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. ERNEST L. PADILLA
ATTORHEY AND COUNSELOR AT LAW

: P.0. Box 2523
Santa Fe, New Mexico 87501
(505) 988-7577

May 21, 1982

R’!}ﬁ( . -..u_ mﬁ

Mr. Richard Stamets ' R
0il Conservation bivision “‘ MAY 21 1982
Post Office Box 2088 q | |

‘made by Core Laboratories in Albuquerque, of a water sample
from the fresh water well in Section 28.

Please let me know if you have any questions.

%rneit L\T\Padllla

‘BL.Da DM ..
Enclosure

Santa}fg, New Mexico . . o - S

Dear Mr. Stamets:

Enclosed is a copy of another water analysis,

cc: Red Mountain Associates |




CORE LABORATORIES, INC.

3428 Stanford Dr., N.E.
Albuquerque, New Mexico 87107
Phone: 505-344-0274§

Client: Red Mountain Associétes Date Recéived: 5714782
Address: ‘1517 Reisterstown Rd. Analyzed By: JFA
| Pikesville, Md. 21208 ‘Date: 5/18/82
~—Authorized By: Steve "I-Igs‘i‘éfb“s"‘" o S V " Job Number: W82138 -

S Rmp A TN UL LI ION T S le "Recedived 5714/ o
Resistivity 472 ohm-cm @ 25°C pH 8.7  Specific Gravity -
Hydrogen Sulfide Negative Calculated Total Dissoived Selids 1580
- CATIONS Mg/L Meq/L ~ ANIONS Mg/L Meq/L
Sodium 480 20.87 Sulfate 460 '9.58
Potassium 1.60 o 04 Chloride 92 2.59
Calcium ‘ 4.40 .22 Carbonate 14.7 L4549
Hagnesium 0.67 .06 Ricarbonate 530.0 8.69 .
Iron ___0.06 003
Totzl Catiomns 21.19 Total Anions  21.36
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ERNEST L. PADILLA P.O. Box 2523
ATTORNEY AND COUNSELOR AT LAW Santa Fe, New Mexico 87501

(505) 988-7577

May 17, 1982

0il Conservation Division

Post Office Box 2088

‘Santa Fe, New Mexico 87501

Attn: Mr. Richard L. Stamets
Hearlng Exanlner

Re: Red Mountaln A55001ates

Case No. 7459
Dear Mr. Stamets:
Enclosed you will find the following:

(1) Copy of water analysis

{2) Map of water flood area

(3) Speed letter from Cementers,” Inc. to Red Mountain
Associates

‘ The water analysis is an analysis of a water sample taken
from the "fresh" water well in the SE4¥NW% of Section 28 ‘as shown
in the map whi¢h is enclosed as item (2) above. I believe that
the analysis speaks for itself, however, I should explain that
the water sample was submitted- for analys1s by Mr. Lloyd Temple
of Temple Securities Corporation which is affiliated with Red

. Mountain Associates to Penniman & Browne, Inc., the firm who

made the analysis.

The third item is a speed letter from Cementers, Inc. in
Farmington, to Mohamed Zenati which briefly states that the
breakdown pressure on ihe State Well No. 7 was 600 psi. This
well is located in the NEYXNEY% of Section 28, Township 20 North,
Range 9 West and the breakdown pressure is of the Menafee
formation the same zone involved in the application of Red
Mountain Associates. 1In fact, this well was included in Red
Mountain's original water flood plans.

Additionally, I have inspected the file of the original
application of Red Mountain Associates for a water floor pro-
ject and it contains water analyses for injected water and for
produced water. These analyses were submitted after the
original hearing, presumably requested from Mr. Zenati during
the course of the original hearing on the application.




- “Red Mountain Associates

E CEMENTERS INC.
. {1 ATIN: Hohamed Zenati

E

|

E

BUGAN RRODMCTION OORP.
P. 0. BOX Q08 302
FARMINGTON, N. M. 87401
(505) 325-1821

o 2626 Holly s
Uenver, CO 80207

SUBJECT | ,
Acid job 10-11-80 State Well #7

... MESSAGE

g Breakdown Pressure 600 PSI.

After breakdown - started taking fluid - 1/2 Bbl. per min. @ 150 PSI.

Boyce Ulrich

Cementers Inc.

SIGNEDL

SENDG WHITE COPY  BETAIN YELLOW COPY

|




Mr. Richard L. Stamets -2 - May 14, 1982

Finally, Red Mountain Associates is informed that the
fresh water well is about 300 feet deep operated by a windmill-
type pumping device.

I believe that the foregoing information completes the
additional information which you have requested. In this
regard, please let me know if you have any quest;ons.

st L. Padllla

ELP:PFM

. Enclosures

cc: Mr. Mohamed Zenati
Mr. Lloyd Temple

LR

T R T TR AL N Y Py




DR, WH, B. D, PENNIMAN Cotapi1gntd

|
L e PENNIMAN & BROWNE, INC. e

A ARTHUR LEL BROWKE -
g 1a67.1023 CHEMISTS-ENGINEERS-INSPECTORS CaBLE AQDRESS
; EXECUTIVE STAFF 6252 FALLS ROAD - BaeT
E P M. Ator ‘ BALTIMORE, MARYLAND 21209 S

ALLEN W. THOVPSON

5.413)
DANYE G. BERLTTA a2 3

J. Aomian BUTT AREA Cope 30!

DONALG W. ERITH - . » ' .

ANALYTICAL DIVISION

REPORT OF ANALYSIS

Attn: Lloyd L. Temple, Jr. -~ May 4, 1982
No. ' 820893 '
Sample of One Water

i‘ Marked For Analysis

Sodium, mg/1 326.78

| Chlorida, mg/1 148,

0il & Grease, mg/1 _ 0.1

o | Total Coliform, MPN/100 cc 490,000

" From Temple Securities Corporation ST
|
|
|
|
|
|
|
|
|

Notebook J8, p.117 ‘
EPA Methods of Chemical Analysis for Water & Wastes, 1979.

spl Philip M. Aidt
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KEPLINGER and Assocmtes, Inc.——-s/f.\}T‘A

iNTEQNAUONALENERGYCONSULTANTQ

2200 SELUR»TY LIFE BUILDING
16TH. AND GLENARM STREET
" "DENVER, COLORADO 80202
AREA 303 7 825-7722
CABLE: KEPPET  TELEX: 762-324

October 10, 1980

Mr. Dan Nutter
Energy & Ninerals Department
o1l Conservat1on Division
State Land Office Building
P.Q. ‘Box 2088

Santa Fe, New Mexnco 87501

 Ke: watertiood Appiication
Case No. 7039

- Dear ME: Nutter: 7
-Enclosed are the Produced Water Analysis report for State #1, Injection
Water Analysis report for Chaco 20-1, and Chaco Wash Pool existing and pro-
posed well locations.

Sincerely yours,

\{WqSizctﬂ*Qd~KjZk2ﬂdJ;

Mohamed Zenati
Project Engineer

MZ:nlb

Enclosures (3)




Well Name:v

Location:

“Formation:

Resistivity:

~ Density:

pH:

Solid Coéntent (ppm):

Calcium {ppm):

- Maaniesium. (ppm):

Chloride (ppm):

Bicarbonates (ppm):

Sulfides {ppm):

Iron (ppm):
Potassium (ppm):

PRODUCED WATER ANALYSIS

SANTA [z
State #1
970/FNL 970/FEL 28-20N-9W
Menefee
11.03 ohm.m @769.1°%
1.0_g¢/cc
7.45
Jess than 2,900
less than 50
 Absent,
118
1,552
Absent
Absent
Absent

T 2YATION DIVISION




INJECTION WATER ANALYSIS

Well Name: . | " CHACO 20-1-
Location: 660/ESL 660/FEL 20-20N-0W
Formation: Hopash-Gallup
Resistivity: o . 70 ohm.m @ 69.2%F
" Density: o 1.0 thcc |
pH: o 7.763
Solid Content (ppm): | less than 2,900
CGatéum em: less than 50
Magnesium: {ppm): * Absent
Chloride {ppm): - o 472
Bicarbonates (ppm): 420
sulfides {ppm): 750
Iron (ppm): Absent

Potassium (ppm): Absent
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STATE OF NEW MEXICO
ENERGY AND MINERALS DEPARTMENT

SANTA FE, NEW MEXICO
16 March 1982

EXAMINER HEARING

IN THE MATTER OF:
Application of Red Mountain Asso-
ciates for the amendment of Order

No. R~6538, McKinley County, New
Mexico.

BEFORE: RICHARD L. STAMETS
TRANSCRIPT O} iIEARING

APPLCARANCES

For the 011l Conservation
Division:

CASE

7459

W. Perry Pearce, Esgqg.
Legal Counsel to the Division

State Land Office Bldg.
Santa Fe, New Mexico 87501

For the Applicant:
pP. O. Box 2523

Ernest L. Padilla, Esq.

Santa Fe, New Mexico 87501
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. 1 - o
2 MR. STAMETS: We'll call next Case 7459.
3 MR. PEARCE: Application of Red Mountain
4 Associates for the amendment of Order No. R-6538, McKinley
§ | County, New Mexico.
6 ) | MR. PADILLA: Mr. Examiner, Erhest L.

7 1 Paailla,'sanﬁa Fe, New Mexico, on behalf of the applicant

8 in this case.
5 | L nive one withess fo be sworn.
10
11 ) (Witneséisworn.)
12
13 MOHAMED ZENATI
14 being called as a witness and being duly sworn upon his oath;
15 testified as follows, to-wit:
16
17 | \ DIRECT EXAMINATION

i8 BY MR. PADILLZ:

19 . MR. STAMETS: Mr. Padilla, I'm not cer-

20 tain it would be necessary to requalify the witness since he
21 has been previously qﬁalified, but I think in view of the
; 22 extended time since the first case it might be well today.
23 ' MR. PADILLA: Okay.
o 24 0 Mr. Zenati, for the record would you
q
5 picade slall your namc and where You reside?
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4
A My name is Mohamed Zenati. I reside in
'Dehver;~Colérado. i 1 |
0 " Mr. Zenati, what'Siyéhr cénnection'with
the applicant, Red Mountain Associates, in this case? ' 

a I'm the éonéﬁlting engineer.

e s A Sl Ll e e

143 Mr. Zenatl, have you prevxously testlfle%

before tne 011 Conservatlon D1V1510n and had your c*edneltals

-accepted as a matter of record?

A, Yes, I have.

Q ,Arelyodjfamiiiarswith the purpose of
today's case?

A Yes.

MR. PADILLA: Mr. Examiner, we tender

. Mr. Zenati as an expert petroleum engineer.

MR. STAMETS: 'The witness is considerédA
Yualified,

MR. PADILLA: Also, Mr. Examiner, I
believe that at the conclusion of the last hearing that Red
Hountain Associates had on January 16th, they were to bring
additional data or evidence in support of their application,
as requested at that time,

We believe at this point that Mr. %enati
has brought that evidence, especiallv evidence concerning the

fracture point of the formation where they are injecting watex
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" marked as Exhlblt Number One, would you please 1dent1fy whdt

5

now we will proceed.

Q Mr. Zenati, tLrnlng to what has been

13

14
15
16
17
18
19

20

22

23

24

25

~ that is and explain what it contains?

dee cue llUX..LLUH.Cd.L erccuLe .l.XlJ.CJ.dL.LULI px.cabl.u,c ctuu \..u.\.

A I've written down the formulas to’caldu%

e i Pt b D iy i L bt DS

e R T oSt

vertical fracture intitiation pressure.

Q Mr. Zenati, would you go through the
explanation of that formula and4how it applies tc the lands
whéreinvthe injection is taking place? |

A, ‘Presented in Exhibit One, three papers
that explain how these formulas were Gerived.

Q | Mr. Zenati, are these lubeled as Exhibit
Ope-A and One-B?

A ' That's correct.

0 And are these the §qurce'documents for

vour formula?

A, That's correct.
Q. - Would you then explain in more detail
what the -- how you arrived at the figures that you -- or youf

conclusion and also the pertinent data in the source papers?
A, We considered that because of the very

shallow depth of these -—- of the formation, that it would

4

In that connection, with your permission

S S 33

vi
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i Ratooai

i
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i;' | - , D
2| probably be horizontal fractu;e. 'WeAcame cut-to using'some
’5‘ inVeStigation that the ayerage overburden pressure gradient
4 would be one psi per foot, which would result in an initiatiqT
5 pressure of at least 300 pounds for that particular formation
6 Q ' ‘Mr. Zenati,:aid  you make certain as-
7| sumptions in plugging in certain figuresyinto yéur formula? - |
e A Yeah. In trying to caloulate if there |
?‘ 9 was no tensile strength to the material, that the fracture
} 10 could be vertical, calculated the pressures that it would re-
£ > 11 quire to get a Qertical fracture.‘ For that I have made some
{ 12 assumptions, since we have not run any tests on the -- on
f,{:‘ 13 | éither the sands or the shales as to the value of the pore
; 14 sands ratio, and they:ake documented also in, I believe, Ex-
{ 15 hibit Two.
F 16 Q Is that Exhibit Two-A and Two-B, is that}
17 would you explain what sources --
18 A These are the result of investigation
E , ; 19 made by several people that present the fanges of -- of these
? 20 parameters that I'm going -- that I've been using in the
21 ensuing calculations.‘
22 0. Mow, those papers, Mr. Zenati, are they
23 recent -- do they present reasonable assumpticons or that you
24 have obtained from the papers?
25 A. I believe so.
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.also, IAﬁon't:fhihk that I -- that I asked you what these

7
Q In your opinion. And in your opinion
the factors that you have used and you hdve_depibég from thosp
papers, are they applicable to the formation in which the
injection is taking place?
| A I believe they are.

Q Before we proceed, would you explain

papers are as far as Exhibits One-A and One-B and Two~A and
Two-B. What are those papers and where did you -- where did
you obtain them? h

A Okay, these papers were présented at
the Society éf Petroleum Engineer annual meetings, and the

first exhibit is titled, Comprehensive Design Formula for

Hydraulic Fracturing. This is where I got the theoretical

relation that I'm using to calculate the different pressures.
Q Mr. Zenati, how do you or how does the
formula presented in Exhibit One relate to the waterflood

project? You arrived at a determination that the formation

conld withstand 300 psi, How does that relate to that water-

flood?
A We've been authorized to inject at a
surface pressure of 68 pounds. At 68 pounds it is not enough

pressure to be able to move any fluid into the formation,

and by there, we are in fact withdrawing more fluids than

L
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least maintain the pressure in the reservoir.

. the waterflood at the surface now?

‘hearing, and I'm not too -- since I didn't represent Red

8
we are injecting, and we're asking to increase our injection

pressure in order to be able to inject more fluid and at

o} : Mr. Zenati, could you derive yéur figureg
through other kind of testing that would probably be éxéeh-
sive? ‘

A It is possible to obtain -- to measure
séﬁéiéf fhééé éaraﬁégers. Because of the low production of
these wells, I do not feel it would be economical, and we
went the other way by making a literature survey and obtaining
average values and looking at the range and applying tﬁeore—
tical formulas.

Q To what pressure do you want to increase

A ‘I believe that if the pressure is in-
creased to 207 pounds enough water would be inijected to main-

tain the pressure of the reservoir.

Q. Mr. %Zenati, I believe that at the last

Mountain in that case or that hearing, I'm not -- it's my
understanding that there was some concern by the Division as
to vertical fracturing.

Would you now turr to Exhibit Number

Three and Three-A and describe what that is and what it con-
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’_téins, and also indicate how those affect vertical’ fracturing

‘and how it relates to the formation which is under considera-

sult.

~in the last hearing was the possible contamination of water

‘in the annual meeting, 1981.

9

tion here today.
A "Since we haven't measured the -- the
vertical tensile strength-of the different rocks, it is pos-.

sible, although unlikely, that a vertical fracture would re-
The concern that the Commission voiced

sands.

In Exhibit Two and Three I present some
theoretical investigation ‘as to determining how a fracture
can be contained on a vertical plane, and what would be the
extent of this vertical fracture intc the bordering layers,
the upper and the lower layers; These are recent papers that

were also presented at the Society of Petroleum Engineer 19 -+

In Exhibit Two T show that if we use
average parameters, we are way below -- we are below the
critical factors that would make the fracture propogate from
the sand into the -- into the shale above and below the re-
servoir.

0. It's your conclusion, then, that vertical

fracturing, given the overburden pressure, would be minimal
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~any pbtential fresh water aquifers in the area?

© did not run a test for that. The calculatich on the contain-

| ment of fracture was in the unlikely case that a fracture

10

to contaminate

or at least not occur in such a fashion as

A ' Yeah, it is my belief. We have cored
or have examined the core of the sand. ' The description given
'By“Ehe geologist is a well consolidated sand which would in- -

 dicate that the vertical tensile strength is not nil, but we

was vertical that it would not spread'vé;§ f%g‘iﬁf; tﬁ;‘ﬁﬁAé;;
lying and overlying shale and therefor would not contémiﬁate
'ény:?an&‘aone that shale, above and below these shales.

Q Mr. Zenati, what is the of
the reservoir?

