orlgln to the observed p01nts on the;wgV”W

c1rcumference (flgure 17).- d 5 . 1 ‘--f~5 '=.$»T:

Alternatlvely, angular data can be grouped;by d1v1d1ng”}' 3

the range O to 360 degrees 1nto a. certaln number fof‘yclass

\

1ntervals. , The frequency is then the number of observatlons

w1th1n each class. The data can then be 'represented ‘!faj

o hlstogramv 51m1lar to that used on a llne, by constructlng afg

block whose area 1s proportlonal to the frequency ﬁ, that‘
1nterval on the c1rcumference of - ‘a unlt clrcle. ThlS dlagrampj

is called a CIPCUIaP hlstogram ThlS h1stogram can -also, bev'”

unrolled so that 1t 51ts on. a stralght 11ne d1v1ded 1nto theiffﬁ,~

class 1ntervals._The p01nt of cut for unrolllng hef un1t7'

c1rcle needs careful-selectlon.,For data that have a mode (a_ﬁi”"”'

W

preferred dlrectlon) it is reasonable to use a cut such thatb g

the centre of the llnear hlstogiam approx1mately correspondsj~:?'ﬁ7'

to this mode to av01d d1v1510n of the modal peak between the;fpf

ends of the hlstogram.‘Thls 11n hlstogram 1s preferred to

the c1rcular hlstogram ma1n1y because _it7 is ea51er to:»ﬁ‘**“
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evaluate. ’

Another natural(representatlon of 7angularb data is a
Rdse dlagram.r'In this’ approachv we construce a seetor,
.correspond1ng to each class . interwal with apex _atf'hheT
orlgln and radlus‘perortlonal to the class frequency (and'
*arc;substénding.the,elass interval). A dlsadvantage‘of thlS»_
;repreSentaEien is*‘ rhat the area of. each"sectorl_is
preportienai to"N2, where N4isuthe.frequenCyﬂ‘ so that the..
data appear nueh'.better ngrouped.'than hheyf“really are.

_However the'ﬁose~diagfam is widely used én geologyl

- A Measure of Locat1on

In the flrst 1n$tance it is.-temptingv'tOy use the
conventlonal ' measures on Ehe_; line" for a circularv
'dlStrlbUtlQn Let us con51der a case. where we have a sample
| ef'_size 2 ‘and the .ohserved angles are 1° and 359°. The
arithmetic mean and'fhe sampie 'varlance give unreasonable‘
'eresuats d Intultlvely, however, we infer the mean dlrectlon
eand the dev1at10n about ‘the mean to be in some: sense 0°' and
1° respectiwely. ‘A Sen51blefanswer,rhowever, results if we
'select the zero d1redt1on as the'hy—axis “in 'plaCeb of -the
x—axls; Th;s ‘w1ll then4 reduce the data to 269° and’ 271°
Hence,‘the'USuai-_linear .measures depend heav1ly dn the*
choice of the zero directien and will not . be’ appropriate;fer
dCireular»distrihutibns.rLeth,,..;;Q,dee_n observations‘_dn A
the'.line and'let 21!,...;;...}....;;X,L,représent‘the‘saﬁe
'observatlons when the dlstances are measured from o' insteedh

of the origin 0 along the x- axls.'Let 00" = a. I1f L is a
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]

‘suitable measure of locat1on .on ‘the llne we should have W@

LUK, ) euvn By')= L(Ry,2e s By) = @ =mommmmmmmmmmommmm3-

which implies that the position of the point whose

~

x-coordinate is L(X,,...,X,) remains invariant Under the

ch01ce of or1g1n. Slm11arly 1t is de51rable that the measure
of q1rcu1ar locatlon should not depend upon the choice of ‘

the zero d1rect1on. : j o

A

| Let @, ,,.,¢nf be the angles obtained from ¢,,}..,¢n with

.respect to a new,zero‘d;reotlon OA. If angle XOA = a, then

(
ve have o
L8, e e B)=(LIG, .. B0)- ) mod 2Mommmmmmiomoloi3o)

The contrast between Equatlons 3-1 and 3-2 indicates “the

different .natures_'of ,the' problems on the 11ne and on the

oircle.

The Mean Direction
Suppose B is the p01nt on the c1rcumfe:ence of - 'ﬁnit

circle correspondlng to the angle ¢ i ;-J}.J.,n. Then thej

mean airect;on.¢ of,¢,,.;..,¢nls deflned as the dlrectlon of

|

the resultant of - the unlt vectors OPV ,.Q....,OP,,'._Th.el

‘cartesian. coordlnates of P are (cos¢,,s;n¢ )'_so that the

|

'-centre-of grav1ty,of these po1nts is . (C ,uS‘)fshoh that Wi'g<

C = 1/n.zcos®; ’'; § = 1/n. 251n¢, —'*“-‘;-—-;—‘5‘9f‘—f";f3;3 4

B § =\k52 + 2y ‘;“f;*'4’41;"‘*ﬂ"”‘;‘;;T;*“*;"'"T*3;4;
then R - nR»iSJthe’length of‘the resultant .and @ is the

'solut1on of the equat;ons

C R cos@ R Sln¢-—--4~-f~f~-4f‘ff-f———f~—-:—*5ff*-375

1t can»;be shown that ¢ has some des1rable propertles as a

- A
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measufe of-location (see'Appendix'A)
The C1rcular Varlance |
Let P . be’ the p01nt correspondlng to ¢ on a unit circle

and a be a flxed d1rectlon. I1f we assume 1n1t1ally that 'a—Q
.and’ suppose that Pis the correspond1ng p01nt on the circle
then a measure of the c1rcular drsper51on between P and P is
lthe 'smaller of the two angles that Og makes’wlth oP, say B
(see Flg. ). We have | _. r |

| @ = m1n(¢,,2w- ¢ )= W—IW— g | —~—-¥¥f-*;4———i-4——-——f——3-6
‘1-CosB, is ‘an increasing functlon of B, . Let: |
‘D = 1/n .'2(5—cosﬁ; )y , 1= 1,t.,n-;4-———¥f—¥~———-—;f-e3—7
'be~a'measﬁfe of the dispersiOn of " the 'points.lg_ . vAftef
:‘shlétlng the zero dlrectlon to a using |

¢i‘ (@, - a) mod 27 -
we‘cah wrlte .

!
4
A

Z(1—cos(¢ - a)>-ﬁ-é——-e——é-—eé———4e—%——4-5——ff--f3-s

The di pers1on. D is mlnlmlsed at a—¢ If we equate the

-

‘(see App ndifo‘Equatlons A-1 and A—6.). ThlS is similar to

'the- expr 551on‘ for ‘the ordihary sample variance. D can be

}Sg‘ =1
S, iS'caile_ the cichlar,‘Vafiancetvand R 1is the mean :

resultant vector magnitude. From (A-5), it can be seen that



Sa fs_inveriant under-a.change of the zero direction..Let R
"~ be the length.of the resultant of the vectors OP, i.e. R =
n. R S0 that | e |

Se = 1 - R/n —~-——r-—~f——————-——-—-————-——-—————4—7——-3—11
Thus we see immediately that

0 s So ﬁ‘1.0—‘—---*-—’—”‘;——"”———-4‘——-—--—;—-ff ------- 3%12u
Since R tends to n for tightly grouped unit vectors, clearly
So tenas to 0 fqr t1ght dlstr1but10ns and Se tendsﬁlto 1.0'
- for - random d15tr1but1ons From (3?12) S, takes values in
(o, 1) unlike o’ for llnear data whose range is (0 infiditY)
An, approprlate transformatlon (flrst suggested by .Von Mlses
i5‘19T8 of o th range (0, infinity) is glven by o /.
o= \k 2 17/ 1 - 'S.)) g;—f--—~---—-----—r ——————————————— 3&13\

In (3 13)\}t has-been sumed that the range of ¢ is (0,2w).

eIf the fan?e of ¢ 1 (0 Zw/L) then ve def

o=

¢ = 1/n E:f .cos¢,, S = 1/n§:f 51n¢ , and R

1 . (@ s
y&
; Then cos¢ i c / R ; 51n@ 'S/ R. | S, = 1 - R.
"To obtaln ¢ it is convenlent to use‘ 
g - 3 if § > 0o,C>0 (1st quadrant)i-
5'#'6"‘+W if C < 0 ,QS‘$'6/?2nd qUadrant)
B =9 ' +7if C < Q , § <0 (3rd quadrént)L
5 = I ';+ZT if §.<'0 , C > b (4th quadrant) i _ -
,‘where @"ﬁ'arCtan(§ / E ), and‘?ﬁ72 <@g < w2, For /axial )