A There are several studies that have been

published by Dr. Black where he indicates that the Menefee

fotwation in thalt area is composzd of sands that are very
lenticular and I've presented that.

0. Is that in the form of Exhibits Four-a,
B, and C?

A That 1s correct.

0 Do you have any logs that would also

demonstrate that the sands are lenticular in nature?
A We do.

0. ' Would you -—-
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. another one, we will ask for it. -

MR. PADTLLA: Mr. Examiner, we have only
set of tﬁese logs and we can prqvide copies or leave thgse
logs wiﬁh‘you,-but to firiish the testimony he will have to
refet»tb them. |

| MR. STAMETS: I think at this stage_vo'ne

set of logs would be sufficient. If it develops we need

1 SR “_A,WOKaVJﬂ_Mr.,Zéhati.mwouldhvnu;qbathfﬁnghhfm“m

those and explain how the sands are lenticular in nature?

Al ,Okay,kthese sands -- these several logs
are from weils that were drilled in the formation of interest.
Although we haven't drilled any well yet outside the particu-
lar formaticn, you can see that{there are other sands lying -
‘o§ér and below the particular sand, and in fact they are
lenticular. They disappear from the logs. You see that
their areal disposition is rather random and of very limited

nature.

Q Could some of those sands be water-
bearing sands?

A It is possible. These sands have not
been tested for quality of the water.

Q. Assuming that there are water-bearing
sands, would that mean that should contamination occur, that

contamination would be confined just to those particular sands
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and it would not migrate throughoﬂt the reservoir?

A '-Addording to tﬁe previous calculation
oﬁ tﬁ; contaiﬁment pressure of a fraétUre, it would be very
unlikély thatytheSe sands would be contaminated.

Q Assuming that some of these-sands are.
water-bearing sands,‘WOula —~‘what.is the size of the -- or
the areal extent of the sands? How big are they, in other woj
Ao P
would be only 20 acres.

Q@ -In your opinion w0u1d exploitation-of'
the watér resources, should there be any there, occur in the
foreseeable future?

A I do not believe so. There are not any
population center of.any size within, I believe, 30 to 40
miles radius.

Q Mr. Zenati, do you have anything further
to add to your testimony concerning, well, concerning your
testimony here today?

A The only thing tﬁat I'd like to add is
to restate the last point that we tried to make, that the
Menefee formation is a series of shale and sand stringers of
very areal extent. We do not have, we do not know if some
of the overlying sands contain fresh water, but if they did,

the very limited extent of these sands doesn't seem to make

THSy Would be,ille order Or magnituae | |

rds?
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‘them usable in the foresceable future.

i o

lete the requirement ‘that injection be through tubing and a

ditterence, given your testimony here today, whether you were

-injecting through a packer or -- and tubing as opposed to
~ “the -- through a casing?
‘A, " We ‘do not believe so fér similar reasons

13

e Mr. Zenati, another issue involved in
this case is injecting or deletion of the requirement in the

original order authorizing the waterflood to aliow or to de-

packer.

In that connection would it make any

as were stated in trYing to receive an increase of the in-
jecticn”préssure;

Injéctinhg through casing instead of
tubing would ncit, because of the low pressures invélQéd,
would not damagebany of the -- of the sands ovérl?ing and
underlying the formation, whether they contain fresh water
or brackish water.

Q Mr. zénati{ does 1t make any ditfference
that the casing is cemented from total depth to the surface
in all the injection welis?

A We believe we have had a very good
casing and cementing program and there again, the level of

the injection pressure is so low that we do not see any
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14
damage occurring. E
o Even if you increase the preésure to, say,
dia yoﬁ say lSO'psi?‘
A ‘ Y70,
o 170, even if,you'ihbrease the pressure

to that point?
| A Mhatlal en e b
MR. PADILLA: Mr. Examiner, I believe
that's all we have. We'd pass theVWitness‘for cross examina-
tion. At this ﬁime we'd also tender Exhibits;One through
Four, and these logs as well.
MR. STAMETS: These exhibits will be

admitted.

CROSS EXAMIMNATION
BY MR. STAMETS: |
Q Mr. Zenati, just to confirm if I got the
right figure written down, I thought at one stage you said
you wanted 270 and the second time you said 170 and it says

170 in the original transcript, so 170 is the correct figure?

A, That is the pressure.

0 And that is a surface injection pressure.
A Surface injecticn pressure.

0 Okay. Now in the first case you also
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‘wentioned -- the first day of this heariag, you alSo‘méationeL
any copies of those records with you?
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that you had a number of acidizing operations, I believe,

which had a breakdown pressure of 350 pounds. Did you bring

A We did not acidize in any other formatio.

What I did was found out records of previous operators who

1

.~ — ate m e en v e e e

job and I had at least a verbal confirmation of one of these
service companies. I have not received their charts or a
notarized statement‘fﬁdicating that the breakdown pressures
were above 350 pounds.

Q » Are you sayihg that you or your chpany
do not have copies of‘any treatment records on these wells,
is that correct?‘ |

A. Yeah, on th wellg that were drilled

D

i
i
1
{
{
S
!
|
t
i
{
i

and operated by the previous owners.
o Do you have any copies of treatment

records that were written out?

A No, we haven't acidized any of these
formations.

0. Have you fractured any of the formations?

A, We have not. As of Friday, 1'm supposed

to receive a chart and a statement from Cementers, Inc., that

did acidizing of a few wells two or three years ago.
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QR | Will you forward copies of those to the
Division when and if you receive them?

TA ~’ I will.

‘ﬁ | What's the depth of the injectién iﬁter-
val? |

A 2300, 290 to*300“feet. 305 fee;,'

Q And is the -~ a?e you sayingr£ﬁét there
may b water -frech water, :bcvcmgﬁdt'i:ﬁér?:i*b&t”it*:“goiﬁé

to be isolated, discontinuous sandstones?
To your know]edge are there -- are there
any shallow fresh water wells ih’the area of this projedt?
A, There is a fresh water well é mi}eyand

a half, I believe, or a mile away from the =-- frOm‘the lease,

- biot I do not know, there are no records on the ~- on the

depth of the zone that is producing.

o ~ How 1oﬁg do you believe it will be, as-
suming that you get an‘injectidn pressure increase, how long
will it be before you will be able to evaluate the project,
whether or not it's going to be a success?

A, With continuous injection, prévided that
we do increase the pressure and inject enough fluids, I beliey
in a month to a month and a half would be enough. These
wells are drilled on a very close spacing.

~

o Is the injection enninment available to

e
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A  Yes, it does,“ -

Qo Could yoﬁ run yo'r own step rate téét?

A 1 could. | |

Q Is there any'3igh§ficant expense involveﬁ
A , " No.

0 If the order came out granting you your

17 -
you at the lease to provide you with the ability to alter

your pressure and injection rates?

relief you seek here bdt‘tequiring step rate tests within
six ménths, is thatrthe sort of thing Ehat could be done?
A Yes,
MR. STAMETS: Any other questions of the

witness?

MR. CHAVEZ: Yes.

QUESTIONS BY MR. CHAVEZ:

Q Mr. Zenati, the sandstones which exist
ai shallow intervals, are *hey the¢ same geclagic age and

character as the oil producing sandstones?

A Yes, they are.
o Would you presume that the water quality

ould probablv be the same, being out of the same geologic




[

I IR U N S Ry

[ . Y - S
ah W N w D

ot
W

1€
A

17
18

19

20

21
22

23

23

18

A It is possible.
PQ What is the’source of water for injectidp?
‘A : The soufce Qatnr~is,the supply well is
_perforated to éﬁé Gallué formation.- B |
Q - And that's the Gallup?
A - -  Yeah. !
Q Is the water quality in the maéSiﬁg

“béiiﬁ§“§6£ééfébn; how does that compare with the water that

you produce naturally out of the Menefee?
‘ A Well, it‘s'slightly more brackiéh.
But in terms of injecti§ﬁ it is compatible.
MR, CHAVEZ: 3 havé no more questicns.

MR. STAMETS: Any other~§uestioh8‘of

this witness?

MR. HALL: Mr. Examriner, wmy name 1is
Scott Hall, representing the Commissioner of Public Lands;
for the purpqses of entering an appearance. I have no ques-
tions.

'MR. SYTAMRETS: The witness may 'be ex-

- cused.

Is there anything further in this case?

The case will be taken under advisement.

(Hearing concluded.)
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"MR. STAMETS: We'll call Case 7459.

MR. PEARCE: Application of Red Mountair

Associates for the amendment of Ordér No. R-=6538, Mcxih;ey
County, New Mexico.

MR. STAMETS: At the request of fher
appliééhtvthis case will be continued to the March 16th

Examiner Hearing.

(Hearing concluded.)
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_réanveséenting Red Mauntoin LoouvialLes, and we have one wit-~

3
MR. STAMETS: We'll call next Case 7459.
MR. PEARCE:‘ Application of Red Mbuhtain
Associates for the amendment of Order No. R—6538,:Mcxinley
County, New Mexico. ; |
| MR. éTAMETS: You-may proceed.
Mk. THO&SO&: My name is James Thomson{
P-H-0-M-5-0-N. I'm an attofney here in Sahta:Fe,and I'm

ness.
(Wi.tness sworn.)
MOHAMED ZONATI
being called as a witness and being duly sworn upon his oath,

testified as follows, to-wit: . S

" DIRECT EXAMINATION

BY MR. THOMSON:

0 Wéuld you state your name, please?
A ‘Mohamed Zonati.

0. And where do you live, sir?

A 2626 Holly Street, Denver, Colorado.
0. And what is your occupation?

A Petroleum engineer.
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- the Hearing Officer a brief background of your education and

linger and Associates for about four yedxrs.

4

Q. -~ Would you please give the Division and

‘training as a petroleum engineer?

A ~I graduated with -a Bachelor of Sciencer
in 1973 and worked for, among others, the National 0il Cor-
poration, éndisubsequently with Scientific_Séfﬁﬂeatafind~xié‘

Q Okay, where did vou -- okay, go ahead.>

A I went to school at Colorado School of
Mines, where I'm in the process of finishing a Phd.

| "y How far along are you in your Phd?

A | I've completed the course work and the
comprehensibé exam>and am in the process of writing mf thesiq.

) Now, Mr. Zonati, did you appear before
this Divieion for the purpose 0f obtaining the original
waterflooding project approval?

A Yes, I did.

Q And were you accepted as an expert and
qualified és an expert?

A Yes, I did.

MR. THOMSON: Mr. Stamets, we wcould
tender Mr., Zonati as an expert.
MR. STAMETS: The witness 1s considered

qualified.
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maintenance program?

MR. THOMSON: Thank you, sir.

Q Now, Mr."Zonati, the first item in this
application,‘fbﬁ've asked for extenéion-of a:pressuréfméin4_
tenance program. - Could you please explain to the Heafing
foicer why you are requesting an extension of thglpressure

A v We-pfesently are getting‘water into a
very shallow field. 'Iﬁ'é an average of about 500 feet deep,
and there's another zone at 300 feet. |

‘It‘S'a‘channelgsanﬁ'and’becausé'it is
very irregular we do not know at the present time the exact
location of the injection §e1ls, but we're extending the

field and we ask you to be able to designate the injection

w211l through administrative order rather than through hearing.

Q Now, Mr. Zonati, are you also asking
for an increase in the inﬁection pressure from 68 pounds
per square inch --

| ‘A Yeah.

0 And why are you making this application
for an increase in injection pro-oure?

A. We have son. wells that would not take
water and we need to increase the pressure to be able to
maintain --

Q. Okay.

i N N
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A ' -- a homogenous water bank.

Q- '__ Do you have gnropinion‘whether‘it is
necessary ‘in some wellsrté‘haveﬂthisvincreased iﬁjeétibh
pressure in order to promote the program that y&u‘ve under -
taken? |

A Yes.

"And to what pressure would you request?

%3

A ; We're asking to be authorized to inject
water up to 170 pounds surface‘pressure.

Q And do you have an opinion whether thati
is probébly sufficient?

A Yeah, I --

Q a Okay, now do vou have an opinion whether]
or not an increase to this pressure that you have requested

would result in any fracturing of the confining strata?

A I do not think so.
Q Could you explain why?
A By using an average qverburden pressure

gradient of 1 psi per foot we would end up with a bottom
heole at 300 feet, the shallow zone that we're injecting
into, with a frac pressure that would be greater or equal
to -- to about 300 pounds.

With a pressure of 170 pounds of sur-~

face pressure and counting the weight of the column of water,
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we would be below the -~ this pressure.
Q ‘Is there any daﬁger-in your opinion to
damage to the strata, the confining strata?
A These water sand, or channel sand,
" they're very -- of very limited extent.
Q NOw,>have~yOu had any what you describe
sezoieintng UpsidtiGasy T T R
A Yeah, we, from the records we conducted

"some acidizing operations and from what I've been able to

notice is that the breakdown pressure was about 350 pounds.

Q That's per square inch?
A Per ‘'square inch, uh-huh.
Q The last item that you've requested is

a request that you inject through the casing.

A That's right.

Q Could you please describe why you are
making this request?

A Presently we're injecting through
tubing with a packer holding the tubing downhole, and we're
asking to be able to inject through casing for the reason of

cost and because we do not feel that that would change the

injection, and it would not contaminate any water sands pre-

sent in the area.

0 All right, do you believe that there --
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it would not contaminate the water sands in the area?

A Because of three things: We feel that

after analyzing the water that we use for injection, there
are no corrosive agents present in the water. The casing
that we're using follow all the API standards, and we are

also cementing the casing from TD to top of the hole. And

the injection pressure that we -- that we would be injenting
at are very small.

o Is this ajéIOSéd system?

A Yeah, so there is no okygen introduced
into the water, and I've attachéd a water A£$iysis.

Q Okay. Is anyone using this sand, this -

A No.

0 -- that you may contaminate?

A Not that I know of. I know there is a

few water sands but there's been no use of these water sands |

in the area.

Q Just back to one point. Why did you pic
the 170 pounds per square inch from 68?

A, We feel that with that pressure it will
be enough to inject in all the wells, inject enough water in
all the wells.

0. Now is this a request -- or is this a

change from your original request when we had the original
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hearing about waterflooding? What were you requesting at tha&
time, or do you recall?

A We were requesting 200 pounds- bottom

o And how does that --
A 200 pounds surface pressure.
2 Okay, and how does that -- how does that

relate to bottom pressure?

A I+ would relate to about 320 to 350.

Q Now, Mr. Zonati, did you prepare Ex-
hibits One, Two, Three, Four, and Five for presentation at
this hearing?

A Yes, I did.

MR. THOMSON: We submit Exhibits One
through Four, it is, and theY're just  summaries of what he's

MR. STAMETS: Okay, are those marked?

MR. THOMSON: tes, sir.

MR. STAMETS: Well, let's take a look
at them. Standard procedure would be to have those during
the discussion.

MR. THOMSON: One, Two, Three, Four,
Five. Yeah, there's Five of them.

(Thereupon a discussion was
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" these issues here.

had off the record.)

MR. STAMETS: Well, let's take some of

CROSS EXAMINATION.

BY M‘R. STAMETS:

o .~ rirst orr, the expansion UL piUjevi’)
Mr. Zonati, it would appear to me that the Division‘skgeneral
rules and regulations on project expansion would be sufficien
That could be done administratively withdut“éhyl—— anything
special. You haven't asked for anything special at this
heariﬁg, so unless you had éomethihg particularly on your
mind, it doesn't seem like we need to do anytﬁing there.

. .. .. As to the pressure, now, Ehat‘iimiﬁéfion
is contained in paragraph four of Order R-6538, and it goes
on to say, though, that the Division Director may authorize
the higher surface injection pressure upbn a satisfactory
showing that such pressure will not:result in fraéturing of
the confining strata.

So that could have been done admini-
stratively, and although you have testified to it, 1 -- I
would like to see some evidence in the form of a step rate

test or the record of the acid job to show what instantaneous

shut—-in pressure was following the breakdown in pressure at

t.
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350 to assure wyself that indeed, that thig;hhlﬁ;a;poﬁﬁagpén,.,

foot of depth is -- is the accurate pressure.

___Then vai've discussed wateér zones. What

depth are we talking about for fresh water in this area?

3
§
3
g

A I think that there's a zone at 200 feet.l.. .

QH | >‘Tha£;s immediately abeve the injection-
interval.

B Yeah.

Q. So it is --

A About 100 feet above.

o ' So it's the sort of thing that it wo&idi

be highly possible that if a person injected above frac presf
sure that the injection fluid could enter this shallow water
zone,

‘A No, you would have 200 -- vou would havel
100 feet of shale, and with that kind of frac pressure you.
would not be able to fracture the shales.

Q Wwhere would the fractures go, then?

A Well, I don't think you would - you
would fracture, bu£ it would take ﬁuch morevpressure to be
able to fracture 100 feet of shale and contaminate the other
sand.

0 Are vou certain that these shales don't

contain native fractures?
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12
A I'm not certain, but because of the
,vefticé1.permeahility.ofvthe shale it's-zlmost-negligible.
Q Well, that's true, but I'm certain we've

all experienced fractured shales that some even would be oil

and ‘gas reservoirs.

and all the work that has been done in the Menefee of frac-
tured shale.

We have not --

Q. My pfoblem, Mr. éonati, is that you
have offered a considerable amount of oﬁinion and no evidence
what;oever, and I believe that based on the laék of evidence
in this case, I would have no recourse but to deny the appli-
cation and allow you to proceed under the provisions of the
order as originally issued.

Now if you would like to continue this
case and bring in some additional evidence, and perhaps.fhat
was in the original record. I did not hear that case so I'm
not certain of that.

A All right, how about the point that we
raised, injecting through a casing instead of through tubing?

0. I think in lérge measure that might de--
pend on what the evidence was relative to the water zoncs in

the area, their locations.

T O A e T R
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" volumes or anything?

A No.

Q Okay.

A And, you know, when I talk about water
sands, we have‘neVer analyzed these -- these waters, you
‘know, f[or au operation of this size fhere's really -- you

13
What size casing do you have in those

wells?

A 4-1/2.

0 And --

A (Inaudible)

0. And the reason‘for not needing tﬁbing

A It was the well cost.

1} So it's not a matter of'idjection

<now, these wells of that depth, there is a lot of analysis

that you would not conduct.

What I believe is, the water is probably

brackish because judging from some of the water wells that
were drilled in the area, and the water was not even suitable
for —-- for cattle.

Q. Well, again, that's opinion and I don't
have any evidence of that, and we have a responsibility, bot}

in State law and in our relationship wiih the Environmental

\
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Protection Agency to protect any underground waters having

& » & W

proval of This applitalion, 777 e

miner Hearing that I will be at will be February 17th. Is

‘that an acceptable date?

14

total dissélved sglids of less than l0,000fmilligrams»per
liter.
And withcut more evidence‘phan we haVei
here today, I don‘t believe I could -- 1 could recommehd ap-
" Would you -- would you like to have thi#
case continued?
A Yes, I would.

Q Okay, would you like -- the next Exa-

A. No, I have other obligations then.

Q The following hearing I will be the
ExXaminer at should be March the 17th.

A I'11 change, then I'll try to make it
on February 17th.

0. All right. Then we will continue Case

745% to that date and proceed.

I would suggest that you work with the
Aztec District Office. 1I'm certain that if the evidence
that you have 1is satisfactory to them, that we may not have
any difficulty at the hearing.

MR. THOMSON: Thank you.

A TR




SALLY ’BOYD, C.S.R.

Rt. 1 Box 193-B
Santa Fe, New Mexico 87501

Phone {505).455-7409

10

1"

o

13

15

16

17

18

18

20

21

23

24

CERTIPFICATE

I, SALLY W. BOYD, C.S.R., DO IRREBY CENMIFY that
the foreqgoing Transcrint of Hearing Leforc the 0il Conserva-

tion Division was reported by me; that the said transcript

-

is a full, true, an¢ COrrect recolG of the hcarang, pripal

by me to the best of my ability.

Kmvim o= .
LR FES IS BN
FEN R

T |
el D,

82,

K » Examiner
Qil Conservation Division

N R R S I




w . o L | -] w

19
i1
12
13
14
15
16
17

18

19

20

21

22

23

25

e - SANTA_FE, NEW MEXICO

_ STATE OF NEW MEXICO
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EXAHINER,HEARING

IN THE MATTER OF: o .
. Appllcatlon of Red Ountain T 1
" Absuuidies fur the swendment of CASE

Order No. R-6538, McKinley County, 7459
New Mexico.

BEFORE: papiel S. Nutter
TRANSCRI™I CF i1EARING
APPEARANCES

For the 0il Conservatlon W. Perxy Pearce, ESG.
Division: Legal Counsel to the Division
State Land Office Bldg.
Santa Fe, New Mexico 87501

For the Appiicant:
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 County, New Mexico. -

~at 9:00 o'clock a. m. on January 20, 1982,

MR. NUTTER: Cail next Case Number 7459.
MR. PEARCE: Application of Red Mountain

Associates for the'ameﬁémeht of “Order No. R-6538, McKirley

MR. NUTTER: Applicant has requested

continuvance in this case.
Case Number 7459 will be continued to

the Examiner Hearing scheduled to be held at this same place

{(Hearing-concluded.)
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SALLY W. BOYD, C.S.R.

- "Rt} Box 193-B

Sunta Fe, New Mexico 87501

Phorie (S05) #55-7409
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CERTIFICATE

I, SALLY W. BOYD, C.S.R., DO HOREBY CERTIFY that

the‘forégéihq Transcript of Hearing before the 0il Conserva-

tion Division was reported by me; that the said transcript

“is a full, true, and correct record of the hearing, prepared

by me to the best of my abiiity.
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| | STATE OF NEW MEXICO o
'ENERGY anp MINERALS DEPARTMENT
‘ OiL CONSERVATION DIVISION |

July 15, 1982

Mr. Ernest L. Padilia Re:
Attorney at Law :
P. D. Box 2523

Santa Fe, New Mexico 87502

Dear Sir:

Enclosed herewith are two copies of the above-referénced
NDivision order recently entered in the subject case.

f?purs very truly, ~T

4.;"/’ P
- s * . ‘:, ‘. .. . , o
. R R VR
' JOE D. RAMEY d

Director

JDR/fd
Copy of order also sent to:
Hobbs 0OCDO X

Artesia OCD X

Aztec 0OCD X

Other

CASE NO. 7459
ORDER NO. H- -

AT R T T

© POST OFRCE BOX 2088

. STATE LANO OFFICE IULONG
 BANTA FE, NEW MEXICO 87801

SON 2272434

g e
s Sa e SRR - ey

Applicant:

Red Mountain Associates




- STATE OF NE# MEXICO ,
" ENERGY AND MINERALS DEPARTMENT
oit r'O‘JSE.'R\MTI(N\I DIVISIGN

§1N THE MATTER OF THE HEARING

e R

'CALLED BY THE OIL CONSERVATICN

'DIVISION FOR THE PURPOSE OF

'CONSIDERING1

: CASE NO. 7453 ;

- S Ol‘dﬂl‘ ND. RRBS}B.’QA'.—_‘.;JM e )
APPLICATION OF RED MOUNTAIN ;
"ASSOCIATES FOR THE AMENDMENT 7
OF GRDER NO, R-6538, McKINLEY E
-COUNTY, NEW MEXICO. &
4 .

ORDER OF THE DIVISION E
E

'BY THE DIVISION:

g This cause came on for hearing at 9 a.m. on February 17
“and March 16, 1982, at Santa Fe, New Mexico, bsfore Examinar
Richard L. Stamets. .

’ NOW, on this__16th day of July, 1982, the Divigion
"Director, having considered the testimony, the record, and the
‘recommendations of the Examiner, and belng fully advised in the |
‘premiases, ; :

N St L
T R T T o %2 o SO G

FINDS:

s (1) That due public notice having been given as required
by law, the Division has jurisdiction of this cause and the
subject matter thereof.

|
. (2) That the applicant. Red Mountain Asancintmn, saskse ‘
the amendment of Order No. R-6538, which authorized applicant |
to conduct waterflood operations in the Chaco Wash-Mesaverde

0il Pool. Applicant seeks approval for the injection of wster

through various other welis than those originally approved,

seeks deletion of the requirement for pasckers in injection

welle, and seeks an increase in the previously asuthorized 68-

pound limitation on injectlon pressura.

(3) That the applicant failed to present any substantisl |
avidanco in this case upen which the propesed amendmants to
said Order No., R-6538 could bas based.

(4) That the appiication should be denied.
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‘Cases No. 7459

antndnont of Division Order No. R-6532 is hereby denied.

 entry of such further orders as the Division may doou NOCessary.

a

;. 2«
Order Nc. R-6538-A

-

IV 1S THEREFORE ORDERED:

(1) That the appliration of Red Mountasin Aesociates for

(2) That jurisdiction of thie c:uso is retained for the

Y 12 L1 LT SR RO R (ORI ¥ P

- a3 d i
WA B -Jullha RU’ TV LINMMAWW Y WP el wte 3 ’ ...........

”abovu nated.

/ ‘Director
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A. EXTENSION OF PRESSURE MAINTENANCE PROGRAM

Since August 1981, several wells were completed, put on prcduction
ia the Chaco Wash field. Those are #20, #23, #24, #22., Drilling vermits
were approved for three more wells in the same area: #25, #26, ¥27,
in late 1981, and are being presently drilled.

‘Red Mountain Associates 1ntends to extend" the pressure maintepance
program by 1njecting water thru ope or more wells. E

O R R SN IR iR SR ;‘,',»:.-{L i Ll
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B. INCREASE OF INJECTION’PRESSURE.’

limited at 68 psi surface
& wle p;easure of 198 psi.

Presently the injection pressur

—— s

e
pressure which givca all apytua.uudté'bu

i
t

3
to

r
e
e

Using an average overburden pressure gradlent of 1 psi/ft, this
would indicate that at a reservoir depth of 300', the oberburden pres-
sure is 300 psi. The frac pressure is greater or equal to the present
bottom hole pressure.

R O T

E”-’ This shows that surface injection pressure could be increased up to .
) . 170 osi with the bottom-hole injection pressure remainiug well under the ;

L IR -~
frae “Tﬁqg‘“ﬁ "““Q""“"*““ F"'"""""'.". Yogolordn L 'ya-ps.. au Lue Cows

pressive strength of the reservoir sand and the pressure drop in the
perforations.

Furthermore, it was observed during acidizing operations that the
same formation would break dowm at a surface pressure of no less than
350 psi.

Exhib. 7 I




B. INCREASE OF INJECTIOX PRESSURE

Presently the injection pressure is limited at 68 psi surface
pressure which givea an approximate bottom hole pressure ‘of 198 psi.

Using an average overburden pressure gradient of 1 psi/ft, this
would indicate that at a veservoir depth of 300', the oberburden pres-

..sure ig 300 psi. The frac pressure is greater or equal to the present

bottom hole pressure. s S

This shows that surface injection pressure could be increased up to
170 psi with the bottom-hole injection pressure remaining well under the
frac pressure, considering friction losses in the pipe and the com~
pressive strength of the reservoir sand and the pressure drop in the
perforations. '

Furthermore, it was observed during acidizing onerations that the
same formation would break down at a surface pressure of no less than
350. psi.

———

Exh b7 1

AL



e

‘leak resulting in contamination of water sands that may be preaent in-

i i i < E e 2

C. INJECTION THRU CASING

The factor limiting injection of flulds thru casing is a casing

the area.

The . injectxon wells axe completed at 500 ft in the Mepefee form— -
atiou. The Menefee is a sand-shale sigquence of about 1500 ft of thick-

ness in the area. Those sands are channel sands of limited areal extent
and not intercoanected. -

... Furthérmore,. the probability of a casing leak developing as a o
result of injection operation is very small considering the composition
of the water injected, the type of completion ard the pressure.

An analysis of the injection water is included in the Appendix. It
shows the absence of any acid gas or other corrosive agents. Further-
wore, no oxygen is introduced since the injection system is closed.

The casing run into the well is new and conforms tu API scandards.
This casing is cemented from Tb to the surface. The cement also con-
forms to API standard.

Furthermore, it has been observed that in operating the Red
Mountain field waterflood using the same water supply, that no failure
due to corrosion was noted in the unprotected injection lines in more
than 8 vears of operations.

Exhibi+ T



NATIONAL CEMENTERS CORPORATION
DIVISION LABORATORY
GRAND JUNCTION, COLORADO

1 o LABORATORY WATER ANALYSIS Report No, W-FR03-80.
To: Red Mountain Associates Oct. 8, 1980

- : Date:
209 Hawthorn Rd.

This report is the property of National

n ‘ 4331“‘?."‘9"”‘3' MD 21210 ‘Cementers Corp. and neither it nor any part
‘ T thereof is to be published or diselosed with
\ out firet securing the express approval of
laboratory management; it may, -however, be
used in the course of regular business oper—
ations by any nsroinU. Goucern and éﬁpldyeéé :
thereof receiving suchk report from National
Cementers Corporation.
Submitted By:  Mohamed Zenati Date Received: Ot 7s 1980
Well No. Depth: Formation:
Location: Water from supply well
Resistivity 70
Temperature 6°.2°F
Specific Gravity (Sp.Gr.) 1.000
* - 7.763
Total Dissolved Solids less: than 2,300 A parts pex million”
Caleium (Ca) less than 50 parts per million
Magnesium (Mg) negative parts per million
Chlorides {C1) 472 parts per million
Bicarbonates (HCO-) 420 parts per million
Sulfates (SOh) 750 parts per million
Iron (Fe) negative parts per million
Potassium (X) negative , parts per million

Stability Index (SI)

REMARKS:

* indicates -~ parts per million by weight; uncorrected for Specific Gravity.

LABORATORY ANALYST: Respectfully submitted,
National Cementers, Corporation
pahler & Dolberg By J{ 507\"\/‘/

Thomas Fapen, Field Chemist

EXhib.T v
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custorizh Hational Park Services
~"Tavwennon Gavy Hoore
aonnsss Po O, Sox 728 °
ciiy Santa Fe, llew Moxico 87501
wame no. 09148

 sahwies meczved 9/18/72 ’ CUSTO*Ea CADER NUM3ER PX=7000-3-00LS

{1yPE OF ANALYS'S Water Quality Analysis — 1 Sample

Samole Identification Analysis . Repcrt Units

o Eggﬁ?g:ﬁfﬁmo ft.  Arsenic R 0.00L mg/1
NOTE: Sample Collected Bicarborate (as CaCOB) 200 - mg/l -
After 24 hr. Artesian Carbonate (as Ca0.) . . - O ;
Flow at 165 62 =Y 3 .

Hardness (as CaCOB) 39.3
Sulfate 577
Chloride L4 mgfi
Fluoride 1.54 mg/1 .
Nitrate Cor mgh
" Phosphate {as Phosphorus) 1.63 mgfl .
- Silica 2.1 mgft
’ Calcium | 120 mg/i .
Iron 0.56 mgfl IEL.‘;
. Magnesium 2.21 nmgfl .
™ ; Manganese <0.01 mgf1
§ Potassium LJLO mg/l
: Sedium - 67.0 mg/i .
pA 8.1L L
Tot2l Solids M 1775 mg/1
Color 30 True Color Units
Coﬁductiwrity 26(?0 wiho

AFPROIED BY //Z Y
Y R
Jares J. Mucller, President
9/27/72 PAGZ 1 0F ) pace

T T v
(D= 5. (D :
) Dvemiorend oo
A Controls for Environmeancal Pollution. Inc.

s D P/ AR

Evh:bT v

——n o




! |
_ ! I !
) ! ! |
{ | ! |
— | { |
' _ ! |
| . { ‘
T T 1 T
{ “ ! !
[} { | }
1 ! [ I
{
1 1 ] P |
o | & 1 ] | m ]
I S T THEES T JRNSY R S  R—— | - s QG RN
) . N ! ! g ! |
y ~, | {
! 2T (f.\ ! . ) _ !
N ! {
N ( |
“ .ﬂw R ! “ “ |
b ; a 1 . ]
8 9 O _ | !
! : | | !
) , 9 3 I !
,.« ’ A . S U S, < e e e - - - —
lllllll w l&l‘ll'w‘ l-.ll-n 'i\\l“%‘lﬁmn e — ﬁ7£ Amas W gey WS SNt v Mt ﬁﬂ j 3
1 .u w s " = |
LR | VAR iE E | |
. 1 " , _ |
‘ : -/_ —,,\ m. wO “ ! _
{ ca.nnh: 19 o 1 “ ;
- o~ '/ He"e®$ m — “
S i ES T8 X _
— #} “O m” . .m, o iw " “ “
_ . ml m.. -
< —y oo . | |
! ; 2. § om ! /s | ]
— -. m. 3 . [} ! 1
o e o3 © o <
e - " N 2 ou... o~ T « .
! 1 g “ !
| “ “ ™ wnon oo : _ !
« ! B 8 “ “
4 ! ! 52 . . ! _
} ¢ 4 +
L4 ».:.._4 _ I
| |z _
P ]
i - 1
_ | |
| [ |
R R -~ - 5




ol c;r-l\‘ Trackive m’n_v»\ft e Tounle skvem A \’GJS Qe teu ——

PRI O

R
» v s

i Pue = Polo * Dw

A \p%l/(-‘t‘.ﬁ:e«i- 2.5

TIPS | NS 27
MWW TEA G DAEA R N 4 ¥ o~
e N 9
; UV\C_C““-\Z.’."\'\C»\\Q;KQ&, (Do\\\é\ '%? g Y g '(}S
. . BEFORE EXAMINER STAMETS
; OllL CONSERVATION DIVISION

CERACTURE  PRESDURE

Tue ’f"ﬂ:m‘u\ ’i o-»\:\ i;(*ca.:k\t&
| - <
AS \J\icl.\'w?\( \-\'*cu:k'é‘{i‘«a Wor BMown ﬁ\a&t Ve vode

!
t

e S Pae verla ,‘t&d— A P!