(dOn—pbler) data, in the range (0°-180°), we first dquble
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‘

the angles to maintain the periodicity. Thus we have @, '=

'2.¢i aed carry out the calculations ﬁeing‘ the equatioﬁs

, élready listed, and the frequencies fi corresponding to the

- mid—boints ¢i'. Suppose E',\§', g ete. are the 'quantities

for @ ' corresponding toC , S , @ etc. then &n appropriate

measure of nhe,circuler‘mean 5 for the @, can be taken as @

"=‘\6'/2 and'an approprieie meesurefof-the circular,varience

S, for @ is S,=1~(1—Sg'suﬂ In ggheral‘if the'fange of<¢ is L

(0 , 27/L) we have | ij ' R,
's'.=1,'-(1—s.')y . |

The result of applfing these statistiés_to the raw;aéimuth

data‘measured et eQer&dﬁwo-feet depth: interval within'ran‘

identified breakout - is Showh in the column headed MEAN in

Table 3.1 and also in columns 8_andl9 of Table 3.2. Table " s

3.2 shows the.meah orientation of the.various,breequt.zbnes -

.in a well. | |

Statistical Decision - . =

We are . now near a p051t10n to make finferencesﬁ

case the ° azimuth, "fon another .. varx‘ble ﬁj“

variable), which is the depth in our

‘15

‘then “look at the correlatlon or the degree of reiatlonshlp 5

Se

¥

Regress1on Line. The least square regre551
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wherefa° and a, . are obtalned.fromathe normal equations

’EY = aqu + a‘._EX\ BN ‘ IR '< ]

-

ZXY -ua,rI}x;+ a,rErX‘.fff-aor‘fff?--;?-*nsﬁtff*ii-“'ffa'FSQr5
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:,fa, 1s known as the regressaon coefflc1ent of Y on X. I,}‘our

N

13«fjcase ' represents the az1muth of a breakout and X the depth.-.

gt o /

v:estlmated from (3 14) then f‘:

PSRN N

R R O T P

0o

Equatzon 3-17 can be wrltten as ,_\;f'< : f‘f-77gj';f 'J,iif

.« Tian

LY= @, + a.;X'4444:5;‘*‘"‘;-<'*T*fif‘?'*'“‘*fft'f-*“f“3:14‘

sz-<Zth>;;;;;;e;;;;;;;;;i;g;°'

-~

e e T e g

fore (Zx') w L

;ﬁaTo evaluate the 51gn1f1cance of a’ regressxon coeff1c1ent one;_f
'tmust' con51der fthem scatter or spread of po1nts about the:Jd
‘,regre551on llne of Y onvx, Thls 1s g1ven 'by ‘éh statrstxcf;fh

:iedStandan Ennor Of Estlmate éf Y on X (Sy,x’, Suppose we 1et5ff;3h

VrYu{ represent the values of Y ffo' glven values {of,'x ;asl'”}'"

sy X —\/{z(y yesn 8 n}’,;“‘,"".,L’:}—,"':*ﬁ{"’l',,—',"-f--{'-I_-"—i--_%f’.—'_—f-f.;z—--w

s=y, =1/ (ZY‘-a..EY a.._EXY) —#éf—;é}5544—4—44;5%;— -18"'

ThlS standard error of e$t1mate has propertles analogous to

those of the standard devxatlon 1n the sense that llwgs;f5fv

are constructed par

* l'

_)

respectﬁve vertlcal

7

.iﬁieWiti 1s found (1f n 1s 1arge enough) that there would behef:r'

: . e
5 8 ) : D .
Sy .‘3z> VJ . ‘ e~

1el to the regre551on 11ne of Y on X atéf?

'”:ances Sy x ZSy x and BSy Xf from:~—-h:
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‘fQCOEfflclent of correlatlon-*(r). ralis 2 dfmensionlessv"“

/ 12
'1ncluded between these lines about . 68%‘ 95%g;f5na 9§'7%“cf >
‘-“the sample poxnts respectlvely ‘o\'f_:fi that a least square‘
1:regre551on llne has been fltted to the p01nts we would 11ke}‘

rto know. how well 'a'tstralght.-llne f1tsK‘the pornts crit
'Qdescrlbes'fthej{relat1onsh1p betneen the varxables. fnhotherff
’words we want to determ1ne the goodness of f1t of 'th llnea‘t

‘bfltted eton:the' data. The quant1tg<which does thls 1s the’l’
_.quantlty whzch var1es between —1. and *1 Iﬁ?ﬁﬂtkndslto:‘,% i

i71ncrease as,fXV 1ncreases 'weH have'. p051t1ve ,brf aifect;f‘
\f'correlatlon._ﬁlf Y tends to decrease as’ X 1ncreases we have:ﬂf°
”anegat1ve or 1n§ersekcorrelat10n.'1f r is near zero 1t meansf
:J,there is: almost no llnear correlatlon between the varlables.'
'”?fr can be eﬂpressed in several 1ways »bbt forv compptat;onal ;t

_ S T R S
vpurposes ve . wrlte :{_ e e e D

PR

' ”;It 1s worth notzng that a h1gh correlatlon coeff1c1ent (1 e

o near *i aor-iﬁl)' does netf,necessar;ly 1ndlcate a’ dlrect
gdependence of the varlables. T _"h»nwc"vgﬂl'r‘\ ff)l'

n,Tests of Hypothes1s and S1gn1£1cance vr ; ,f _7;;, . ‘gvf'\“

In order f:f‘ any test f hypothesxs ';,rulesi‘qf,\

-
S N N PR
,dec151on‘ to be good they must be de51gned so as te mln mlse_xx.'

. ‘ . o y _f&“\im
‘c‘errors of dec151on. Obv1ously thlS s not 31mple at *511”"N

5”51nce, for a glveﬁ sample an attempt to decrease one typb offj’.ﬁ;}
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¥

Werrorfis ccompanled by an- 1ncrease ‘in other types of error.

ilHowever;v ne . type of error may be more serlous than vanother_

whlch may call for a comprom1se in favour of a llmltatlon of‘

the more serlous error. The only way to reduce all types of

‘errors is to 1ncrease the sample size whlch may or may not

'y.be p0551ble. T‘Lfrﬂ if"f' 11,{ T

N

zshould be rejected 1s deflned as a Type H ennon _in‘

¥

e Level of ngn1f1cance

Rejectlon of a hypothe51s when 1t should be accepted is .

‘”deflned as a Type I EPPOF Acceptance of a hypothesfs whlchy

testlng, f,;

g;ven hypothe51s, the maxlmum probablllty w1th1wh1ch wea E

j ;.w1sh to1 rlsk 57 Type E“ error s called the- Level' ofﬁi

ergnlflcance f the test 1t represents the probablllty offf

“ ;whlch the Sample was. drawn.,“'

f;our belng wrong 1n rejectlng the hypothe51s. _7"

’% t

\"Thev regre551on equatlon Y: =3, ‘+ a'.X was obtalned on the

 basis of,.sample data.f Wejj" e . often 1nterested }fthe”jg

xSRI

-r'correspOndingc'regression -equatiop‘ for the populatlon fromt

\ . Lo s . -

Yp' Ao ,'," A' ’XPOP o 5 e L

¥

C1f We w1sh to test fthe»‘hypotheSis: that"‘he regression"

0

Wcoeff1c1ent of ”th populatlon -A}»'ls zero at some chosen'
3'519n1f1cance, ve use the fact 'that"phe stat15t1c«[t' has

"b‘Student s dlStflbUthn, w1th 4n 2) degrees of freedom,‘wheref

= ((a;_—A ) Sx) (n- 2) /Sy,x‘— (a..,A )J(n ~2)/ - r? )}3 -20,

5

A7

- coefflc;entg“Th;s fact can be usgd to flnd the confldence4

RO

h,Here Sy x is the standard error of estlmate of Y on X Sx 1sji7

‘fthe standard dev1atlonyfofffx, and 'rﬁlisf"thef correlatlon'



“u1v51gm1f1c

"p'Results

4

L)
i

intervals for population regression coefficients from sample.

. P
) :

values.

\

“Equation 3 20 to our. data we can then- compare our t  values

Ztto ‘the Student s t d15tr1but1on table' (glven ~in - many

.74.‘ :

ks

In "applying‘”Eguationsf 3-14 through"and“ includlng'

estatlstzcal text books) w1th the correct number of degrees

of freedom, and flnd “at ‘what' level of" 51gn1f1cance the

Vlhypothe51s is to be accepted or rejected

Z}Table 3 3 presents regre551on results for 21 wells in Whlchf

;breakouts were measured over a depth range greater than 2000

0

'feet Column © 3 shows values for the regre551on coeff1c1ent,
i / .

Eo

‘ a; for the Sam'”‘

T
?azimuths._On rdepths _ Column 6 shows the

,-utlon values and column 7 shows the degrees

estimate of ¢
‘fvariousft~di5tr;
. of. Vfr@%dOj}/

ice at whlch the test can, be accepted by readlng

\

:the ap'roprlate t= value and degree of freedom from tables 1n_d'

text -books.,fIn column '5 t”e “have-‘the= values 'of:_ the

i"corr latlon coeff1c1ent

‘;nd column 4 glves_the standard error koft

whlch 'ca> be »used .totvflnd-vthe level _Ofnl

It is. clear that the regre551on coeff1c1ent a, is- mall~

':wells small enough to have ar1sen w1th more than 5 percent a8

PfObabllltYr *iﬁr'a: populatlon hav1ng a.—o Of the 21 wglls{’

llllsted in Table 3 3, 10 have a >0 and 11 have a.‘< O We -

',jﬁﬁnnot reJect 1the, hypothes1s that Zthe a21muths of" the,“

breakouts are unrelated to depth and the var1at1on observed»

w1th depth is. only by chance

I
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"TABLE-

N

, N
'3‘3 a

Regression of breakout azimuths on depths showing the
regression coefficients a,” {deg/ft} . the correlation
. coefficlent r, the standard error of estimate Sy, x(deg),
. the t-distribution, and the degrees of freedom df. . .
«(0Only wells with the entire breakout intervals extending
through 2000 feet ‘depth intervals are listed here).” ' .

‘ wéli

. 6-30-46-17W5
'7}9?49524wsl 
'gqrzbjéo-yzwsj o
10-27-45-16W5
L 13-9-52-8W5
. 6-20-50-15v5
13-36-49-235

<5f3'éﬁ-9w5’€‘g;w
122,
1172

d-20-81:0w5
3-1-119-9W6
12-33116-6W6.

. 11-29-82-5W6
{5-20-115-3W6 ., 153.81
115- o .

T l-d89.62
164.
[
151

5-5-35-11W5
9-18-83-6wb

. 1442i-37f11w57"v'
. 2-29-58-22W5 -

- 3:32-34-8W5
. 6-17-37-9w5 .

L A2-13-34-11U5

7-17-33-7W5

129,
175.
Vy43.
281.
143,
)5.82
32,
69 -
144,05

.86

[F

g5

“113".

167

130,
- 85.
' 72.

57

3, (deg)
155,
16,

0.

9 0.

78 .
12

06 -

52
.93
99 .
45

71

14

a; (d/ft) Sy,x(deg) " r . Tt
2 283 -0.183
7 0.8
10.8. " -0.
" p.460

-0

-0
37
75

-0

00232

00112

;00080:
.00290

00242
.-0.01416
0.00042 " 28"
,00048 10,
;00055
.01128

- 00877
J0i150
.00856 . -
02845
00786
;0001ﬂ ﬁ_
[00178~
.00105-

00553
.01084

45,

~ 0.038
0,011
© -0.085
.203  -0.050,
475 -0.345
0.062 . ‘
0.024
050
.489
0.269 -0.066
? ff-blzoo
.304  0.166,
M6 0.881"
B 31(‘)67"1 v‘ "0:354 3:13
.037 20,005 - 1838
0.115 ~ 0.055 938
.ndaj-f?oﬁlsg-"roéé

0.087
052

0.008 -

~0.114

0.084

'0.533 . 0.420 . 1073

df

(1767 -0.031 . 863"
e

‘?oiosgi a19\;_,;
12y
199
s80
405
459"\'
0.018 1757
f 308
0.012°. 493
‘f¢.7§;‘

i
283
343\_,.:,‘,v
468,

&

62

‘75



. representatlvet

Y5

'”lgwells. tlons under these columns wh1ch are blank 1nd1cateu

_Reiatlon of Breakouts to Locatxon and thhology s @é

-TTable 3 3 )

and h standard dev1atrons

aof the hole and the mean»gorl

N .

IV BREAKOUTS AND STRESS ORIENTATIONS IN THE WESTERN

CANADIAN SEDIMENTARY BASIN

N

In Chapter[ﬂ the stat1st1cal d15tr1but1on of breakout

'a21muths has been set out..'In ‘most holes,v az1muths ‘are

closely grouped together ‘as shown by the mean or1entat10ns

of the various. breakout 20nes w1th1n each hole (Tableu 3 1),

In the

.”‘..

,_of breakout for the well as a whole

B obtalned by comb1n1ng the varlous breakout a21muths ~in 'the

',well glven ‘in Table 3 2. The central dot shows ‘the p051t10n

I

"fllne is. the mean or1entat1on of the var1ous sectlons in the

SA

well.

':»a{x We now con51der the relatlon of . the breakout a21muth to,”

e,
ol gt

R

fhthe geologlcal age (1 e perlod) formatlon and llthology

trThese data :are shown in Table5,3;1. under 'the columns

vFormatlonw (Fm) : L1thology (Lith) and Perlod (Age) and-i

i o L
h, such

T T .
from 'zero '(See;

' holes logged through a. suff1c1ent ﬁ f!ﬁjw_w,' bf _allow .

._change wlth locf%%; &he’ a21muth referred to is ‘the-.'

st1on‘ of 'thej breakout is

dﬂfshown by the llne through tt The number attached to the,

;fhave been obta1ned from .thef sample descrlptlons for theu~7

pRoa

BEa ‘:\l
76

»that the Lnformatron was not avallable for those wells. “ItEQ,

R
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4

is evident, however, from these columns that breakouts havel

3

occurred throughout the- sedlmentary ba51ns in rocks ranging

from Devonlan to Cretaceous in age. In some cases breakouts

N A
have been observed at dlfferent depth intervals running

through the entlre depth of the hole

A.looklat the_columns headed formation and -litholoegy
reveals many fnteresting points. Breakouts have occured in

formatzons llke Elk P01nt - Wabamun - etc. .in; the DevOnﬁan

'~r1ght - to Belly 'Rlver and Bearpaw formations in the Upper

’”Creﬁacedus perlod Wlthln a glven formatlon. some 'sectlons

" show breakouts ‘but- other sections-do- not, for reasons Whlch'

Z¢ -«

are obscure. Breakouts may ‘occur 1n,any p051t10n such as the

P

_tbp,fmiddle or bottom septlons of the~formatlon.uThe pattern

does - not . appear toh-be Aregulated by the‘ type -of the

'llthology A word ;of‘»cautlon must Dbe sounded here. The

'sample descrlptlons from wh1ch our stratigraphic 1nformat10n

was obtalned merely stated the predomlnant llthologles found

and only stated the tracwn present but not 'the percentageS;

'of‘ these traces. A knowredge of the percentages of such

traces would be useful in view of the fact that thére are |

several d1agenet1c processes 1nvolved in the. transformatlon

of unconsolldated sedlments! to consolldated sedlmentary K
. - ‘ . : : . :

*

»rocks.s HOWever,kthere are formations in which only one kind

of l1thology, w1thout .any traces, runs ‘through"the: entire

depth range in wh1ch breakouts ~occur in certain depth
. . \a 5 ) .!' '. s

’ intervals-separated.by'uncaVed 1ntervals. '
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1

" Although the elongated sections which did not satisfy

our three criteria for selecting a breakout are not‘included

in Table 3.1, a careful ,Study of the ages, formations, and-
l1thologles of these zZones was carrled out. The entlre study'

shows that breakouts are not l1thologlcally controlled They‘

have' occurred through most parts of the Western Canadlan

{

sedimentary basin cutting through llmestone, dolomlte,

‘shale,” ‘sandstone, anhydr1tes, cherty shales S1ltstone, and

'varylng comb1nat10ns of these sedlmentary rocks. At the same -

wh

"t1me, the 1nterven1ng zones without breakouts have ‘exactly

o ,'A" ’V ’357

ﬂ'*gthe same types fqvl1thology as already '115ted It Qcand

thereﬁore be ,safely concluded that . the bteakouts “and/or

elongete!
—_ L} : o
'lithology and age of'format1on,;There';s'no evidence of any
-significantlfrelation 'between"breakout' azimuths and the

propertles of the rock. o

Th1s agrees with the. observatlon of Babcock - (1978) on a '

smaller sample of breakout-data. The logs used 1n this study
glve no 1nd1cat10n of the d1p angles of the var1ous.-strata.