Nk Poc ¢ wiliahng Steckove  plerows
" Pwe: Q-xfw«‘.m %-écwk‘q:( presore

»“ e_a{\o_uhn\ﬁp-h.».~ S
AN Y —mw .

Pwe = Pob

Fot Verktee® Searkiowen.

ch. = __{’_f_..(‘)o‘g _?PB X P? % f)\-\,‘
T L=y =

- v | ,
Ywe = = (Pore - BN ??

: Tue ovodnotden prassOve i\fp\:)\\w\c s et g,qdd

Tue. Vorssew ‘A ‘(uk‘\o- et

| shaes Ol < AS

N
PRI D
P s 7(/{ e e eammmme— ~ ——_
Cmti Sy 7
P

¢ ‘i:;ws : 7//6/5/1_
éx !




FractoreE COWN ALE ME \“‘\ By

——— e et

Fs \\e_ﬂ\'\c ?\\C..JJ\ \\‘wt.\"‘\awnf
\~ wJQ ‘a'v\aww \’0«. \Jt\’\’\c.o)\ ?':\cxc}\‘\}(- oW\ \o& covk@ned
*c- e m.&-?w.,s e Be barner Soviakion Cor Ve Thear

| wedoRus ) o ateafee Thaw Yuac -skic&\\qss o e ?qﬂ .,o‘

The w\.\'e_nsx\':g Cockby s Actwmed as *
| W =.Ba AP = Vi
" ; S et 2 g e g i R L O W S SN SR S c . . T <& O .

' ' Colcah S\ess . \\\Vc_vn\\‘é TALAO(S VOV Ganioiliivny v O,
3 \\m»jQ \zcean \\-\Q_QSO(’QA

i’ ) . >

i Fav s—\'\a}\e.s e -~ \?..OQ ?\'\ weh /2

L vaes Wash case
AP < 200 P
H < O

v\'(’::..' 480 - < Re

- i ——— ——

H Aé«‘ao'l\c Ssca U ve 3&: w\e,‘i‘vi s Svartive cowfaaweweanl

- asgsed FermaRon by WAL Zelelen  DPE 2261

_:_t O‘:\'\wx\ raXiew of 3\'\1\!\0?(&“0\4 5»‘%&3!\ \‘\MIOtﬂ[q *_'E__QMUSQ o

.. . . [ —
v s\Vu sTRess czley \'-\\\'\:\,\\O\f}

NS, \;/oe—.__o§e S ARYl Dowes SPE \03RO073B




1. i'.c\ \.bt.S\ﬂv\ *- Lf(-o.«@hwu ‘\\l‘\‘\ \\a\ X ?foc\\, hon _
&.C,.C mﬁ-\‘ VJ R, Rolden a (, N, Cz\'\m,e.s .?"‘&v\.\‘\o: Wl Tac i

2. Laﬁ\aatag.&'b“ci I\\\re..s\’\&who'v\ St Teackuce bmlakiey Wresore
and @vientakion. . | |
W, L Medii 'x L. Magse  SYE  GOBY

ay_ & tHeck ot ?c\ssovx A vak\ou oW \mc_M, Wu\"\% |
A Wumee S®E GO

e o "*‘FL WAL r’\c,w\" oF W&SSNQ \-\lick\"c\,u?\c \’mkvre;
ER. Simeusen

A5, Aloovf?cgezk

.. QYo




SPE 0254

THE PREDIGTION OF FRACTURE PRESSURES FOR WILOCAT MELLS

oy Stanhan. D Saines, Expioration Logglr‘g. Tne.
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ABSTRACT

To date, the prediction of fricture pressures has
been accomplished t?rou§h the use of Gulf. Coast—derived
empirical formulae. Now that exploratiocn’is ex-
tending to high latitudes and deep waters, the cost of
these wells is becoming exceedingly high. The inabil-
ity of the empirical relationships to adequately pre-
dict fracture pressures in areas other than the Gulf
Coast to an acceptable degree of accuracy has prompted
a reevaluation of the problem. Utiliziag laboratory-
derived physical properties of typ1eal sedimentary -
rocks, and taking Hubbert and Willis' (4) Minimum Frac-
ture Pressure Model a step fiirther; an Hypothesis is
proposed that has the capablility of- predicting fracture
pressures in a wildcat well subsequant to the first
fracture test in compact formation.

The model requires that pore pressures, over-
burdgg§E£E§sures and lithology are known, and with
this information ITacture pressures may be ac cur curately
‘predicted at any point within the drilied hole. If
the overburden pressure gradient can be extrapolated
and pore pressures estimated, and if lithologles are
continuously available, fracture pressures may actually
be predicted a lag-time after the formation has been
drilled. 1Initial testing of the model indicates that
an accuracy greater than 95 percent may be consistent-
ly obtained, and the data is presented to substantiate
this.

It is thus anticipated that this model may allow
greater drilling efficiency, particularly in geo-
pressuved zones, thereby making the exploration effort
safer and more economical.

INTRODUCTION

With drilling now extending to deep waters and
high latitudes, the cost of these wells is becoming
exceedingly high. Deep wildcatting in areas of poor
geological control can be extremely hazavrdous and
costly for lack of adequate pore pressure and fracture
pressure information. If abnormally high pore pres-
sures are encountered, a further casing string may be
necessary; and if the pressure zoune is shallow in

References and illustrations at end ofﬁﬁaper.

relation to the target, complétion of the well could
be jeopardized.

Of prime 1mpo:tance in ‘thése wells is an accurate
assessment of kick tolérance. For this to be achieved
knowledge of the fracture pressures at any depth in ‘
the open hole is necessary. The prediction of fracturd
pressures in the Gulf Coast and other areas that have
undergone extensive ﬁrilli?i_§§ accomplished by the
use of empirical foraulae. These can be applied
with confidénce in other areas of similar geological
and tectonic reginme only when sufficiént drilling has
allowed the calculations of the necessary empirical
‘consiants. However, the absence of any method by
which fracture pressures may be predicted outside
these areas has necessitated the use of these empiri-
cal formulae, with the general result ‘that dctual
fracture pressures can be very different from cai-
culated pressures. This is mainly due to the appli-
caticn of the empirically derived constants, usually
represently the "stress ratio," which are unrelated
to the wildcat area. Accurate information on the
in-situ principal stresses is vital for the solution
of the fracture pressure problem. WNone of the empir-
ical fermulae can accurately predict stresses in
pocrly explored regiloms. A hypothesis is proposed
that has the capacity to resolve and extrapolate the
local principal stresses, subsequent to the first
fracture teést in compace formation. Compace is de-
fined here as the point at which the sediment can
transmit an applied stress through the grain contacts.
Along with other pertinent data usually calculated on
rank wildcats, 1i.e, overburden gradients and pore
pressures, fracture pressures can then be chtained for
any point within the drilled hole. Kick tolerance
calculations then become rralistic when they are based
on fracture pressure calculations for that specific
well, so that in the event that abnormal hole condi-
tions are encountered, the chances of completing the
well are greater than if reliance is placed on for-
nulae contailning ymrelated emplrical constaants.

In_order to hydraulically fracture the formation,
it is necessary to overcome the minimum compressive_
‘stress. Ceneral formulae deserihe the minizum Rorizon-
tal compressive effective stress as a functior of the
effective overburden pressure, which is empirically

derived:

£x 1A
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by Stephen R. Daines, Exploration Loggirg, Inc.
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ABSTRACT

To date, the prediction of fracture pressures has
been accomplished’ t?tou§h the use of Gulf Coast-derived
empirical formulae.‘*7°/ Now that exploration is ex-
tending to high latitudes and deep waters, the cost of
these wells is becoming exceedingly high. The inabil-
ity of the empirical relatfonships to adequately pre-
dict fracture pressures in areas other than the Gulf
Coast ‘to an acceptable degree of accuracy has prompted
a reevaluation of the problem. Utilizing laboratory-
derived physical properties of tybical sedimentary
rocks, and taking Hubbert and Willis' Minimum Frac-
ture Pressure Model a step further; an: “hypothesis is
proposed that has the capability of predicting fracture
pressures in a wildcat well subsequent to the first
fracture test in compact fermation.

burdeQMEressures and lithology are known, and with

this information fracture pressures may be accurately

pgggictéa'ac “any point within the drilled hole. If
“the overburden pressure gradient can be extrapolated
and pore pressures estimated, and if lithologies are
continuously available, fracture pressures may actually
he predicted a lag-time ifter the formation has been
drilled. TInitial testing of the model indicates that
an accuracy greater than 95 percent may be consistent-
ly obtained, and the data is presented to substantiate
this,

It is thus anticipated that this model may allow
greater drilling efficlency, particularly in geo-
pressured zones, thereby making the exploration effort
safer and more economical.

INTRODUCTIGN

With drilling now extending to 'deep waters and
high latitudes, the cost of these wells is becoming
exceedingly high. Deep wildcattine in areas of poor
geoiogical control can be extremeiy hazardous and
costly for lack of adequate pore pressure and fracture
pressure informatfon. If abnormally high pore pres-
sures are encountered, a further casing string wmay be
necessary; and if the pressure zone is shallow in

References and illustrations at end of paper.

"the open_ hole is necessary.

’Lonbtants.

relation to the target, completion of the well cbuld

be }eopardized.

of prime importance in these wells is an accurate
assessment of kick tolerance. ‘For this to be achieved
knowledge of the. fracture Fressures_at any depth in
The prediction of fractutq
pressures ia the Gulf Coast and other atreas that have
undergone extensive dtilli?f_if accomplished by the
use of empirical formulae. These can be applied
with confidence in other areas of similar ggolugical
and tectonic regime only when sufficient drilling has
allowed the calculations of the, necessarv espirical
“However, the absence of any method by
which fracture pressures may be predicted outside
these areas has necessitated the use of these empiri-
cal formulae, with the general result that actual
fracture pressures can be very different from cal-
culated pressures. 7This is mainly due to the appli-
cation of the empirvically derived constants, usually
represently the "stress ratio,'" which are unrelated
to the wildcat area. Accurate information on the
in-situ principal stresses is vital for the solution
of the fracture pressure problem. None of the empir-
ical formulae can accurately predict stresses in
poorly explored regions. A hypothesis is proposed
that has the capacity to resolve and extrapolate the
local principal stresses, subsequent to the first
fracture tést in compace formation, Compace is de-
fined here as the point at which the sediment can
transmit an applied stress through the grain contacts.
Along with other pertinent data usually calculated on
rank wildcats, {.e. overburden gradients and pore
pressures, fracture pressures can then be obtained for
any point within the drilled hole. Kick tolerance
calculations then become realistic when they are based
on fracture pressure calculations for that specific
well, so that in the event that abrormal hole condi-
tions are encountered, the chances of completing the
well are greater than if rellance is placed on for-
mulae containing unctelated empirical constants.

Tn order to hydraulically fracture the formation,
it is necessary to overcome the minimum compressive.
strcss. “General formulae describe the minimum horizon-
tal rompressive effective stress as a function of the
effective overburden pressure, which is empirlcally

&x 1A
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L qi"!

where

ey = Xisem .

“The minimum effective Qiress can be calculated from:

v
o} = o vo} (1'.'7) (1)
vhere
T e
’ - b[ [-3¢1] 43 o - (2)
'ui - S-P
and i
3)
o‘/ai - 8

SUBSURFACE STRESS STATES

Effective Stresses

The concept of effertive stresses was first
introduced by Texarghi in 1923 and has subsequently
been used extensively in mechanical applications.
Basically, a hydrostatic stress (p) within a pore
fluid has no influence on deformation, which is con-
trolled by the effect;ve stresses. This hydrostatic
stress is thus a '"neutral” stress, one that acts in
all directions and 1n the same amount. This.stress is
regarded to exist in bdth' the solid and the liquid
so the erfective stresses arise exclusivelv from t?g
solid skeleton. Major studies on rock deformation
have shown that fracture is controlled by the effec-
tive stresses, provided the rocks have a connected
pore system: )

9 = 9 - P O3ed,-p, o 9y~
where

principal maxisum, intermediate and minisus
cmpuulye stressen

P = pore pressuce

01:01161 -

oi.oi.o:; - principal coapressive effective stresses

To apply this concept to a subsurface environ-—
ment it must be assumad that the permeability is suf-
ficient to allow movement of fluid and that the pore
fluid is inert, so that the effects are purely mech-
anlcal.

[Z0RETICAL SUBSURFACE STRESS STATES

There are two major schools of thought regarding
the state of stress within the earth's crusi:

1. That the stress state is hydrostatic - the
three principal stresses are equal.

2. The horizontal principal stresses are a
function of the effective vertical stress
and Poisson's ratio,

The first hypothesis is genera}ly termed Heim's rg}
and was later described as the '"standard state.

jﬂE RREDICTION OF fRACTURE PRESSURES FOR HILDCAT WELLS
teo, becnme equal becaise of the abilfty of the rocks
“to.creep, such that any stress difference will even-

best 1}1¥strated by visualizing a scale wodel of the

"stress states for their forwation and maintenance,

it wag stated in the form that stresses In rock tend

tually Kecoma allaviztsd, This Lypothesis nighc be
earth Although the earth as a whole has the
strength of cold steel, if it is odeled as a 4-ft
(.22 w) dianeter sphere, it would have the s:rength .
of pancake batter and a viscaslty about twice that

of honey, and vould veigh 6.6 tons (5.99 t).

The secoud hgpothesis deacribes ‘the state of
stress in an elastic, flay-lying strata of semi-
1n£initg extent that is’ laterally consttqined. 1f
the weight of the overlying strata 1is the only sgurce
of stress; and the elongation in “the horizontal die-
ections are zero, then the relation

- vi(r“x) o

is derived, where oy and a' ‘représent the horizoutal
and vertical effeccgve stress components, respective-
1y, and vis Poisson s ratio. 1If, for example,
Poisson's ratio for a partlcular Yock type is 0.25,
then the horizohtal stresses would be one—thitd that
of the verti cal stress; ptovid ‘the theoretical con-
ditions wére eati In conttast Heim‘s rule
states that the horizontal stresses should be equal
to the vertical stress.

Common to both theoretical discussions are the
assumptions that one principal tota) stress is verti-
cal and equal to the weight per unit area of the
ovetlying rocks, and that the horizontal normal total
stréss is the same in any direction in the horizontal
principal plane.

That the crustal stress state i{s largely not
hydrostatic is 1llustrated by the number of sttuctures
and deformation processes that necessitate unequal

Jeffreys suggested that significant stress dif-
ferences occur within the upper 50 km of the_earth's
crust due to the existence of wmountains and deep
oceans. The occurrence of large-scale structures
such as grabens, shear zones, dike swarms, nappes,
folds, thrust and transcurrent faults suggest that
not only did large stress differences occur in the
past, but that stresses are still in a state of flux,
as suezested hy the occurrence cf c*rtuquag:s. Soue
external stress, or tectonic 'stress, is necessary to
produce these types of structures. Even in seismi-
cally inactive areas it is possible to infer a parti-
cular orientation of a tecitonic stress, and it is
reasonable to assume that even in the absence of
tectonic structures and seismiciig) a region may be
subject to some tectonlc stress.

Hafner(ls) showed that in order to obtain a
hydrostatic type stress system (or "standard state")
within a flat-1lying strata of infinite horizontal
extent in which lateral extension is prevented, the
ctress system is composed of two parts:

1. The effect of gravity, described by the
second hypothesis above

2. A superposed horizontal stress which is
constant in any horizontal plane but in-
creasing uniformly with depth

Moreavey

T LT R W 0y L

for faulting and folding to occur, the

vl
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superposed horizontal stress must occur in a partic-
ular orfentatfon within the horizontal plane. 1f 1t
exists, and as such would be a tectosic stress, it
would also {ncrease uniformly with depth; assuming
that the strata wvere {sotropic and elastic.

The. horizon;al stTess can thus be a wininum vhen

there is no tectonlc stress, such that

o= oifs) | )

‘where o} s the minimum principal horizontal effective|

stress, o} is the maximum principal stress which is
equil to the effective weight of the overlying rocks,
snd v is ?oisson 'S ratio for the particulat rock type.
reach is apptoxi-ately‘iﬁfee cxmes the ver:ical
stress, at which pgist faiiure occuxs in rhe form of
reverse faulting

. . The: sunernncnﬂ h?:::vg.ul Lecconlc stre#s, Oy
can thus vary berween the limits:

‘V;
(=)
Since o) is calculated by subtracting the pore pres-
sure from the total weight of the overlying strata,
it is known for any point in the drilled hole. The
superposed horizontal stress, if present will in-
crease uniformly with depth, or with “1' Hence it
may be assumed that the Utlol ratio remains constant,

Qf_oc e gt

1‘1

Ideally, Poisson's ratio for the rock type that
is being drilled should be known at that moment fn
time, but this is not possible. However, Poisson's
ratio has been experimentally measured for many
rock types and is shown Lo be unique for a particular
lithology.( ) Poisson's ratio cannot be measured
for each:and every rock type, but if it is possible
to divide litholigical types inte a grouping that can
be described by a Poisson's ratio, then there exists
a means by which experimental results may be applied
to the same lithological types in situ.

To be able to describe the minimum horizontal
stress, it is necessary to measure the magnitude
of the superposed tectonic stress o.. This can be
achleved by a fracture test. Hence, after oy has
been determined, the horizontal minimum effective
stress state can be extrapolated to any point in the
--drilled hole.

THE ZERO TENSTLE STRENGTH CONCFPT

The prediction of actual tensile strengths of
sudbsurface sed;gents 1s probably impossible. Fortun-
ately, this problem disappears if the common assump-
tion, lhat any interval of sediment is intersected
by Jolats and partings, is employed. Across these
natural discontinuitfes the tensile strength is
effectively zero. However, the occurrence of
open jolnts or fissures {s generally quite rare and
may be restricted to a particular zone or lithology.
Cracks in competent sediments form during compaction
and diagenetic processes as a result of very local-
ized stress differences. Microcracks are also formed
due to the drilling process and the resultant stress-
release at the borehole walls. Cracks that are held
cloged by the in-situ compressive stresses require a
pressure within the borehole equal to the comprossive
stress, so that tka pressure holding the crack closed

is reduced to zero, A further slight increase in

STERHEN R. DAINES ~3

pressure in the‘poteholp should allow entrance of
f;g~d inzo the cr~gﬂwgp,th;_pxgggq;g_tg g;gnslttted
to the siaes. ‘This preasure will extend tQ»_crach
tndefinitoly, provided {t can be transmitted io tha
leading edge.

Thts ‘phenomena can be illustrated by considering
a perfectly smooth, cylindglcal boxehole within an
elastic wedium, in which a crack extends to the wall
of the hole. Upon an apgiicatton ef. atress within
the borehole that is slightly greater than the atreas
acting normal to the crack, a tensile stress is de-
veloped at the tip ?i)thevgrack that approaches an
iafinite magnitude, as i{llustrated in Figure 1,

The minimum pressuxe’ (P) 1ecessaty within the

" borehole to hold open and extend an existing fracture

is therefore very siightly in excess of the reglonal

horizontal stress normal to the plane of tha Erac- N
ture. : . e

roe o ¢ °J'.(E%3) +p (6)

where
p = pore pressure

The plane along which a fracture will start to
form wiil be that plane across which the compressive
stress is a migimum, and thus will first be reduced
to zero with increasing pressureé in the borehole. Inm
the case where the horizontal compressive Stress is
less than the vertical cowpressive stress, this plane
will be vertical; if the horizontal stresses are .
greater than the vertical stress, the plane would be
horizontatl.

THE FRACTURE TEST

Fracture tests are pr-mally conducted after
settiqgwgq§ing The result of this test, when con-
verted to an equivalent mudweight, is taken to be the
maximum mudweight that the next hole section can

withstand without losing circulation.

Examination of the principals involved suggests
that this assumption is valid only in a certain set
of circumstances. If the last casing shoe was ce-
mented in an abnormally high pore pressure zone and
the pore pressure then decreases significantly with
depth, the fracture pressure will decrease also.
Limestone has a high Poisson's ratio, which will re-
sult in a higher fracture pressure than £f the casing
shoe was set in a rock with a lower Poisson's ratio.
Drilling cut of a limestone into a sand at the same
or lower pore pressure will vesulf in a lower frac-
ture pressure.

Generally, the point in any section of borehole
that has the lowest fracture pressure will be that
uhich»has the lowest pore pressure and louest “Pois-
son's ratio. Maximum mudweights for further dtilling
are thus dependent on these parameters, not on a

unique value that was determined at the casing shue.

Once the formation has been fractured, it will
be necessary to apply that same fracture pressure to
cause fracturing again. On any fracture test, the
point at which the horizontal stresses become bal-
anced by the pressure within the borehole will be
the samc, whether the test is a repeat oxr not. How-
ever, {f a permeable formation is being tested, the

fracture pressure plot will Probably not be 1inear
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the voluic fncrease produces a swaller pressure in-

- crea-e. due to the invasion of fluid. into the forma-
tion, This has the effect of raising the pore pres-
sure of the formation immediately adjacent to the
borehold. The increase in pore pressure has the re-
sult of reducing the stress concentration at the bore-
tole wall; 1% Furn resulting in a lower pressure
necessary for injtiating fracturing. Once the frac-

ture 1is scarted _and 1is extending intg_gbg_undisturbed

25 fi s_extension
is the saae gg 1f no 1nvasion occurred, (

Fracture tests conducted offshore at shallow
depths in uncopsolidated clays can produce apparently
abnotmzlly high fracture ptessurea.' Wet clays.may
behave as liquids, so that Polsson's ratio would be
approaching 0.5 ~Also, as the pore water and adsorbed
vater may su¥round each clay platelet, the platelets
will not themselves be in contact with one another,
but will be supported by the water. These clay types
lave neplinivie siealr stiengin, 1ne eflective pore
pressure would thus be approaching the pressure ex-
erted by the weight of the overlying sedlments; when
combined with a very high Poisson's ratio, it will
be seen that calculated fracture pressures may exceed
the overburden pressur¢ by a significant amount, 1In
thase instances a horizontal’ tracture will form, 1ifg~
ing the oveérburden, so that the fracture pressure will
approximately be equal to the overburden pressure.

At some depth, the weight of the overburden will
squeeze out sufficient pore water so that the clay
platelets become in contact with one another. When
this occurs, the sediment can support a superposed
horizontal stress. Polsson's ratio for the clay at
this stage may be very similar to that of a more com-

cpact clay. Fracture tests in a clay which 1is at this
stage of dewatering can be used for the caldéulation
of the horizontal stresses.

Unconsolidated sands at shallow dﬁgfhs having a
very gpod permeability / may cause lost- g';yglggggp
-problems. A1though the sand may be unconsolidated
the individual grains will be in contact so that a
superposed stress can be supported independent ot the
pore pressure. Poisson's ratio will be normal, de-~
pending on the sand type. <Consider that 1f an un-
consolidated sand is drilled at 2000 ft. (609.6 m)
the overburden pressure is 1453 psi (10018 kPa), and
the pore pressure is normal) at 892 psi (6150 kPa).
For a fossiliferous sandstone, Poisson's ratio {s
0.01. (Table 1) sqquming that the horizontal stress
ratio is 'rormal’, i.e. o /0} is 0.2, then the cal-
culated fracture pressure for these parameters is

r » [(1153-592)0.2 v (1483390 gégé} NPT
3

r = 1010 psi, or 3.7 lb/gal (696) x2a, or 1162 kg m™}

It can be seen that in shallow, unconsolidated
sedinents with high water content, normally encoun-
tered offshore, fracture pressures can vary fror

. Ll L Y4ay o
sverbardan wapnitudes ln %ol clays o saly o iitt.s

more than the pore pressuve in unconsolidarted sands.

A typical fracture-test plot is shown in Figure
2. The linear portion of the curve, AB, indicates
elastic properties: pressure increase (stress) is
directly proportional to volume pumped (strain). At
point B, the pressure within the borehole is equal
to the pore pressure plus the total minimum horizon-

stiain proportionality no longer exists, such that

of rigidity:

tal effective stresa. All cracks, joints and part-
fugs within the section of borehole Lhat 1s belng
tested, that lie on a vertical plane normal to this
minimus horizontal stress, now have no compressional
forces holding them closed. From B to C, the stress/

for unit stress a greater proportion of etrain s
-produced, The pressure difference, C - B, is that
pressure necessary to push fluid into the cracks,
apply pressure to the walls, and to apply pressure

to the leading edge (close to the tip) of the cracks.
When the pressure within the Lorehole is approximate-
ly 5 percent greater than the total minfimum horlzontaq
streas, an almost infinite tensile stress occurs at -
the tips of the crack. At this point,~the cracks
extend rapidly along the path of minimum resistance,
i.e. in 8 vertical plane, normal to. the minimus com-
pressive stress (in a vertical borehole. it hori—
zontal beds). If the pump is stopped at that woment,
_fracture propagation will cease and the pressure vl!l
rati o v. wnen ne prcbbUL= i tie uuneuusc vas
falled (due to the increase tn volume caused by the
fractures) to a pressure equal to the pore pressure
plus the total minimum horizontal stress, it should
stabilize at a pressure equai to B, When the ex-
cess pressure is bled off, the amount of returning
mud should be almost equal to the amount pumped. If
the shut-in pressure (D) is lower than B, then it
would be reasonable to assume that the fractutea are
still open, possibly being propped spen by mud con-~
taminants or cuttings. The larger volume produced

by the open fractures causes a larger decrease in
pressure, such that B - D >0. 1In this case, the
amount of mud returned or bled off is less than the
amount pumped. If this occurs in pe;meable forma~-
tions, then possibly significant mud losses may
occur due 'to the highly increased surface area in

the fractured zone,

PREDICTION OF FRACTURE PRESSURE

All the data necessary to predice fracture
pressures can be obfained from interpretation of
the first fracture test in compact formation, para-
meters that are normaily measured or caicutated
when drilling wildcat wells, and typical values for
Peisson's ratie. Values of Poisson's ratlo, as shown
in Table 1, were obtained by sonic tesling.(
Poisson's ratlo is not measured directly, but is
calculated iraom the modulus of elasticity and modalus

' ' _ _Modulus of Llasticigz N
(Potsson's ratto, v 2(odulus of Rigidity) Y

e

The calculated ratio is a dymamic result and may
differ from static elastic properties. This may
be explainad by pointing out that dynamic results
which differ markedly from the static results are
indicative of zones of weakness, anisotropy, or
direction?} ?ifferences in the properties of the
material, These dynamic ratfos should be more
realistic vhen attempting to determine horizontal
stresses at depth because of observed anisotropies,

KPS

PR

frathei ilian stallc Tolason's vatlcs deievamined on
carefully selected and prepared specimens. EBach rock
type (particularly in sftu} has its own unique
Polsson's ratio (and other mechanical properties),
and this will vary when the influencing parameters
change. Thus the tabulated values are presented

only as an approximate guide; however, they should
serve to provide a reasonable estimate. When two

or more minerals are intermixed, i.e. sandy clay,
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shaley sand, the matrix-forming rock type must be
determined. 11 the 1fithology is a sand with the
grains {n contact uith one anoLherJ~ and clax is the
matrix {clay content < 302). the Poisson's ratio. is
depcndent on the sand type. “1f the clay content is
greater than 30 so that the sand grains are not in
contact but are supported in the clay wmatrix, then
Poisson's ratio is dependent uvn the clay type., Like-
wise, 1f a clay is highly calcareous (>50X), the cac-

bonate content may have a significant effect on the

mechanical properties, ao the Poisson'r ratfo for
shaley liwestone should be used, Greater than 80X
carbonate content in a shale, or rather 20X clay fn a
calcareous lithology, indicates that the gradatfon
has progressed essentially from shale to micrite or
fine limestone. Careful analysis and interpretation
of cuttings and logs should provide a gsound basis
‘for selecting the correct Poisson's ratio. The wesk-
ést interval in the borehole will be that which has
" the lowest pore pressure and lowest Poisson’s ratio
wvith depth. A low pore pressuire in a zone that has
a higher Poisson's ratic may have a bigher calculated
fracture pressure than another zone thit has a higher
.'pore pressure and a lower Poisson's ratio.
pressutres calculated ‘at changes in lithology and pore
pressures will show the weakest interval in the bore-
hole.

The result of the first fracture-test in compact
fcrmations is used to calculate the effective stress
ratio of the superposed tectonic stress, if present:

SRR

o, remains directly protortional to oi» pzovid!ng
the strata remain close to the horizontal and the
basin structure does not change significantly with
depth.

vSlﬁce
°!/°i -3 (3)

vhers £ Z2e{ines the stress ratio of u to 7Y, and remains
constant with depth, 1

[

:i 13 X0AT &% Wi puint within che drilled nole,

o= 5-5 (8)

f
!

where $ and D age the overburder pressure and pore pressuce,
respectively: .

~The overburden pressure, S, should be accurately de-

tersined from a density log or measured bulk den-

sities for the first fracture pressure test. It is
particularly important on offshore wildcais o take
into account the air gap and water depth, Pore

pressures can be reliably calculated from drilling
exponent plots, mudueight/gas relationships, and
sonic logs.

Accuracy of the parameters when obtaining o,
from the first fracture test is of prime considera-
tion, as any significant error at this point will
render false predicted fracture pressures with depth.

Since the effective stress ratio has now been
found for that particular well location, fracture

Fracture .| providing the various Poisson's

—at

pressures can be calculated as the well progresses,
as changes in iithology. (Poisson's ratle), pore
pressure, and overburden pressure occur:

l.ctoai(i:—v).k (6)

Between log runs the overburden gradient may be extra~
polated with a reasonable degree of accuracy by plot-
ting overburden pressure with depth (Figure 3): -1t
will be seen that the relatifon is approximately lin-
ear, except for the upper portion of the curve which
is affected by water depth, uncompacted sedimeats

and the air gap. Linear extrapolation of the trend
may be achieved with confidence, providing the upper
overburden gradient obtained from logs or bulk den-
sitias was accurate. Cotrectioun of the extrapolated
trend must be accomplished after subsequent logging
runs, or continuously updated from bulk density
mcasurements.

-A continuous; real-time plot of calculated frac-
ture pressures with depth is thus wade possible,
s ratios can be ade-
quately determined tYom Lne cutcings. 1L Cowplea
or interrelated lithologies are encountered, assigo-
ment of a unique Poisson's ratio may not be immediate-
ly apparent: of the several lithologies that may
occur in the same samplé, that which has the lowest
Poisson's ratio should be used until confirmation
is obtained from logs. If the pore pressure gradient
remains constant with depth, then the °1’ Oy and a
(with' constant” lithology) gradients are constant
(Figure 4). Fluctuating pore pressure causes signi-
ficant changes in all the stress gradfents (Figure 5)4

Several factors affect fracture test pressures,
aside from formation characteristics:

1. . Higher mudweights appear te cause higher
fracture pressures,\i2; although this may
be due to a related increase in viscosity.

2. Smaller hole diameters may cause higher
fracture pressures.

3. The rate of pressurization affects fracture
prossures:  high pume ratee sroduce inflated
6)
fracture pressures, < This effect is
smaller than that in (2) above.

4, High mud gel strengths require higher pres-
sures to iunitiate circulation. Correction
for this pressure loss can be obtained from
Chenevert and McClure. (1

5. Hole dev{ation siﬁnlficantly affects frac-
ture pressures.

6. Rig and sensor instrumentation probably is
accurate to within 5%. (20) Accuracy of
predicted fracture pressures is therefore
limited to this range.

7. Mud penetrability does not alter the actual
breakdown pressure, but it will affect the
shape of the fracture pressure plot such
that the point at which the total horizontal
minimun stress Is balanced may be obscured.

A combination of these mechanisms is probably respon-
sible for a considerable scatter of data points.
However, if fracture test procedur2zs are kept as
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consistenat as possible on any one well, then lhé Te-
sults obtained should lie within the 57 instrument
evrror margin,

SAMMARY

A theoretical model is put forward that attempis to
describe the principal stress system within a basin
of simple topography amd structure. If a well is
drilled nearly vertically, thea the well should be
approximately parallel to one of the principal stres-
ses, vhich {a equal to the effective weight of the
overlying strata. The horizontal stresses are a
combination of the stress caused by gravity and a

' superposed horizontal tectonic stress. The laiter wmay
be nonexistent or may :eac?" maximum of two to three
times the wertical stress. The minfmum horigontal
stress is -gasured by the first fracture test o com
pact formation. As the vertical stress increases
approximately linearly with depth, then the tectonic
horizontal stress will increase linearly with depth
also, geliued uy  IInIIznt ttvass vatial 8. Since . .
this ratio is obtained from the first fracture test,
then at any sudsequent depths the fracture pressures
may be calculated providing pore pressures, over-
burden pressures and lithological relationships are
known. Fracture pressure test data from some rank
wildcat wells are shown in Tabie 2 where a coaparison
is made between actual fracture pressurés and cal-
culated fracture pressures. The results are within
the 5% minimum error margin caused by rig instrumen-
tation.

CONCLUSIONS

1. Fracture pressires may be predicted when drilling
rank wildcat wells to an accuracy of 95X.

2. Fracture pressures are dependent on the total
ainimum horizontal stress (a combination of a
stress caused by gravity and a superposed tec-
tonic stress) and the pore pressure.

3. Factors affecting actual fracture pressures may
be minimized by conducting fracture tests as con-
sistently as possible. A correction is avaflable
for §e1 strength (usually < 0.1 1b/ga), 11.98

), but changes in mud types or large changes
1n properties may cause significant deviation
from calculated fracture pressures. It is also
suggested that at least one circulaifon is
affected prior to conducting a fracture test, in
order to mirimize auy Inconsistencies {n the nud
column.

4. The theoretical fracture pressure formula provides
an explanation for fracture pressures that equal
the overburden pressure in shallow wet clays, and
also indicates that if a sandstone reservoir is
fractured, the fracture should not extend into’
or through:the seal. Probably an inherent prop-
erty of a permeability seal is a relatively high
Poisson's ratio: these rock types require a
higher pressure within the borehole to balance the
horizontal compressive stress, so a hydraulic
fracture within an underlying permeable strata
should be confined to that strata.