Thls study therefore cannot add to the ev1dence given by Cox

(1970)«and Babcock .(197a)f that the breakouts and thelr--‘

: azlmuths are unrelated te'the dip.

There are two wells 1ncluded in thls study in which the

tw breakout zones selected using the three ‘criteria- have

-

az1muths approx1mately orthogonal to each other These wellshe

are 31nc1uded in Table 3.1. Some other wells have one or two

“1ntervals w1th breakout azimuths d1ffer1ng by as much as 90°

{ .

{ : .
) ' B . . | 4
i . N

zones are not 51gn1f1cantly related “to the.

I ey
e



- failure.

‘Thus the stress difference becomes

80

from the dominant azimuths. Such® wells have not been
referred to as bimodal: wells,. This'study has shown . that

wvhatever their cause,'a predomlnant direction of breakout is

almost always present. " Variations in th1s direction with
pOSlthn may represent local varlatlons in «the orientation

_ofvthe hor;zontal~stresses.

Pore water pressure B, '~ and - the ‘pressure B in the

_driillng_ mud wh1ch f1lls the hole were also dlsregarded in

the discussion in Chapter . These have no effect_.on the

orientations . of .the fractures (Gough and' Bell,1982)¢5'

nevertheless , they modify ‘the magnitude of_ the‘ stress

dlfferences. ‘At points P and Q (p, q) of figures 12 and 13

, S{ = g\ - R, and the tangent1a1 stress is S
Sy =35 - s —fpw and Ty = O.

'S¢ - S, =35 - s~iB .. -

r -0 m

The Mohr circle Fig. 10 contracts in diameter. - by ‘B, and

-moves .- to the left,hy B, . B -1s often llthostatlc and cannot

w w

‘be less than hydrostatic, so that Bn'may often bes comparable
‘to B, . The Shear strength T, required to re51st»fa1lure.w1ll
be reduced somewhat‘as a result of ‘the Shlft og -‘Mohrtshﬂ

~circle to the left and the natufe of the envelOpe. The shift

of the c1rcle "to the 1eft '1mp11es a reductlon of the

stresses, in a b1ax1al stress fleld,' needed to cause

0
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Hydraulic Fracturing

In-situ meagurement of stress by hydraulic fracturing

can both provide the ' orientation and magnftudev of the

principal compbnents of stress, if s, is  not wvertical

' (Kehle, 1964

;/ Fairhurst, 1964), provided the fracture

pressure, the ifstantaneous shut-in pressure (ISIP), the

pore pressure
measured. Hydr
technique car

stlmulate pr

vunderstandlng

,ldevelopmentuo

and ‘the ten311e strength of the rock are
ul1c fracturlng is a petroleum engineering-
1ed out at depths of several thousand fea
ductmqn,\\of‘ 0il bear1ng ‘horizons. An'

_ ~_
o0& ‘the basfc pr1nc1ples which govern the -

‘the fractures '1s a prerequisite to” its

successful pplication; It is assumed that the hole is

~drilled parallel ‘to one regional prin*stress usually
the »vertlc 1” stress Sv, which 1s assum be equal to thei(

'l.'-’,

lithostatic load p. .g.h. The’ stresses S andfs normal _to the

hole axis/are

then the other two prznc1pa1 stresses and 3rE”

horizontal/. The pre-ex1st1ng reglonal stresses produce

A Y

stress cc¢ ncentratlon close to the borehole w1th the max1mum.

bvalue of (3s-s) and a mlnfmum of (35 S) :in the tangentlal

‘directio . The

smallest tangentlal stress of (35 S) at the

ends of [the dlameter parallel to S may . be greater than, or’

- of the

assu ed that

; or less than zero dependlng on the S/s ratio. If a

hole is sealed and pressurlzed to a pressure

3

~descr bed In the reglon close to the packers, Kehle (1964)

the packers _are . held in place by\a band ef

J
.S
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a

uniform shear stresses and made an analysis to determine /
; o 'y
these stresses. His results indicate that hlgh tensile

vertlcal stress of the,order of: the applied pressure (- p) is‘
‘1nduced in. the immediate v1c1n1ty of the packers, and in
about 80% of the central'regionrof the interval a tangential
tehsile stress .isvgenerated. ifwhowever inflatable packers -
are\uSedito seal the hole a normal pressure vill‘be exerted‘
reSUiting ’in. a considerable reduction'ofithe ahial tension
and will require a much higher pressure'for the initiation
*og ‘horizontal fractures.‘ Beﬁore )such high pressures are'
reached a fracture will be initiated vertically izoback et A
al, 1977) .  as the pressure @n ‘the hole'is increasedva
fracture w1ll be 1n1t1ated at the wall of the borehole when -
the ten51on generated by - the flu1d 1s suff1c1ent to overcome
the comblned.effect of the reglonal compress1on (3s-5) tand\
 the rock strenoth. The ,planelalonglﬁhichba fracture Wdil\

‘commence will be that across- which the resultant of the . \
N N ' | ' \ B \

v

effective compressive and tensile strengths are first /- \
Néfdﬁcedvto' zero, In .thew case of ;a ~smooth .cylindrical o
f- wellbore\\this Jplane must be Vertlcal dﬂd perpendlcular to ftl.*
| the least prlnc1pal reglonal stress. If the vert1ca1 ‘stress
‘vis _the minimum pr1nc1pal stress a horlzontal tensile -
fracture hlght be- expected to form (Kehle 1964:; Hubbert ahd f
’ewlllls,- 1957)- However, Zoback Jet al. (1977) have arguad

agalnst this. This. contentlon oR\Zoback et-al - is supported

by laboratory experlments repo;ted by Halmson and Fa1rhurst*dh W\c,
o n ST e B S ‘
(1970). Haimson (1976b) suggésted that if..§, = ,S‘%\ﬁh

o S . . wiT T dy, $

1

&y



induced fractures initiate in a "vertical plane and then . =

become horizontal as they propagate a few hole radii £rom

Ythe wall into the undisturbed reg1onal stress field. /

£}

‘The breakdown pressure B is recorded. If the puymp

shut off immediately and the .hydraulic circuit ls
closed an instantaneous shut-in pressure, a pressure that'
just - sufficient to\hold'the fracture open, islrecordedi
theory derived bybHubbert and‘Will{s (1957) and Kehle_éﬂ964)
for fracture around a pressurizéd borehole is usea—taf%%late
R, the breakdown pressure, theA instantaneous - shUt—in
\‘pressure ISIP, to the in-situ’ pr1nc1pal stresses and the
“tensile strength, T, of the rock. For a vert;cal borehole,
the tensile fracture  should be oriented in a d1rect1on
Aperpehdichlar to s, the least horizontal‘ pr1nc1pal stress,
at least w1th1n the, 1mmed1ate v1c1n1ty of the borehole, and
the magnltude oﬁ  5“-15 ,equal mtOl ISIP. kS;l;the max imum
”horlzontal pr1nc1pal stressw is determlned from the equatlon‘;r

- B

b 35 - S -p+ T 7——f——-—rf—--f?ff——--——f—;-?——-*4:-4-1

where p is the static pore pressure\in:the rock surrounding'

- the horéhole. T cah‘he ﬁeasdred in the“laborat&ry and‘ p in
*\'the ~fleld. 'ﬁrom the dlscu551on so far it 1s clear that the
\hydraulxc fracture w1ll generally take place parallel to the
;‘maxlmum horizontal. pr1nc1pal stress. Breakouts on the other
hand,occor parallel to ;the lesser horlzontal pr1nc1pal

\-stress‘ioi perpendlcular to the: larger horlzontal pr1nc1pal 7

e
‘\

J?\ftress.It\ 1s therefgre, unothisurprls1ng that fracturesmi.ﬂ

e

aetected by the 4~arm dlpmeter tool may ocra51onally show
A \ e .

. S . . 5,
C . .
Lo T . ] . : ) ‘
. . .~ . .



-that formations‘W1thout any measurable‘ permeablllty under“

,v;approx1mates the’ overburden ‘thus 1mply1ng a redu ed

twWo trends One being"‘a major oner Cif mhd pressure has
" . :
occa51onally produced 1nadvertent hydraullc fracturlng
[ /

The. questlon to be qsked will therefore. ~be, how - the

hydraullc ' fracturlng COmwﬁ 1nto play?- Prior tto the

‘dellberate appl1catlon of hydraUllc fracturlng by man, 'itse

) .

occurence - has been detected durlng “water floodlng' and

sdheeze<cementation-processes. Rocks have been accidentally

fractured ,durlng groutlng treatménts and when hlgh speC1f1c .

‘grav1ty muds have been used in drllllng wvells. Furthermore,

-

it has Dbeen observed (Von Schonfeldt and Falrhurst 1969)

o B

- . . . ! ' . \ )
natural conditions have a ’notlceabler\effect of, rate of

loading. At a low rate—fof ‘application';oﬂ”‘p&essure, the

!

vformation breakdown is lower than at a hrgher loadlng rate.

~Such a load1ng Tate, may be llkened to thel vary1ngy rate- at

N

©

: A
hlmportance of the zone be1ng drllled. Acc1dental_ hydraulic

grav1ty mud can therefore not be _rn;ed out. It

i

effect

—

rof acc1denta1 hydraullc fracturlng, we should not lose S1ght

of the fact that the 011 wells are restrlbted o sedlmentary

alayers.,' Sedlments . are sheet 11ke dep051 s of wvarious

1,\

competency stacked on& uﬁ@n another. Layered seQUences of

unllke materlals tras

f‘v‘ “i

:stress much dlfferently( than

B

which drllllng is | done dependlng bn ‘the comqercial’
fracturlng »durang the drllllng stage with high becific

i's - worth

,mentlonlng - 3150 fhat’ although’ the - vertlc’l stress|

i Ay B
homogeneous and 1sotr0p1&'mater1als~ a. phenomenon known ,as,



. \“~“

aﬂchlng Archlng may also 1nvolve the reactlon w1th tlmeﬁvug-ng”
A ‘ s .
betWEen\ beds of d”fferent competendy and hence dlsrupts the

n1form stress d1str1but10n Wlth depth Wthh f-assumed

U

‘

under homogeneous’ and 1sotrop1c cond1tlons§ Such.an effect

¢

~\feates reglons of both hlgh and low stress conaentratlons,;ypﬁx.,

ff;AS<~a res:lt of the,alteratIOn of the stress dlstrlbutlon by

i wl T "'r-q‘:v.f

‘flzarchlng we can expect that in Fhe ;same "11 fleld fo rrma7:

”ﬁfglven horlzon*lbreakdOWn pressure can vary s1gn1f1cant1y as

fev1denced by the results obtalnedi/'"iph Gulf/ Coast area\

5~fwhere vert1ca1 fractures have occured at 1n3ect10n pressures *ﬁ
;far less than”ﬂth total overburden pressure ”K Scotts, SRR
UﬁfBearden, and’Howard 1953)

B gl ..

Anotherf p01nt whlch may need rexamlnatlon ‘s;;fﬁne

';fiassumptlon that ?on pr1nc1pal stress 1s vert1ca1 and thatl*"“'””“
. . <

-ffthe borehole 1s drllled parallel to thlS reglonal pr1nc1pald:fﬁf”

»*_Ustress._ffThef} assumptlon xthat 2.” hydraullc fracturefﬂ}

rﬂﬂpropagates perpendlcularbtds
~fHubbert and WllllS,” 1957) has been supported by agreementx7':sf'e

el : -\x»&_»-» S

it;pbetween : hydraullc fracturrng ,Y geologlcal NN and;,j

'he_ least ’p?anc1pal stress ( o

Tfﬁselsmologlcally determlned stress fleld 1nd1cators (Zoback;lgpfﬂfg
w.:and Zoback 1980 ) However McGarr and Gay (1978) found thati

South Afrlca the durectlons of the most nearly vertlc“'

d"lprlnc1pal stress fall w1th1ng a’ c1rc1e 30° .about ‘he7df:ﬁb

-lnvertlcal They also mehtloned that stress measurements 1nff“'

P -

vsupport _51gn1f1cant departures from the assumptlon that oneﬂgﬁ_3\ '

';_ﬂof the pr1nc1pa1 stress d;rectlons s vertlcal ThlS 1mpl1esﬁffj{j'".

P T et

'deep mlnes in Canada, the Unlted States .and in Australla,djj-jm



L
s
n

&f various tectonlc .stress ' zones~ based '._th stress

SO tra]ectorles\f:ﬁnt. any glven Aopallty

s BRI
'iv phenomena are observed may 1mply that such large horlzontal

~UT
v

that the two 1n1t1aLly assumed horlzontal stresses iéféTiqbt;*,.fi

‘orlzontal Recognltron of such a fact w111 also hdlp i

IRT ',: g

Breakout andSStress Orxentatlons 1n Western Canada

Fxgure 19 shows the dlrectlonsvﬁofﬁﬂthexilong axes ﬂoffxa

breakouts:i{(or ltﬁ d1rect10ni5of}“ﬁh Ieast pr1nc1pa1

horlzontal stress) and flgure 20 1nd1cates Vthe 1nferred

\~.',’,

@ ! :
orlentatlons Sofv‘theu max;mﬂﬁﬂhorlzental pr1nc1pa1 stresses

for the results presebted\by Babcock (1978) by Gough and vljf5

Bell (1981)- and - n{ thrs\\study,n for ;th West Canadlan

"

Sedlmentary Ba51n.’~Itf_ bef seeﬁ from thlS _map that

breakouts Tdaﬁ serve as;iaftuseful method for mapplng the:: »

'J« o
i ecthnal

wher‘
K. : Fio
spalllng of the walls_ofﬂa/welk'are\pbserved The absence of

Rt

51gn1f1cant'var1abﬂon of a21mu§hs w1th depth whereverffy"

s

'f pr1nc1pal stresses a'e, qpt necessarlly 11m1ted to the top

crustal sed1mentary rocks but may be contlnued down 1nto the
. ! \
deep and older- Precambrlan '1gneous' tocks of the earth s

Crust fy,"

*
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’lfconcentratlons‘ of 301nt d1rectlons on the surface, (NW NE,i’

‘,uThe Physxcal ngn1£1cance of the Breakouts
e Babcock (1978) concluded on the ba51s of hlS ]Olnt setsﬂ

...study . i Alberta (1973) that breakouts are a. result of the

& faults 7or 301nt sets, whlch may or may ot be :open.“
. : ,‘ ; “
i Preferentlal breakage, 1n hls V1ew, 1s then controlled by ar,’-

1}"near vertlcal JOlnt' Wthh 1ntersects the well and whlch in.

1

hcarbonate rocks may be solut1on w1dened n h1s vlew,;,thef’7

ﬁ - t

irelongatlon :w1th1n, and between we(ls 1n varylng 11thologxesg'
'vall 1nd1cat§#an orlgln caused by the drzll ‘encounter1ng a L
efractuge or zone of fracture. ~1j:f”h .a'."ll*lf

HOWevef. jﬁ’hiﬂs' StUdY of 301nt sets 'revealed four.

o

andzE) On ‘a. non polar or axlal data ba515‘ thesef four,‘

-"N S and E W Babcock s study of breakouts sh wed only

A T S

'ou’s1gn1f1cant 'concentratlon ’of subsurface breakout d1rectlon,’

that 15 Nw ‘or. Nw SE Bell and Gough (1979) argued that

'i'; Babcock s hypothe51s.ﬁthd' other 301nt dlreé;;ons would be

”expected to be represented 1n the breakout a21muths but they

”’afe.inh In addltlon Bell and Gough doubted that the ]01nt 2

-

-.lV,parallel those‘Jat depths ;in' excess of 2 km at whlchff“h‘

. ,‘,

" breakouts occurreﬁ in~ v1ew ‘off.th e;fact that sedlmentsﬁf

V. DISCUSSION -~ ety

‘0 AT e

‘_dr1ll encounterlng steeply dlpplng zoﬁes of ipre ex1st1ng _ ,]"

"iftparallellsm; between azlmuths of elongatlon a“d reg1onalrﬂ_ .