NOMENCLATURE

P o fractore pressure

g = acceleration due tC gravity

B8 + owverbutden grediemt

L0y % alaisa compeessiva effective stress
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Table 1
Suggested poisson's ratios for different 1ithologies a2
Rock Type Poisson's Ratio
Clay, vety wel 0.50
Clay 8.17
Congloinerate .20
- Dolomite 0.21
Greywacke: coarse 8.07
fine .23
medium .24
Limestone: (ine, micritie 0.28
medium, calesrenitic 0.31
porous [ % {)
stylolitie 3.7
fosslliferocs 0.09
bedded fossils 0.17
- shaley 3.7
Sandstone: - coerse 0.05
coarse, cemented 0.10
fine 0.03
very line 0.04
medium 0.06
poorly socted, clayey 0.24
tossiliferous 0.01
Shale: caleareous (<30% CaCOJ) 0.14
dolomitie 0.28
siliceous 0.12
silty (<70% sijt) 0.:7
sandy (<10% sand) .12
kerogenacedus 0.25
Siltstone 0.08
Slate g.13
Tuff: glass 0.34




Table 2

Fracture test data from six offshore wildcat wells
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Fig. 1 - Extremely high teasile
stressbyroduced at the tip of a
crack(?).
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CONPREHENSIVE DESIGN FORMULAE FOR HYORAULIC FRAGTURING
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ABSTRACT

This paper provides a number of comprehensive
-algebraic formulae, with readily determinable co-
efficients, which can be uséd to predict the extent and
width of fractures produced by fluid 1n3ect1on at
specified rates or borehole pressures, when these are
‘reasonably well-behaved functions of time. The
fracture geometries described include as special cases
the models currently in use for industrial design of
‘hydraulic fractures, but extensions to allow variable
fracture height are readily achieved. The formulae
serve both to simplify the implementation of conven-
tional medels and tc allow development of more
realistic simulations which contain the rather
idealised concepts of those models in their rightful
place as components of a more general tkree-dimensional
description. One Such pseudo-3-D model is described in
its simplest form; it aliows physically credible trac-
ing . of. Iength hexght and‘w1dth distributions under
Ccndiulvua of siow vertical 5pledulng wnich a desir-
able stimulation treatment would achieve. All of the
models admit quite general reservoir properties and
frac-fluid behavior. A few popu]ar applications are
used to illustrate their power and simplicity.

INTROBUCTION
Over the past two decades, a considerable amount
of effort has been expended cn the development of

models intended to describe the effects of a hydraulic
fracturing treatment and to aid in the design of pump-
ing sequences aimed at optimisation of the return on
considerable investments in equipment, labour, and
materials employed in a typical field operation.
Various analyses and numerical routines have emerged
from this activity (e.g. 1-8), but it seems fair to say
that few of the authors would claim a satisfactory
level of realism for their simulation capabitities,
except perhaps in cases of unusually favourable cir-

cumstances in the racoruaiv hoinn frasturad Thic
cumstanc in th PrunaYy helng fragiure . 00

References and 11lustrations at end of paper.

“which recent work: (e.g..9-10) has shown to be so

“reservoir geometries.

‘ductions from reservoir data in order to establish

reservoir structures and the theoretical predictions

state of affairs can be readily explained by the ex-
ceptionally difficult combined character of the
phenomena which must be represented. A renewed effort
has been undeiway over the past few years {e.g. 9-16)
to obtain more reallstlc descriptions of the hydro-
frac process; many insights have resulted from this
activity, but a worthwhile fully three-dimensional
simulator will require a few more years of concentra-
ted endeavor. Numerous models may appear. in the mean-
time, superficially embodying a 3-D capability; they
will certainly be lacking many of the complex features

essential foi a phys1ca]ly real1st1c representation
of the, process involved in even the simplest

In the absence of such an acceptable comprehen-
sive simulation capability, it appears necessary to
have at least some approximate means of determ1n1ng
in a credible way what the general features will be
for a fracture produced by fluid injection through a
boretole, particularly as to effective lenjyth, width,
and height. Whilc it is true that these quart1f1es
are not yet measured accurately in the field,” it
is certainly possible to make suffwcient!y good de-

what the overall character of hydrofrac evolution
will be and thus eliminate some of the more ridiculous
models. Indeed, it is also possible to achieve |
scaied laooratory versions of increasingly complicated

should at least agree with the fracture growth ob-
served in these.! Although the geometry assumed

in almost any model, no matter how simple, can
actually be generated in the laboratory, one must
recognise and account for the complicated shapes which
develop when test conditions approximate those found
in the various geological circumstances where 03l and
gas are present. Thus, any acceptable working models
should at least be capable of incorporating major
Tcalires um.u.xpaufu un ihe basis orf lduoratory vD-
servations and/or physical reasoning from ccre data,
togging, structural gestogy etc.; a major purpose cf
this paper is to provide the basis for such approxi-

Sv 1B
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nate models.
OUTLINE OF CONTENTS

] The contents of the paper may be divided into
“five broad sections. Since the details of the paper
may initially appear somewhat “theoretical” in nature,
it is important to emphasise that the goals are en-
tirely practical: the simplest possible realistic
models and associated design formiilae are being
sought. To demonstrate this, it is noted that all
known previous desian procedures of tha industry are
included as special cases of the equations wnich are
presented in the second and third sections; aTthough
the results here are not as detatled as those of
numerical schemes typically applied?-8 to solve the
equations, they seem to be more transparent and are
considered adequate for the level of accuracy in-
volved in the assumptions on which the industrial
models are basedS»7, As well, they allow much greater
genera]1ty 1n encompassing arbitrary wellbore con-

e T T § T e s e e
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fied fashion during the operation.

' There is a twin motivation for simplifving the

: andlysis of the popularly assumed geometries in this
\ way.” Un the one hand, this makes it very easy “to
understand and 1mplement in designs the essential
features of the models which are currently employed
in the industry. On the other hand, it renders the
formulae simpie enough that they can become the coi-
ponents of more realistic geometric descriptors
which incorpcrate these elementary models into a- frame-
work where they begin to have real physical appeal.
Thus, in Section 4, the paper proceeds to describe a
model which allows such reatistic simulation to be
achieved, with reasonable three-dimensional evolution -
in Fracture geometry -- using just the formulae al-
ready. deve]oped This pseudo ~three-dimensional
“hydrotrac T {PIBHY model isnicked for illustration’
here because we have found it readily amenable to both
analytical and numerical solution; it.also seems to
have the capab111ty for credible design in many
typical field situations. Indeed, it certainly has
more value than unwieldy fully thrée-dimensional
similators will have.if .they leave out many of the
important reservoir features.

; Other models of this pseudo-three-dimensional
kind can be generated as the appllcatxon demands,
but all of these models must be kept in perspective,
despite their apparently general applicability to
varied rock response, fluid behavior and injection
sequences. The paper tries to emphasise this by
adopting the following tayout:

1. First we present a reasonably general set of
equations which would have to be solved for a
complete 3-D simulation of hydraulic fracturing.
The difficulty Yies in solving these simultanedus-
ly, and marching out the Sotution stably in
time,!9 not in finding schemes to solve them
1nd1v1dual]y 13 The equations both indicate
the main features vhich must be incorporated in
any worthwhile model and also serve as a reference
frame for the various suec1al1sat10ns adopted
!ater n Sowmg themn, Lore ngu:e IJ

2. Next we obtain approximate solutions of the
governing equations in Section 1, assuming uni-
directional fracture propagation along z {viz.

normal to the long axis of the fracture). This
idealisation is very like that of Christianovich,!
Geertsma and deKlerk? and Daneshy® (-so that we
term these CGDO-type models-} except that we
regard it as generally more appropriate for
describing the vertical spreading of the
fracture ‘(Figure 2 ) rather than the lateral ex-
tension for which it has typically been employed
in design codes. The results are provided as
simple algebraic formulae covering most reason-
able behavior of specified pressure or injection
. rate driving the fracture; these contain only
three simple coefficients which can be estimated
approximately or more precisely determined by
computer routines that we have deve\oped.

3. The altérnate extreme of yronagatton ‘along the
long axis x (Figure 3) is aiso andlysed;.
these models reduce to that of Perkins and Kern?
and Nordgren* when the hieight and wellbore flow-

. rate are assumed constant gso that we call them

il f-nn-aws'.weﬁrl DV“ mdh‘e‘
two coeff1c12nts to be dbtermxned numerically and
good estimates can be obtained analytically.

4. The concepts of Sections 2 and 3 are now combined
to give a pseudo-three-dimensiona) model of
hydrofract evolution (P3Dit), A CGDD-type model
(figure 2) is used to describe vertical propaga-
tion whilz a generalised PKN model is empioyed
to represent the lateral flow and fracture ex-
tension. (figure 4)

5. The formulae derived in foregoing sections are
applied to the prediction of results for some
typical field operations. Only a few simple
examples are presented mainly becuuse of the
limited data available for the calculations
rieeded and the fact that no case studies have
yet been completed with the more complex models.
However, the availability of these new models
should stimulate the detemination of reservoir
quantities iaherent in making the calculations;
an example is the contrast in material properties
and in-situ stress between strata.

1. GENERAL EQUATIONS GOVERNING HYDRAULIC FRACTURING

The equations governing opening and propagation
of hydravliic fractures may be phrased in the following
forms, which are typical of the approach being taken
in some of our hydraulic fracture simulation®~!! and,
therefore, serve to introduce relevant parameters and
variables. (See also the list of Notation-at the end.]
Tirst there is the reguirement of mass conservation,
which can be written 1n the differential form

YS'(995) + %{(06) *ogen =0 (1a)

for any point on the fracture surface (Figure }}, with
associated normal n and gradient operator YS in
the tangent plane. “For many practical purposes, fluid
compressibility has tended to be neglected, by com-
parison with overall fracture compliance; non-constant
density o may be quite important in operations such
as foam fracturing. Special versions of egqn. (la)
pertain to unidiraction2) flow {along <) or to radial
flow {along r}, when the equation takes either of the
forms

Ava FhEwe 3¥a. wet [Epnr o SRR
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%I(nqé) = - %E(pﬁ) - gy (ib)‘ at a peint x sufficiently close to the perimeter
. ' Tocation x - with assgpiated normal m; for an
13 isotropic ~"materialy, E = G/2{1-v), but the relation
= # .~(rpq5) {1c) (Zc) applies more generally

The second required equation is that relating
crack opening & to the pressure distribution; we
will refer to the effective opering stress o(Xq)s
for any point ¥, ‘on"theé crack surface, as thé excess
of internal frac-fluid pressure  pe over normal cor-
fining stress caused bath by tectohic processes {which
induce o) and by back-stresses (oB) induced in the
-operation’ of fracturlngl , €.g., by°alteration of
pore-pressurés around the fractyre and by inelastic
deformation of all kinds. An efficignt and. gene“al
integral equation scheme for numerically obtaining s,
for any given «  {ov vice-versa) has been provided
by the-author®:10; this can be applied to fan-ly
réalistic materlal and geometric stricture in"the
reservo1r, S0 it const1tutes an_improverent over pre-
vious formulations; which ha e‘been timited to linear
“isotropic’ homogeneous time-independént media3s5:13,
achisved with an unwieldy
full finite-element or finite-difference sotution ot
the rock deformation equations throughout the
reservoir; that level of detail is not warranted by
the Dotentlally available data on structural properties
and it would quickly render undgable a complete hydro<
frac simulation. Indeed, a Simple version of the
general integral equation formulation will be adequate
for purposes of this paper, namely one which neglects
(e.q., consol1datlon) time- -dependence of the _porous
medium-(except as very lmportantly »ontalned in the
back-stresses og); thus we concentrate or-opening &
cavsed by stress normal ‘to the fracture, namély

olxgst) = pg - ap-op 2 pg - o
t °
= I dt [ ds ¢ (xo,x t,r; v G(X,r) (2a}
-m S (T)
We will; therefore, remove the time- -dependence in the

1nf1uence function 1 and it will be most useful to

have versions of such an equation which’ app: ‘to one-

dimensional ‘or circularly symmetric fracture- spread1nq,
ame]j ﬂn(t)

c(zo,t;x) = J dz r(zo.z,x)é {2,t;x)
‘l](t)

here we allow the possibility of two unequal crack
wings 1, and 2, {which are both set equal to the
fracture radius for a circylar crack) and we include
an additional position paremcicr x {or application

in the fourth section of the paper. Egn. {2b) can be
soived for the opening § by stra\ghtforward numerical
voiitines!?, for any of the numerous influence functicnd
r which have been worked out over the years3,i0,

(2b)

Solution by means of eqn. (2a) immediately allows
the rock decohesion criteria to be imposed around the
current perineter of the fracture surface®. Specifi-
cally, for instance, if we adopt a model with critical
stress-intensity factor Kc, then the form of the dis-
placement gradient must be

w55 = ch/EV%m-ixpiiT

{2c)

‘1aw of the form

run s1nu1taneously with the solution of égns

Thirdly, we must write a relation describing fluid
flow in response to the pressure-grauients which drive
it; the complex rheology of typical fracturing fluids
makus this a ‘forbidding task and many importanf .
‘features must be accounted separately!2 ‘from the cal-
cuiafions presented heve or even those used “{n qurrent
industrial models. However, many established fluid
characteristics can be incarporated lh a "cbarrel fiow"

A1 -
" n s n/\

W -

which allows both non~Neutorlan benavuor {m=
also permits regimes of turbulent flaw (m=2,
provide a feeling for the parameters, we note the
Newtonian fluid response when #a 1is viscosity and
vy, 18 the ‘Channel factor (1/12).

dslTy;".» 13 nszgteive Foowrite an. equation
governing exchange of tiuid between the fracture anu
its surroundings. A very efficieént surface integral
representation may be written, reiating p, to the
history of q through an equation of the kind
connecting o~ and & inegn. (2a) - and coupled
to the history of & through pore-pressures induced by
stresses caused by fracturing; however, this compact
appealing approach (developed in ref. 15) is limited
L6 reservoirs amenable to linearisation and homo-
QEHISatan of the pore- fluzd flow equations, and thus .
may be regarded as a simplified’ Sigulation tool, useful
for phenomenclogical simulations rather than detailed
practical design.  In actua) design-orientad models,
the fluid exchange {viz. the.loss .q, in eqn. (1) and
the influx of pore-fluid to the near=perimster region
not yet penetrated by frac- flu:d) should ‘be computed
with the most suitable of the many available arbitrari-
1y complex reservoir simulators {e.g. 14) th1?)rag bg)
for the pressurised Opening and spreading of fracture
surfaces,(whlch provides the boundary conditions on the
reservoir-model). The pore-pressure and thermal pro-
files in the reservoir at each instant then allow a
calculation of the back-stress o in  (2a).

-t lopes i3)
?ii -and
21).- To

Models which do not take account of at least the
main features 1solated by the foregoing equations and
discussion do not” promise much potential for worthwhile
descriptions of fracturing in typical reservoirs;
especially, they should incorporate the dominant
material heterogeneity and porous medium effects. They
may not have to be very unwieldy numerical simulators
in order to do this.

A major simplification of the goveraing equations
{1, 2, 3) may be achieved by assuming a fracture shape
and adopting what amounts tc a spatial averaging
approach, which allows their reduction to simple
ordinary differential equations on time. Although this
pracedure seemed suspect vhen we first conceived it!Z,
it turns out to retain most of the essential ingre-
dients needed for first-order estimates of hydrofac
opening and propagation, provided that the fluid
injection sequence is not tco complex; especially, it
aTlows gond descriptions for monotonic downhole
pressure or pumping rate and it encompasses z11 pre-
vious design models®~7 as special cases. In fact, fits

‘‘‘‘‘ -
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Justification fs firmly rooted in the concept of self-
similar profiles of crack-opening as the fracture
propagates; indeed, more complex sequencing of the
hydrofrac operation %an be captured by a nunerical
implementation of this self-similar co1cept, ‘whith also
provides the numerical values for some coefficients
used below. Thus, the self-similar assumption pro-
vides a short-cut approach, for modelling of fairly
well-behaved-fracturing sequences, avoiding-the full
unsteady propagation analyses which will be needed in
mare, compiex c1rcumstances

We have applled this’ self—sxmilarity -based
spatizl averaging to a fairly broad variety of assumed
geometries!? but this paper will be limited to'the
CGOD-typels 3,5 and’ generalxsed PKNZ1* models which hav
been popular fn the' Titérature and a]so ‘turti- out to be
basic for development of more redlistic descriptions -

: 21 SELF—SIMILAR SOLUTIONS FOR CGDDQTYPE MODELS

The essence of the procedure we have emplcyed
may be understood by writing the averaged consequenc
of eqns. .. (2b) and. (ib), respectively, for uni- .
d1rect1onal flow in a propagating crack of length 2{t)
as shown in f\gure 2; using carats for suitable
averages, we get

-~ a

- . B : ’
& = ot,0 T yy0 /E~, oB 2 p? - ?g {4a)
= aglogari) - dlugogotliat ()

We have |ntroduced ‘the central crack openlng A and

we now employ it in the fluid-flow law of eqn. (3)

to achieve a-correspondingly Simple equation for mass
of fluid injected at the wellbore

qBA . m( i)Zn 2,2 (4¢c)

Yg = vE vyng (4d)
Here the coefficient v, " has been’ introduced to
represent {Tig, 2) the sIope of the fluid pressure
curve at the cenire, namely, 8p./az = v,o /1. This is
less amenabie to approximate estimation) without some
guiding numerical results, than are the other un-
determined coefficients +, and Yy (as defined in
Notation); all three will Be sensitive to confining
stress oy , varfation of wellbore excess pressure
s etc, but Ehe latter two are much less so for
typtcal reservoir conditions, It is now straight-
forward to integrate egns. (4b,c) in conjunction
!ead1ng to a formula for crack vciume as follows:

1
(v.p )‘ ~o/m} Y, 08322 _1
——ETB in
n/m 0 Q. ,2
o "pe’0’ .,
1
t t-n/m A m ”15
~ { o} ‘7[“”“2 (qu)
= | dt S W™ - i (5)
‘(3 'L. v £

Perhaps surprisingly, no approximations have yet been
made in obtaining this apparent solution to the
governing equatxons {1b, 2b, 3}, Fer any specified
time-dependence of the effectlve excess pressure o,
and for a computed or estimated average 10ss per unit

determined as! fun~t¥3ns ToF
“accountied in a more precise numerical \mplenentation
of the salf-similar concept which we have also develop-|

-true decohesion energy

;where frac-flyid

area q , eqn. (4e) provides a direct means of cal-
culatinb the crack-length - ¢(t), Of course, the co-

efficients v actuall

vary and must be
times ¢ 4 m*

1s is readi

ed, However, {t will often be convenient and adequate
ta re?ard them as constants, especially for purposes
of writing simple formulae in this paper.