'5301nt sets in Alberta and the con51stency of the\az1muths ofh_r 3

y]Olnt sets d1rect1onsv may be represented as NW SE NE sw :dfv-

”:*tdlrectlons at h present surface w0uld necessarlly beyl»:h
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. 1} . - . . . . . . /i i
- \ . ‘ At

1nvolved in hlS study might have been la1d down ‘in vary1ngz.'

tectonlc settungs between Devonlan and Cretaceous tlmes and

e

P
that ]Olnts in general ar1se 1n seveval ways' such s»-soon.‘

after deposztxon. of av sedlmentary\ rock or durlng later-

M

deformat1on, or aP it undergoes er051on. These facts ;led

Bell and Gough to put forward an a1ternat1ve ypothe51s to =
(.k(.cz
' better explaln the cause of breakouts and perhaps, also the

v

cause- of 'surface' lentS of Babcock s System 1 (NE and Nw

, ! i
‘wstrrkes). They therefore proposed that 1n a’ genéral stress
SRR i /
field w1th large and unequal horlzontal stresses,athe holes

'// .

themselves.yconcentrate the streSSes -so as jtot_ produce
-

-%subsurfacep_breakouts‘1w1th the breakout azxmuth parallel to ‘-‘

the,Smaller horlzontal stress and normal to the larger

(. horlzontal stress. The analy51s of such stress concentratlon .

l

by a c1rcular hole was f1rst found by Klrsch and hasy’been(‘
dlscussed in chapter . a o |
u '.Fromu”the: present¢“studv;¥£lt j;s hobservedvnthat”uthezf"
”fﬁ.Signiflcant‘ breakout 'azlmuth”@or';theb'preferred,breakoutf
orxentatlon 1s SE that 1s Nﬁ?SE'»vhen;_ékpressed"axiallvr“
Thus' only on¢f‘6f;.the four surface ,301nt dlrectlons is
51gn1f1cant although a' few breakout zoqes tend to show gthejA
N NE or NE SW str1ke.,In short only the NWPSE set of Babcock s'
System 1 of surface ]01nts 1s observed as breakouts. On Bell
- and Gough S hypothes1s that breakouts are stress controlled
the observed 1rregular1t1es have been fully accounted ffor,'
BabCOCk’S hYpotheszs fails to explaln why- breakout azlmuthsllﬁ
do not exh1b1t the other surface 301nt d1rect10ns._Babcock’aw

N S IR . e
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study also revealed that breakouts are unrelated to .depth,
11thology -and - the <age of ‘the format1on.n It is. further

o o ‘ .
observed by Babcock and in thls Fstudy- that 'breakouts' are

dls rete,‘ beglnn1ng and end1ng sh“.ply, 1ndependently of

u@’t,1s very d1ff1cult‘
3 ¥ ; .
Y e .
to u derstand how breakout#“ & ﬁ%paﬂ‘ o and end sharplyr -

dep llthology and age of forﬁgﬁle

“‘withln' and between‘ formatlons, : shparated , by : slmllar;"
'1ithologies w1th no regard to depth In v1ew of the varlous

dlagenetlc processes 1nvolved in the transformat1on of - the

iy

dep051ted sedlments to consolldated sedlmentafy rocks fromﬁq

the Devonlan to the Cretaceous age, whlch 13 more than 10'~‘

years, one wonders how surface jOlntS can be a reflectlon of

N~

v_subsurface‘ jOlntS.v In: fact factors 11ke cementatloni

7u!compact10n, »recrYStalllsatlon;} and many other_ processeS'
1nvo%ved 1n dlagene51s coupled w1th the hlgh !tmperaturesf

: : ‘ Cw

‘and - fduratlon “of the tectonlc stresses w1ll mod1fy the_

response of the'rock to stress,\whlle any fallure remalns

br1ttle, : Such varlables may lead ‘fallure'.in hsomea'

-interbaﬁs‘;in _the sedlmentary column; ‘whereas'\the ysamelf"

: materlal in adjoxnlngéarga‘may not fa11~underwthe ex1st1ng .

stress f1e1d Consequently Bell and Gough S hypothe51s» can-

account for thlS dlscrete nature of breakout occurrence in

wells.,The presence of pre exlstlng fractures would also',

® result .in' enormous c1rculat10n 1oss, whlch 1s however very :
small in thlS reglon. It 1s knomn that exten51ve cxrculatlon
loss often leads to formatlon damage. Such damage often;g,

B
requ1res that hydraullc fracturlng be carrled out thls time

- .
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not just as a means:%f providing an increased>/permeability
Jpath.'into the otherwlseftight‘formation,ibut,as a means”of
creatlng a'conducting‘channel through the danaged sones into
thej virgln_ formation. :The'absence of'such!effects as’high\
vc1rculat10n loss,. damaéedl formatlon resulting from; the
'fdr1111ng fluid escaplng 1nto the formatlon, and the conplete
- absence of,ma551ve hydraullc fracturlng processes in Alberta

only go to support the p01nt that pre- exlstlng fractures of~
size as 1mp11ed by Babcock are unlikely in the swbaw%{ﬁve of
’Alberta. The only hydraullc fracturlng process f@g&?&gd is

the one at‘West. Pemblna (MacLeod 1977) .T ﬁ{acturlng‘

. direction is in agreement w1th the known theq;y on hydrau11c

cfracturrng and thus” lends support_:to' Bell and Gough s
hYPothesis '(Gough & -Bell 1981).fflt"is therefore,.thef
"present author s oplnlon that in the absence of 4p031t1ve
‘extrapolatlbn " of ';surface ]OintS"tQ subsurface ones,
Babcock's hYpbthesis does :not“ account for the az1muthalu
'alignment,.of breakouts. It is fﬁZrefore concluded fsublect

-fto compariSon Wlth other stress mea5urement technlques ‘ihﬁ

'future, that : breakouts ' are' al result .of lthe Stressl

- concentrat1on by the borehole, in a' general . stress ‘field
‘hav1ng large and unequal hor1zontal stresses, at the. walls
V,.of the hole resultlng in the fallure of some of the rocks.
hThls 1s the hypothe51s postulated by Bell and Gough

Based on the Bell Gough hypothe51s, we  find that the
‘greatest horlzontal pr1nc1pal stress trends N 25° E to N 60°
..E; wlth the majorlty occurlng_around N 42° E;’and that the

-~

i
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least principal horizontal stress is directed N 30° w to N
65° W, uith. the majority aroundbﬁ.48°'w throughgutigést'
| parts of Alberta. Sbar”ahd Sykes (1973). haye reported the
‘greatest pr1nc1pa1 horlzontal compressive .Stress tovvbe,
‘trendlng East to Noqtheast in Eastern North Amerlcg 'and in
the 1ntermounta1n seismic belt in Montana, Idaho and., Utah
the minimum compre551ve stress trends East to Southeast . Our
hresult thus f1ts closely to the general pattern of pr1n01pal
stress or1entatlons reported in the older ‘craton ofv the
~North-.American contrnent. |
-Implioations ot the Study - T
¢ Measurement of stress by in-situ technlques can prov1de_*
hoth the orlentatlons “and magnltudes off the pr;nc1pal

. . , . . . ’ R ¢
components of stress. Such measuremeft of the stress field.

within the'orust .eanthprovide;i perhaps} the most. u&eful"h
information vconcerning the forces respon51ble for varlous'
tect;nic,processes;'such asiearthquakes; For example. Sykes =
et al (1972) reported the ocourrence_of a series ot smali_
'earthquakes generated in'1971 hy“the high pressure injection‘ﬁ
:of fluids in a salt recovery well near Dale, about 10km egst‘
'of Attlca in Western ‘New York- State. When the h1gh pressure‘;
1n3ectlon ceased SEISmlC act1v1ty dropped in three\days fromxf

i

- a rate of about 100 events per day to a rate og a few events-

per' month The trlggerlng of the earthquakes was attrlbuted .

to the 1ncrease of flu1d pressure in the - rocks under hlghf
tectonlc stress. Healy et al (1968) also reported the Denver’

earthquakes. The Rochy Mountaln Arsenal dlsposal well whlch'



s ~ %

wds drilled through 3761 metres of sedimentary rocks of the
.Denver Ba51n hear the c1ty ‘of Denver, Colorado, was intended
for the d1sposa1 of vaste fluids. The injection of fluid
4ﬂwh1ch was started from March 1962 to September 3963 was at a
rate of about 2. 1*10’ litres per month. Fluid .injection
ceased‘ from October 1963 to August, i964 but was resumed
'under brav1ty from September 1964 until March 1965 at a rate
- of about 7.5 % 10f'E11tres \per month, The rate w%s then
jncreased to about 1.7‘*\,1l07 Iitresvpe; month untithebruary

1966 when the 'exercise\ was termlnated because of growlng
'ev1dence of its. connection® zwlth local earthquakes. Evans
(1966) used “the epleentra&, locations by ~Wang (1965) of
‘;earthquakes near the wellland\showed a correlation between
rate of flu1d 1nject10n and ‘the earthquake frequency, w1th a
~»d1ag of the. earthquakes in the order of a few weeis behind

ilthej'1n3ect10n. The events whlch 1n1t1ally had eplcentres
less than 6 km from the well were observed to contlnue w1thv‘
'm1grat10n of the foc1 to the northwest. Healy et al examlned_
the probablllty of a chance assoc1at1on in both t1me and
~-place, between the flu1d inj ctlon and the earthquake swarm
on the ba51s of the selsm1c1ty of the reglon and estlmatedi
.thrs‘_probab1;1ty to be about 1 in 2.5 m1111on: Heaiy etual_
_{1968) thereforep explained both the occurence of | the\
northward migration tand the occurrence of the three 1argev
_earthquakes, amongva series bof earthquakes, of magnltude‘
25@0 to the; outward diffusion from the well of a pressure'

.

_front in the pore water. Th1s diffusion would 1mply that the

»



)
volume of rock affectedbebf the increased .Qater pressure
likewise grows and this increased volume is thus associated
with the the large earthquakes in a large"volume of major
'strain. But it is well known that the increase of the
pressure of the water 1n poreés and cracks produces no sheer
stress and therefore cannot cause an earthquake. ,The
induction process of ‘the observed earthquakes was attrlbuted
to the presence ‘of a nearly critical initial stress which
could eventuelly cause‘failure of rock by\triggerinéjthrough
by increase of pore water‘pressure as the Mohr circle is
shifted to the left. This explanation 1is based on the
Mohr—Coulomb failure theory;"and the  Hubbert and Rubey
ghypothestslof effeetive'stress (1959) (.Healy et al, 1968;°
Gough and’Gough 1976; /Gough, 19785

The Rangely Experiment. carrled out by the Unlted States
fGeolog1cal Survey at the Rangely Ollfleld in Northwestern
Colorado (Raleigh et ai 1972; 1976) was, de51gned‘to verlfy'
quantitatively the explanatlon of the induced selsm1c1ty at
.Dehver. There was wan ’ excellent_a agreement with the
vhypothesis;, Raleﬁgh etial (19565'e{so‘pointed out'thatithis
verification might have implicatiohs for -the contro} of -
natural earthquakes hat least "in cases where it mlght be
p0551b1e to pump water rn and out of an active fault . ThlS
~could p0551b1y rel;eve the stress by flrst redu01ng thee,

‘water pressure in wells at two. points ~tor strengthen.~the
L';fauit‘ at those pointsT"and~Athen ‘Qéhally 4triggering en

earthquake=between the two points by injecting ‘water there;



v . , é

Knowledge of the state of stress is also critical to

the design of undeégfound ~excavations for mining and for

,nﬁclear waste disbosal ( Jaeger and Cook, 196@; Gough, 1978).
The massive hydraulic fracturing of formations in oil and

gas,fiélds to,stimulate production 1is another field for

which knowledge ‘QE* the stress figld at depth is very

important., Application of stress measurements to the
solution of problems in téctonigsdﬁs not as straightforward

as’in engineering prpblemé. The engineer is concerned wiﬁh

ﬁhe . stress field affecting the rock, whereas the

geophysicist or geologist attempts to deduce the ‘ﬁrocesses

that might hé?e'caused the stresses, Thus the importanée'of

the knowledge of principal stress orientations cannot be

’overemphésized;AThe use of breakouts to add»principal stress
orientations té the existing information on seismicity - and

tectonics will significantly increase the data base relevant

to intra-plate ea;thquakeé. Maps sugh as that shownw in

_Figure 20 of the orientation bf the horizontal principal
strésses;’Will‘be of great value to engineerihg purposes énd

in- addition will- have important implications fo; the

geOthSibs and structural geology,oflthe area. | T

o _ , . : |
It must be emphasized that any attempt to relate the
< _ \

stress field to tectonic processes, must be’ based on a

cofrrect interpretation of. the 'stress field. A variety of

- ‘postglacial geologic features such as folds, faults,

pop-ups, aﬁd other, rock squeeze indicators may show high

compressive stress in a region. Residual stresses may exist
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in a rock according to its history of proce%aaﬂ such as
. burial, lithification, denudation, heating, cooling, and
“past tectonic events and may persist to some extent after

the rock is freed of boundary loads ( Friedman, 1972). Such
residual stresses may complicate the interpretatian of
st?h§s observations. However, it would be difficult to
attr{}ute a consistently oriented stress field over a (large
afea,& as iﬁ‘the entire Western Canadian sedimentary basin,
to resadual stresses. The observed stress field almost
certainly reflects tractions now acting on this part of the
North American plate. The recent review by Zoback and Zoback
(1980) shows that n&rtheast;gbuthwest horizontal larger
compressions dominate the older craton of North America, as
in the Northeastern United States ( Sbar'and Sykgs, 1973)»
and the Western Canadian ~data fit wéll in this overall
picture.gq |
A‘ knowlédge of the orientation of the horizontal
stresses is. of great importance in the planning of a
hydraulic fracture prégram. Near~surfaée org,boaies can be
economically mined by open pit ﬁethodé.kBeiow the practical
depéh of open pit mining, new mihingfmethods must‘be sought
" and - developed to make deep ore bodies available to economic
extractioh. Solution mining has become a major- method of
“éxtracting subsurface evaporite minerals because it is both
econbmicai and efficient.‘Hydraulic fracturing, apart' from
" the fact that it is the only method currently in use that

enables measurement of stress to be made at large distances



from a free surface, is]used to ~develdb permeable surfacey

SN ‘_4 l

‘areas exposed o.j solvent for solut1on“ m1n1ng""Thusd

lross conlectlon of salt wells (and perhaps :oll; wells'hin -

‘~wffuture) by means of extendlng a hydrofracture from one well';

v:to the other has become a’ boon to the salt 1ndustry (Pullen’*

Tl

'??Jr.,]958) The two wells so connected may be referred to asf

'if“source and target wells, uw1th athe pressur1zed well from_

*?ﬁflwell acts 1n one" of two‘ways. Ideally the target well should

‘ﬁwhlch h hydrofracture orlglnates as a. source. The target';

SN }

11ke °a 51nk so that the propagatlng fracture w1ll wantf’

'”5fto 1ntersect 1t. In some cases however,,w1th the hlgh stresSl

&

'”‘concentratlons_ around t,f_lt .may act as a barrler'to-thef;

’"Tﬂappfoachln fracture and most target wells ‘t_ llker m1nor5
g° 3

T"ff_‘_sources, and thereby deflect the propagatlng fracture arounds;

'“themselvesQ To overcome th1s secondary role ]mfthh target:

l

";7fwefll several technlques proposed haVe had promlslng effect.l@

'hfgﬁl w1ll always- be: good practlce 1 produce dhydraullc-f

fﬂ‘fracturest from_ the target well e1ther before or durlng theef

0 el D

‘fffhmajor fracture attempt from the source (Bays et jal; 1960)_'

i 1 ‘
“]‘Back fracturlng has proved to be successful 1n several cases”;

'**Qmwhere a. fracture: cdnnectlon- was *not- successful iﬁs_the7)

3>,;gor1glna1 dlrectlo ;'{1tt‘isr alSO' thought that much of thedf

E ,stress concentratlon around’.the-~target well mlght - be e

J

| lf{reduced ,df,mthe; target well ;were pressured up and helddf

W

. ___0
'W;ﬁdur1ng the fracture operatlon of e' source kwell at}kap

SRR O RO _
i:zpressure less than»—fhe’ breakdown pressure.ACrawford and\r

‘f,lColl;ns' (1954) pbiﬁtﬂ”:;f ’the adverse~ effects\fonljfther:

¥
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.

eff1c1ency of a f1u1d 1nject1on project when -injectdOnlfand>f
productlon ‘wells .a?ef’nbtﬂ or1ented w1th the natural andjl
3.1nduced fractures ;lf'fwells ar properly orlented _and‘f
| fractures »off adequate .length are 1nduced radlal flow 1s_.