"It ts even more straightforward to gstahlish “the

-} consequences of eqns, (4b,c) for gondit{ons of

specified pumping rate, % per unit length nahma7 to -

‘the fractur*. namely

i a2 '
W 2042 W' i
tegga Yt mw (6a)

36 °§Y5
.
Wz [0 BQBA dt, w = IO PgtaL at ., (b}

1hg§g results show that mass balance very simply
dictates the extent of fracturing. They also quantify
the well- apprecrated fact that fracture width can be
increased by raising both pumping rate and fluid
viscosity; the latter enpters through y. {egn. {44)),
as does vy_ - and there is a rela11ve1y weak depend-
ence on both, so that precxse numerical” determ!nation
is not requ1red Indeed, it is also interesting to

note2® that a comparison can be made with the width
which the crack would have if it were under uniform

‘pressure great enough only to prov1de a- fracture
‘propagation enerqy Geg at its perimeter: the

corresponding crack opening may be written in the
form

(7a}

Here o, isa factor of order /4 , which is exactly
its value for an \sotrcp1c homogeneous time-independent
material, 8y comparing egns. (62, 7a) we can now de-
rive an expression for the eguivalent energy, namely

2:

A QG /a R

T-n

+ M
n E(Y) .
B Py

21 N .n+]

n+l £
G = =
Y, o) (2

eq {7b)

_Calculations with typical field values of w, Eh
and € (see Section 5) show that this energy is
usually much greater (by factors of order 10%} than the
of most rock materiaisd. Tiws we
observe that wide enough fractures (e.q., for proppant
transport and prevention of sand-out) are possible in
many jobs only because of the artificially highk re-
sistance to fracture propagation provided by the con-
fining stresses o + og 1n the near-perimeter region

gas not yet penetrated. as denoted by
w? in figure 2. Indeed, this resistance overwhelms
the role of natural rock toughness for typical pumping
conditions and/or fracture sizes in the field, and
this observation has led us to an efficient means of
repeatedly simulating hydraulic fractures by pumping
fluid into interfaces between carefully prepared
blocks of suitable material in the laboratoryl?; these
experiments serve both to test the character of pre-
dictions in eqns. (4) and to check the actual values
of numerically determined coefficients.




COMPRESFNS]VF OtSIGN fORMULAE FOR_HYDRAULIC FRACTURING _ 3

: 9259'

!t s aiso anterestxng to note the prus:ure o
behavior implied by any specified pumping history. from
eans, {43, 6a), namely

*ndZ _ non-m o
[+] "{3

For-instance, 1f we neglect fluid loss, W 20d°1f we
assume either a power law or expopential dependence '
on time of pumping rate, we get the following ex-
pressions .

ﬂ 4]

(w' L) . (83)

[t* exithy, g 0 G
;n+2 ) m—n[ t$(m-“)'m i (m'")xll

(86}
, (8¢)

This Ieads to the curigus result, form =n, that ex-
cess pressure is actually independent of all exceyt
exponent in the pumping rate and behaves Tike t~@/ i+

for power-law njection. Preyious ressarchers have

pumplng rate in the CGDD mode's.bu We _now see that the
ressure hehaw\g -pertains to all power-law in-
Jectlon rates. Any oth orm of the pressure vs, time:
“leads in general td' an exponential injection
rate, 1ncreas1ng with time only if the pressure power
(called 8) is greater than - m/(nbz) if 8 is less

reach a constant volume conaition: (eqn, E TR
jection rate decreases exponentially to eventua]ly
reach a shut-in condition, Thus, although the fore-
going solutiohs are not phys1ra11y exact,except for
constant ratios of confining stress to excess pressure
a, they do sérve to provide a complete and adequate
picture of behavior to be expected from CGDD-type
models.

3. SELF-SIMILAR SOLUTIONS FOR GENERALISED PKN MODELS

To permit a direct lncorporatlan of equatlons
already written for the C6DD models and ‘to provide a
natural transition to the P30H model in tha next
section, we will var { and generalise the treatment
typically provided2,%:8 for the classical PK concepts.
{See figure 3 for schematic,) The primary feature is
that width'of fracture will be dictated by height,
which is expressed by a rewrite of egn. (4a}

A= oH, 5 = Tyo /E 19a)
The mass conservation condition of eqn. {1b) is inte-
grated along the height of the fracture to get

) 3 . - (9b)
'a—i(DQ) + it (2r3DHA) + 2DHQL =0

Lastly, the fluid flow law of egn.

in-2n integrated form

2n+)

(3) is also written

(Q/20)" = (3c)

Here must contain the effect of integrating the
flow }aﬁ across the height and averaging; rough
estimates for r, (which are readily improved) may be
deduced from Appendix 1 of ref. 2,

(apf/aX)/n .

The argument of self-similar propagation now
again allows us to write integrated averages along x
{over the fracture length L), analogous to egns.
{4b,c,d), as follows:

LHE) 7 dt (10a)

3% = ONQH/Z

pressure for constant

~Ithan - m/(n42), the fracture is_predicted to eventually|

T pwhl‘{( R :“‘.r214£/|lnhl (10b)
L
I,H?/;L = j 2@)Hqde . (]m)

0

Integration on time now altlows a. gomp\ete so\ution.
Jastification for the approximatfons used (especially
us2 of a slope I, on the pressure curve, figure 3)
is provided by the analytical solutions worked gut in
Appendix 1, The simplest Gase to handlé is that where
pumping rate Q, is specified for the wing: this
permits immedia!e s¢lution for préssure and opening
width, from eqn. (10b),

= o = [(ay2rg (202} (1)a)
Us1ng thlS we can detemmine the fracture extent from
eqn. (10a} _

13 ]

!:EL, 2nt2 FSH_ m

2n+3
(tH‘ = (5= (7p) {11p)
Ty QR
where the weights of pumped and Yost fluid,
réspectively, are
W= Jopu"wdt- W= [ o0 (e)
¢

We have not placed any restriction on the behavior
of fracture height ‘H as yet, Any SpEleled history -
H{t) or any relatioh between H and L can'be
accommodated in the expressions provided, However, lt
is most convenient to decide on the character of the
height behavior before embarking on solutions for
conditions of controlled downhole pressure; for
instance, we suppose either that height H has a
similar functional time-deperdence as Tength 1L or
that it is a specified function of time h(t), or some
combination of ‘these possibilities. Thus we examine
the ¢lass of fracture geometries for which

H=h", h=h(t) . {12a)
Insertion into eqns, (1Ca,b)} allows extractior cf the
solution .

(F39H HLH ) /F =
t
dt FES °u°L’2 (12b)
0 r1 -F [T %W T ( k) -F
in which the powers are defined by
F oz {u(@m-2r) + (me1)(T-0)1/m(24+7) {12c)
P = [(2n#3){(1u+1) ~ mu)/m{2u41) (12d)
E = (2n+#34m)/n(2p41) (12e)

In fact, clearly, all of the gamma coefficients,
densities, pressure, loss and height can still vary
in a completely arbitrary fashion, Still, it is now
vorthwhile to explore the consequences of a few special
assumptions: for illusiration, we fix coefficients
and densities, neglect fluid loss and allow time-
dependence in height, pressure and/or injection rate




_sertion of H and Gu into eqn. (12b) produces a
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only, fﬂrstly, consider a power-law behavior of the )
latter three variables

h= hot?, o = ogts, 0, = gt¥ (13a)
Insertion of H and_Q, into eqn, (11b) lesd;'to
L 2m3 rp loQuemd | 2
& - -
h 2 T lueTy
0 h0 3

]

x

(2h0/u3)mt¢(2n+2-m)-¢(2ﬂ+3om) “(13b)

in which we have structured the result to display the
special condition of constant height and constant = -
pumping rate (¢=0=y) for which the model has typically
beer used in the past?:%s8, On"the other hand, fin-

fracture length given’. by
20 FrheFEe

2 : of - -
[—ﬁa"'] = "FngsipE?Tj’(ogts)P Ft(E 2F)¢. (13c)

Again, the special case of constant height a r surJ
{um9=0=3} 1is readily deducible (giving L ~ tgy(g*fil

It is also interesting to note that the fracture will
not propagate - indeed, it will formally reduce in
Yength according to the present theory - unless the
power of pressure -satisfies

g > {2F-E):-1 .  -m |

2 T T (134}

¢=0z_y

The observation in“eqn. (13d) naturally
introduces the need for an alternative to power-law
spreading of tha height H. Reference back-to the
result- of t*e computation for propagation for a long,
straight crack perimeter, as deduced in egns. (5,6},
shows that there occurs a power-law for & vs, t
(for m=n) only if pressure has the form
tn o -mint/{n+2); eqn. {8c) then demonstrates that
pumang rate also follows an arbitrary power-law,
Otherwise, length is exponential in time; since those
results are directly applicable to the computation of
H {as is arqued more generally for the P3DH model in
section 4}, it is necessary now to provide some cal-
culations based on an exponential growth of height
H, First, suppose that &, has a power-law behavior
in-time (egn. (13a}) so thyt the solution of eqn. (5)

is
5 ; .
2_%0_ Y5% Me#1| ,, _ n#2 —
H= = =0 B— exp “"—\—,,‘B'+])t y 0= "“-]'— . Li4a
ot LY3 ’ J

a

We note that 5, and o° do not coincide except for
a canstant presgure (B=0¥, so that an exponential form
of pressure may be preferred:

;N = Sgest, K - Hg exp(}st)exp[ | '(14b)
Kt -
- { ]:D-DeBl , D= Y50y /BMY3 . (14c )

Insertion of {14a,b) into ean, (12b) produces
integrals of the form

b = JtBexp tA+], e = Jexp Bt exp[D exp At] (V4c)

-it isapparent)y’ valid for reasonable operating con-

§ fracture will take the form

effectively implies that the aspect vatio is dictated

_j recognised by introducing eqns. {4d, 10b) for vy and
| 19 (the coefficient in a time-variable rg).

wheke[the~coeff§;jents,appearing may be written in
conjunction with the condition for perfect in-
tegrability

AN s A< B zPg-ge/2+C, C=sllsmlfom. (18d)

The coefficient ¢ has been added just to satisfy

the integrability cendition and could, for i?stance,
arise from a time-dependence in o, 7 (o, 1)~ of the
form exp Ct, Of course, the inteEr?!s éan be’
performed anyway by repeated integration, or by
numer-ica) ‘methods, but we focus on the perfect
integrability reésult because it produces a dramatic
demonstration of tie relation between L and H; besides,

ditions, such as constant specified pressure. The ve-
markable result is that, for any of the height growth
Taws in eqns, (14a,b), the aspect ratio of the

oy 0 im . m
L ml 2?573—] Zyq " TpTy v
B R - B R~ I foceay (14e)
JRC N PO (N O 7 7 S

which follows directly on performing the integrals in
(Y4c) and using values of " F,P,E "(with u=0) from
eqns. {12¢c,d,e}. - ,

Slow variations in time may bz superposed on
eqn. (14e), arising-from separate time-dependence ,
of o, r,, but the essence of the result is'still con-
tained] *’in the multiplying coefficient; this

by the ratio of slopes in the pressure curve, as is

C3ncellation of ~Fyn with y;f is reasonablv assumed,
but r3 and r, will“typically be somewhat

smaller than y; and y,. To achieve a length
appreciably greéater than height, our only resort is
through the slope ratio r,/y, (figures 2,3). The
vertical pressure slope .y, can be calculated with
numerical models, for a given profile of rock
properties at any particular vertical section in the
reservoir {see Section § for discussion of typical
values); the Computation incorporates both vertical
fluid flow in the fracture and, sine qua non, the
mechanics of rock deformation and separation near the
upper or. lower perimeter, The lateral slope r; may
also be calculated for a more detailed model of flow
according to ecns. (9), in a fashion somewhat akin to
(but more general than) previous appreaches2>4»8

(see Appendix 1). However, the mecharics of fracturing
near the front of such a moving channel must be in-
corporated to correctly calculate L{t}; this wil)
change the whole complexion of the solutions obtained,
especially removing the possibitity of self-similar
lateral pressure profiles and rendering untenable all
existing analyses {algebraic and numerical).

4. A PSEUDD-THREE DIMENSIONAL HYDROFRAC MODEL (P3DH)

To improve upon and go beyond the approximations
of the previous sections, it is now possible to com-
bine the governing equations for the various sub-
elements described there, and thus generate a fairly
general and realistic model which may describe many
practical circumstances very adequately. Here we
describe yne such pseudo-three-dimensional hydrofac

]
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model {mnemonically called P3DH). The backbene ©

model (Figure 4) {s still the use of the hefght-wise
integrated one-dimensicnal equations (9) for the wain-
stream Jateral flow of fracturing fluid; but now a

vital supporting framework is provided by the add
tional equations (1b,2b,3), approximated in egns.
b,¢ ), -for the behavior of the fracture height at
any vertical cressesectt

To obtain a compact descrlptlon of the prima
structure in the P30H model, the lateral flow
equations {9) may first be cc-bined to odbtain a s
governing equaticn on pressure &; we note that

to opening, (e.g, &, arising from frictional st
figure 4). A convenient resulting form is:

can actually also incofporaté a nonlinear contribgtion
pDage¥

PYIPILET SR SREE R KRS

SRy BTytel Ty - g Ut
1
ep
3 pm( H)an‘H‘m 4 sxf]

1

no.
3 o af .
3X [Ors(' 3X) }» f H
in which the transmissivity T is thereby found

Ekz“*‘*”/(2n42)rj8

1

“2n+2
[+

FS E F4

It may be emphasised that the vertical fractire spread-
ing need not be symmetric upward ang dounwards.‘the

total fracture height H y? {figure 4) is ¢al

24 purely for convenlence wIéhout ioss of generality.

The trans1t10n from pe/3x  to 3olax is
achieved when the other cont$

and A_) are independent of x, an approx
mlt\o that will suffice for the purposes of this
paper. Sclutions to these cquations (15a,b) may

obtained for any specified behavior of H, sometimes

analytically (Appendix 1)} but certainly numerical
in general, they constitute a nonlinear diffusion

cess along x, over a domain which exgands continually

in time. The classical circumstances of con
H are included and they emphaq1se that a contrib
to the fluid storage temn a{ f3p0H2) /0t (egn. (15
later) does arise from the increase of ¢ with t
at any fixed point along x: this tends to be a

secondary source of fluid take-up (by comparison to

} in the conventional sclution and it was
Yected in early work?, with quite accept-
able results“. However, the possibility of vary1ng b

dt/dt and g
actually neg

now renders the storage of greater importance in
solving eqns. (15a-c¢).

To proceed with the solution, we need to decide

on boundary values near the wellbore and near the
moving outer boundary; it may be assumed that the
values of variables Q or o are known:

x=lp>o =g or T¢af/ax = - (qu2)"
= (1-w)l > 0 = o or @ = Q(t)

Here QH is the wellbore injection rate for

ibutions to g (from

f this

i~
{4a,

ry

iggle
[}

(15¢)
to be
(154)°

led

]-
be

1y;
pro-

stant
ution
i)

ime

(15e)
(15f)

the

particular wing of the fracture in question and any
solutions must satisfy overall mass conservaticn

Wl ¢ L e

With reference ‘to an integration of eqns. (1%5a,b), and
by use of the Lefbnitz rile?l, this coadition can be
rephrased to get the rate of fracture extensicn

Ut = Qg2 el {15h)

)

i in COhVéﬁtibﬂ&l ‘modelsi-eans . {150 hY corva . tai i e bl T

detenuine dL/dt uniquely because the boundary value
“is typically assumed: this has always been set
e al to zero and we note immediately the difficulty
that . a{x=L) = (presunab? }, 30 that the nu-
merical calculatuon f eqn. (15h{ is likely to give
poor results. However, the model can readily be made
more physically ahd computationally appealing as
follows.