q

; reduced and areal sweep problems are mlnlmlsed
v» '”*wé;_ﬁow con51der the attempt to look cr1t1cally at thef
'i_1ith515§iés‘hi thlsi:study he phenomenon" of‘=}stresslx
i7@;redistr1butlon at depth 1ayered sequences of unl1key
‘rocks, known as‘archlng, has been mentloned earller Archlngl
":; may also be ‘v1suallsed 1n terms of ma551ve competent beds{
actlng as beams to carry the load 1mposed by crustal stressdf
f1e1d and thereby freduce the stress on the less competentil

v “»beds.;Such an effect 1s 1mportant btpﬁith des1gn \of’.d.yfi
subsurface openlng Perhaps .th. greatest 1mportande. of?f
ffarchlng is 1ts 1nfluence through the stress dlstrlbutlon “aﬁlf
ith‘ breakdown pressure. The object of a multlple fractuvlng//
‘process (multlfrac) _h t's»obtaln; greater fracture: areahs
through closer fracture spac1ng, than could be obtalned ﬁrom‘h
ls the same number of wells 'w1th 751ngle{ vertlcal fractures.v
Thls method requ1res substant1al dev1at1on of the wells fromﬁ“
“ the vertlcal and therefore both thev measured well lengthf&
‘.and dr1111ng cost per unlt' length ‘ﬁ. 1ncreased wheng
_ :compared w1th a. vertlcal well Theory pred1ct5'tal vertlcalli
,Hl hydraullcally 1nduced fracture ini'a strlke Sllp §*rre§§%%
fleld and such observatlons as are ava1lable conf1rm that
"bihf h Alberta sedlmentary ba51n hydraullc fractures arebf

RS : b

RS | ,
generally vertlcal (Macleod ' 1977 )-,°Thu§jwit should be{



: ‘ ‘”,‘ T ,T;’]J'_f;li:jby f”;gi: i
'p0551ble to generate Several fractures from ‘a*_su1tably
dev1ated hole.n Hydraullc fractur1ng theory predlcts that
Tffractures w1ll propagate in- a d1rect10n normal to the least‘

'..pr1nc1pal 1n 51tu 5 stress:fo parallel fthe;’max1mum

'fnprlnclpal stress.; Some experlments w1tm/ non, penetratlng

':flu1d 1nd1cate’ fractures may at least 1n1t1ate parallel to

ow a0

;~]¢the ax1s of the -wellbore.,, fracture ‘1n1t1ated from ;anf

/

S s [ : D
: '.,1nc11ned open hole,.vwellbore '-mrght. then result ~lnf;a‘

'iconflguratlon unsu1table for _th development f; multlple

fivertlcal fractures However, by ‘ca51ng the wellbore and

~

hfperforatlng the cas1ng over a small “depth ‘range, fracture;

"flnltlatlon _can be: made o:foccur from a p01nt or a small

'b:vuspher1cal*cavity (Strubhar et al 1975) “e orlentatlonf

‘5‘shou&§ then be governed~ by the 1n 51tu stress COﬂdlthn
Strubhar '?tff l have shown experlmentally that f hthef
",ffggcturesxﬁ{are 1ndeed _orlented 1a d1ctated by 1n 51tu

'5E}sffés9es, the fractures w1ll be suff1c1ently parallel ?éﬁdg

Lt

”°ftherefore 'be effectlve - The product1v1ty 1ndex they found

7',fwe11 in the fleld

f?was two and three tlmes that of a' conventlonally fractured

L

'lConclus1ons

‘lfflt, hast be n argued -earller in this chapter _dlv

'.'5elsewhere that the con51stency -offfth breakout az1muths,5

3

‘fwlrrespect1ve of depth llthology and age of the formatlon 1n
S i e , \
_almost all ;thc; wells ~ and [th fact that the breakout’

’5~waz1muths reflect only one out of the two jOlnt systems of

‘?ffBabcoCR lead to a safe conclu51on that the breakoutsvrarepV

- ¥



’lsstress controlled or p0551bly both

It; probable that‘ some of the dev1at10ns from the”

3generally northwest southeast orlentatlon of gthe breakoutsf

v”_¢fcan be attrlbuted to local stress anomalles and some also tox

‘;rZ,T;Perhaps, some horlzontal fractures .were wrongly taken

lacc1dental hydraullc ten51le fracturlng durlng drllllng w1th;
“ahlgh den51ty mud ' Zoback _and Pollard (1978) noted thate

-kffalthough hlgh v1sc051ty fluld reduces flu1d penetratlon 1nto_

y .
‘,.

'*pre ex1st1ng fractures 'or 1nto/permeable rocks, 1t has thef
nVidlsadvantage that such flu1d may lead to hydraul1c fractures.
"7{519n1f1cantly “f advancet of the observed breakdown 1n the“

'f}pressure t1me hlstory

On the hypothe51s that breakouts are stress controlled‘

“5:the follow1ng conc1u51ons can be made.jtfafivﬂ,ft,f;jff

*:j}i-The state of stress 1n {thef earth s crust *is*‘hdiyfin-

7{general «llthostatlc. There are hlgh horléon)bl stresses
'lfrelatlve to the vertlcal stress 1rrespect1ve of. depth
d‘“Tectonlc condltlons and the varlous sedlmentary layersf

tfmay, however 1nf1uence thls state of stress.j“

"vfpr vertlcal ones.; Such horlzontal fractures ;ar;?

h,belleved _to result fromz_local' 1nhomogene1t1es lAkef

%kabeddlng planes,_;~3ointESets§:and‘7tj phenomenon/ of~;
”“3;tiAlthough breakouts‘ tend to occur-'fi , preferentrali

. /- .
'atlon of the reglonalu“

-'d1rectlons dlctated by the orle;
“v'stresses, ilnduced vert1cal fra tures‘ may : alsov fbe;s

llgexpected to have a preferentlal ‘;rectlon. In most casesf-



'.>.hthe North Amerlcan platd 1n the overall

‘f‘;,‘fi VV't .t}j%d)h f["'l - - ~102;'
thlS d1rect1on ;is; notAldentlcal to that of breakouts,~
but at rlght angles to them..e‘ | o ‘d )
h;Concludxng remarks 155 E;h{jf'it : ;t : i<f~_ﬁ\h |
| d The con51stency of thexdata;in th1s neglon f@f"NAfth}‘
.Amerlca iand ‘elsewherejionf the cont1nent strongly‘suggestsf{f‘
’:Athat th1s measurement does not merely reflect local stresses*t

fbut does,'ln fact rreflect a reg1onal pattern. The exlstence;ﬂ-_

5cof hlgh stresses 1s not conflned to any member of " hel rock
”format1ons, nor to any partlcular age of the format1ons. The.

’ phenomena of hzgh stresses‘ ex1st elsewhere in,hthe North

”?Amerlcan"contlnent and h world (Sbar and Sykes 1973

i,‘nast 1973 1974 Lo, 1978_ McGarr and Gay 1978‘ Gough 1978

| ﬂﬁZoback fand Zoback ” 1980); _sf ev1denced by features llke
"hgbreakouts,m folds, postglac1al 'faults and pop—ups.f These

'.fstresses are probably relé@ed to th"current tractlons ‘on

6 fext, of . plate

o

tectonlcs.,il, i
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APPENDIX A

A. Properties Of @
Let @,',.....,8,' be the angles obtained from

Be)eseses, By when the new zero direction is a. Let

We have @, ' = (@, ~a)mod 2v, So that

€' = R.cos(B-a) ; §' = R.sin(P-a)-===-=-=-=- mm e A-2.
If we write (A-2) as

C' = R'.cos@' ; S = R'.sin@'~—~-—=-==mm-m-om=mm—mm e A-3
then we have |

@' = ($-a) mod 2rx ; R' = R ——=—==emmemmmmmmm e ———— A-4.
Hence Equétion‘ 3-2 is satisfied. Also from (3-4) and (3-5)
we have ‘ .

Zsin(g -B) = O---==-----==- oo mam e S A-5
which corresponds to the equationhin the linear case' (X, -X)
= 0, i.e.the sum of deQiationFabout thé mean vanishes.
Circular Standard Deviation

| We have seen that S, lies in the range (0, 1). To
relate S; to the standard deviation‘ on the ;fne, it 1is

naturél to use the foilowiqg result for the wrapped normal

distribution.

G

o

2 i . : )
1-S, =- e %2, We can ‘then define the circular standard

<

deviation . as:

b

¢ gk “2.10g, (1-§,)) =mmmosmssomsessososooooooo- D O
The range of is of course (0,). For small 'S., -Equation

A-6 reduces to o= (2.5;)%. a transformation first suggested
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