, Furstly. we have made two adjustments to the con-
véentiona]l boundary ‘conditons: the wellbore end may be
at a finite initiation distance Lo (for instance,
to allow the possibility that L is exponentia! in
time, as suggested by eqn. (14e)) and the: pressure or
flow rate at X =L - wl may have quite: general: values
(as agalnst c =0 or" QF = 0, typically assign-
ed2:%,7,8)  These latter adjustments of the boundary
conditions at the terminus of the fracture (Figures 3,
4), constitute a major re-rationalisation of this uhole
P(N -type model for’ lateral ‘flow: the values &, .and

are not (usuaily) determined simply from: tﬁe fluid
ffow laws but are governed rather by the overall
mechanics of rock separation at the front of the
fracture. We have coined the suggestive title of
leading edge model for the calculation which produces
a relation between and dL/dt (or Qg); when
coupled ‘to the flow dEscrzbed by egns. §5a ,b), the
values of oo and dL/dt can be computed at each
stage in the fracturing process.

The leading uvdge model must, of course, adequately
capture the complex crack opening and frac-fluid

penatration which occurs arcund the guter perimeter

of the fracture. Rigorously implemented, it would
require a full 3-.C solution of the equations (la,2a,c,
3); this is stil? much less computationally demanding
than a 3-D simulation of the whole fracture as it
spreads, and developing 3-D capabilities?:10 may be
applied to the task in the near future. However, for
practical purposes, a simpler model can often
adequately be used to make the computation; this takes
advantage of the similarity in character belween the
extension of the outer perimeter and the spreading of
upper and lower perimeters of the fracture, while
recognising the corrections required for geometric
differences between the two processes. The correction
factors may be determined by laboratory experiments and/
or eventuzlly by 3-D numerical simulators. Thus, for
illustration, we will .implement the models described by
egns. (1b,2b,3), or their approximation in eqns. {4a,b,
c), to descrlbe the propagation di2/dt- of the leading
edge at the front of the lateral fracture spreading.
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These same CGOD-type madeis are alsa the essence
o€ the secoirdary structure, describing the evolution
of fracture hetght H(x,t} at any point along x,
Their predictions are used to compute the contribution
of W73t fn the fluid storage term )

3 (bpal) = P2 & (pa) + 00 2 (T %) (151)

of eqn. (15a), and also to_update the value of the
‘effective transmissivity TFg at each stage in the
solution of the lateral fluld flow equations. This
alt/3t. calculation can be arbitravily accurate,
depending on the complexity of the injection sequence
in the field opération and on the lYevel ‘of confidence
in the:available data on-reservoir structure and
| Txterialioropertids. It may involve a. complete un-
steady-state simulation vi (1012 ~enatration and peri-
meter propagation, for which the regiirved numericai
capability is just now becoming availablal®; or it may
be a:less complex numerical représentation which we
have also developéd, based on self-similar kinds of
assumptions; the latter proved adequate for many
practical pumping sequences.

For jllustration here, we will adopt the much
simpler approximate solutions which were developed
in eqns. (4); these immediately provide an expression
for the whole of the storage term in eqn. (151); a fact
which greatly simplifies the pracedure of solving
(152,b). However, we note that the separation in
eqn. (151) should more generally be maintiined, in .
order to allow the possibility {e.g., for constant H)
that the dominant storage term is in 3{pd)/3t; this
will generally have to be computed from the lateral
flow equations, since the vertical propagation mode!
has no way of calculating the actual pressure at the
cross-section in question - but rather requires it as
an input for each next step in time.

For instance, then, an equation from which ‘the
excess pressure o can be calculated is derived by
amploying the results from eqns. (4,5) to get the
following more tractable versiva of tgns. {15a.b):

1

~

& DoTl- 2y 1 4 (16a)

It is interesting to note that when m = 1 this becomes
a linear differential equation, with variable co-
efficients decided by H{x,t), so that solutions can

be extracted by superposition; this serves, therefore,
as a convenient test case for verifying numerical
results, It seems that time enters only as a parameter
(through H) but, of course, the boundary-conditions

in egns. (15e,f) dictate the fracture extension in

time - through eqn. {15g) for QV In implementing

the latter, we note that a relatlon of the kind in (15h
will typically produce results of lower accuracy than
the kinds of overall mass conservation statements
that we are able to use when self-similar solutions
are possibin {Appendiy 1),

The form of such self-similar solutions may
always be employed in the model of eqn. (16a), since
no time-derivative appears there; thus the time-
dependence in Hix,t) can be transformed to a de-

pendence on dimensionless position Xz x/L, with time

as parameter,  This can be written into trans-
Amissivity as fo!lous: ,

H = Hg(Xit), Tg = To KY, mR = 20414 . (16b)
and then eqn, (16a) takes the following form,
negiecting density variations,

1 mM Zn 1 -
- A i . xS - S
FR0 (P & vgllm)® & P a0 . (260

where prime denotes differentiation on X.

. This equation can be solved for-any ressonable
form of g{X}, but a _flavour of ‘the resualts can be
obtained by noting that assumption of g=1=m {constant
Woizhe-and Newtonian fliiid) allows the simple
exponential sbluttons el

RS

P

fele (o§"+2-e+d35"+2)eidll(ed-e'd) (368)
- : |
T NG

@ = v U PY (16e)

it s clear that the solutions cannct be truly seif-
similar, since the time-dependent length appears in the
Minverse characteristic distance” d. It is interest-
ing to note also the resulting injection rate, in

terms ‘of well-bore and crack froat pressures:

2n+1 N
) Py
e (]5f)
edJe'd ,

Q = 2hglg [33n+2('ed+e‘d)‘-25§"+2]

For-large  d, the injection rate and pressure would
have essentially the same functional behavior in time;
with constant 0g for instance, thig coﬁtfa;ts u
strongly with th8 falling pressure ~ t-n/{m2) o
the CGDD-type models (eF?f2 {4?,63) and-with-the
rising pressure oy v t n+3 of the conventional
PKN modet {eqns. {ila,b}}. Roughly speaking, the
fluid is being supplied partly to a PKN lateral ex-
tension and partly to CoDD vertical spreading.

Indeed, the fracture extension rate may now also
be computed, a unigue opportunity to use eqn. {15h) wiy

prezision. The result
e : 1
a . St (2t - af el
® /2 e, i (19
F'o

has a very revealing character: for large d especially,
propagation of the fracture front dominantly depends
on the excess pressure there, which must bear a suitab
relation to the specified well:bore pressure or in-
jection rate. This points up both the sensitivity to
o of the calculation in egqn. (15h) and also the need
fgr an additional propagation criterion to determine
this hitherto free variable at the fracture front.
Both of the difficulties illustrated by egn. {153 o
be alleviated effectively by introducing the model of
a leading edge to decide the rate of crack extension
at each stage in the process. The essence of this ne

a) ma
) ma
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feature is. captured also by the approximate mode\s for
which solutions were worked out in eqns. (4,5) but
their implications must be stated in a somewhat
different way for the leading edge, since this does
rot actually increase appreciably ia size during the
propagation. -Thus the calculation s for de/dt, not
for d{oe2)/dt, and a suitable form may be obtatned

by {nspection of eqn. (4c), namely

dLjdt = q‘ . 75[ 2'\*‘-ll( L)Zn-m]\/m (]75)

The 7 employed here will need to have an
;apprec?ably larger value than that pertaining to the
“vertical propagation applications disciissed in eqns.
(18), certainly in reservoirs where long narrow
- fractures are to be produced. :

The propagation rate impIied by the equations for
the main body of the fracture must now match that . .
QALY LTINS élhanics vi ik aeading edge:  FOr
dnstance, if eqns. (169,173) are to be compatible, then
the following relation of front pressure to wellbore
préssure must hold

o2™2 o 2O rostnh 4 4

T-21-1
Fyvgw

tosh dl (17b)

Q= /)’Yri‘g) [A] (]7C)

n

waHO .

Clearly, the excess pressure o decays qu\te rapidly
to zero with increasing aspect ﬁat1o L/H, tas re-
presented in d, eqn. (16e)§, s0 that it Qan be neglect
ed eventually: effectively, the long path of fluid
flow through the main body becomes a far greater
resistance to propagation than the need for an excess
{0 drive the leadrng edge. In addition, conditions

may be such that @ is very large, due to favourable
propagation conditions near the front (€.9., very law’
‘confining stress or compliant rock, which will generat
large ng The dimension «l has been converted to My
for very good physical redsons: the fracturé opening
transforms, from a sxmple relaticn to fracture height
H.lean, [92)), t5 & dependence o distance from the
real fracture front x = L {figs. 3,4}, when L ~ x be-
comes comparable to H. Thus, w 1is of order unity; it
can be evaluated by laberatory experiments or by de -
tailed modelling of the processes involved in the
teading edge.

The pressure driving the leading edge, o
eqn. (17b), can ncw be substituted hack into
{17a) ard integration yields a complete analyt1ca1 re-
sult for the fracture extent L{t); weomit this because
it would be unrealistic to assume a constant fracture
height throughout a process governed by an equation
{163)) which vests its storage terms in the precept of
steadily varying height. Alyhough the formulae in

eqns. (16d-g, 17b,2) are limited in this respect, they
do convey in a compact transparent way, the structure
of the more realistic solutions which can be obtained
with this very appealing model of eqns. (16a-c).

in

oon.,

Without presentinc these mara aeneral recnlte,
is possible to indicateZ? some primary practical impii-
cations of the new ingredients in models of the kind
described by eqns. {15,16); these may warrant a cci-

it
it

plete re-assessment of field data, including the few
cases where a thorough analysis has already been donc
with old models.

SAMPLE APPLICATIONS TO FIELD OPERATIONS

The sfmplest possxble implementation of - foregb\ng
formulae can be achieved for the case of fixed fracture

‘heights, an assumption common to a1l preceding design

procedures®-8,  Numerous such worked examples exist in
the literature and, of course,” ifinumsrable case-
histories are available ip stimulation proposals re-
gularly submitted to o rators of the many oil and gas
production compinies t hroughout the world. Despite the
1imited realism of such special fixed height models,
they will serve adequately here to demonstrate the

-general’ procedure to be followed in making coﬁbutations ‘

with the hore comprehensive forsulae that: we have
presented. The current -inabitity to sati§factorily
verify’ predictions made after a stimulation treatment
based on these, -and suggested remedies for this - in-

‘cludrng ‘the performance of move ccmplex credible cal-

‘culations; on the basis‘of the models in Sectién 4 -
are matters wh1ch will-have to be considered 1n

Vseparate work, oo S

As a first example, we employ the formulae appro-,
priate to a-specified total wellbore pumping Fate
into a fracture with the conventiona} PKN2+ geometry
The width and leagth may then be determined’ froin egns.
{11a;b), provided the coefficients Iss T3.can be '
deterinined. The first of thése, rs, contains a: Tnumber
of components {eqn. (10b)): E/r, is dependent on the
surroundlng rock respanse - for instance, an isotrop\c
homogeneaus YTinear elastic medium gives the simplest

‘behavior

= 6/2(0-v), 1 =1 . (18a)
The averaged channel-flow resistance » Irk my be
determined by 1ntegrat1ng ‘the nonlinear-flow equations

‘across the height, viz. acc0unt1ng for the vertically

variable chaunel width; however, an adequate estimate?
for this guantity is one which will allow direct com-
parison with conventional models2»%»7?

-~

3‘.’:1_6.
Fa ¥ oy

32 z" :
=30 K'{4+ 2} {1ap)

~

The shape factor T expresses the ratio of total
volume in the fracture to that which would pertain if
crack opening § were uniformly equal to a(x=0)
everywhere (figure 3); a good estimate for it is,
therefore

ry = r3/(1+r2), ry = /4 . {18¢c)

if we assume an elliptical opening along -~ and

a (1-x/L)T2 profite along x.

The only appreciable difficulty arises in
determining the slope of the pressure curve at the
wellbore, T,; Appendix 1 shows that a good estimate
for this curve, when height is fixed and the leading
edce is neglected (e.q. for low confining stress’ wn

the rogion), may :: uritten 53
0 = oH[l-U(X)] ‘, r2 = 1/(2n+2-m} (19a)
X
— m,, 0
u) = | ds faxs1-01"] (196)
t]




“lconstant pumping rate, these poue s are

m+1 —mrl
(m+1}(a-u) s

«atd
R T

‘(19c)

Here a8 are the pouers in the tine-dependence of
length L-- and excess pressure ..oy, respectively; for

(194)

S (22} (2iv3), 3 = 1/(20e)
The slcpe T, can now be deduced in the form
0, = (m+])(d4;) :
=Ty u’ (0) {1%)
o _2 2 L emem ™ ™y -
As a guade, in the above equations, U(X) may be

thought of as X and r, as r%; these approximations
would serve quite well for most practical purposes.,

Clearly, a 1ittle iteration on egns. (¥9c e) may be per-
formed to improve the accuracy of the r, determxnatwon,

Justifiéd by the accuracy ‘of the model or the role
which r, plays in eqns {1a,b). To illustrate, for
the special casem = 1, we start with 1, = 1/3

and immediately get the converged estimate for constant’
pumping rate,

uf. 0.323 (15F)

= 0.775 » F2 =

This corresponds with the value (roughly r, = 0.33}"
which can be deduced-from the numerical solutions of
Nordgren™ (elther as the ‘slope of his figire d at X = 0
or by back-calculating from his éqn. (20) what - T2 would
have to be for cons1stency of his resuits with’ eqns
{11a,b). The value ic higher than that resu1t1ng from
the convent1onal assumption? of constant flow rate,

namely I, = 1/(2A+2) = 0.25, which neglects - the
storage terms 3af3t that cause all the’ dlff\cu]ty in
Appendix 1.

Interestingly, the approximation ©, = 13
1/{2n+2-m) proves to be increasingly good with de-
creasing n = m < 1, and this value will be adopted here.
Our argument has concentrated on the regime of dominant
accumulation but similar arguments {Appendix 1) may be
made for the alternate extreme of dominant loss; these
are borre out again by the numerical solutions of
Nordgren*, which verify our deductions that rg can be
used as -a good estimate for the pressure siope” in
making practical calculations over the whole regime
of 3 typica) fracturing treatment. Crack-opening .58
is relatively insensitive to r, f(and to y> in the
next application, with CGDD models), because of the
2n+2 root that is taken in egn. (lla), thus, small
changes in T, {e.g., during transition from
accumulation to loss) may be ignoved if a good average
value has heen determined. These observations are the
key to the simple application of our formulae which
i5 presented here.

To facilitate calculations, we rephrase egns.
{11a,b) for constant specified pumping rate in the
form

2n¥2

o fll, 4751, M T
Tymy LH Qw/4 H rzraﬁ

(20a)

" Michael P. Cleary -

‘parison _purpdses, although an)LotheF

‘treatient time t needed to achieve any desired .

value chosen may be ‘decided by comparing loss to

‘rnherent approxzmatxons in the mode! 1tse1f
-Ihut-axhaistive.computation:to-get fine precision is not]:

s : ROUEUMA N

“particularly the compendium’ provided in ref. 7.

“plained by small errors’in calculations or diffe

'Qut,= HL/Q? + 2r3'LHn >

w —
.t 2 2k 2 :
(Q“) u{( L8, S
7iH LE+T.5 ]

t
E :'A's + P3A

Here we have introduced- the convent&onal spurt ]oss ‘
square-root’ 1oss assumption “q 7Vt -1, for com-

law is readily -
incorporated for W in the formulae; the result, eqn.
{20¢), is a stralghtforward quadratic equation for t z

A in eqn. (ZGb).

Tength = L {with accompanylng ‘width
L . The parameter @

whvch is al sumed

nt ‘To§sy the

accumulation on a quick first pass through aqn (20c) -
bu;, again; excess. fussiness-is not warranted by ‘the

H nuﬂlDEI UT lnusu duve FESUItb are 5n0wn ]ﬂ
Table 1; these are all chosen delnberately to &llow
comparison with existing calcutations in the literatur
The
agréement, with calculations ascribed? to Nordgren s
model- {denoted by :N) is genera11y good “for.1inear
fluids ‘and the few deviations can probably, be’ ex=

in minor details of our models such'as the weighting
of the loss function in eqn. {20c) For ‘nonlinear
fluids, much bétter agreement is found with the
caiculatrons7 based on Perkins and Kerns model (de-
noted hy PK), because the }inearisation’ needed to
implement Nordgren's solutions works: quite poorly,
obviously, the careful’ 1mplementaLlon of égns; '(20a,
b,¢} now: prov1des the proper- exténsion of ‘'such detail
solutions to the nonlinear vange. ~These simple
formulae can therefore supplant all foregoing tedious
or approximate analyses.

An entirely analogous procedure can be followed
for calculations based on the CGDD:type models. The
refevant equations are now (6a,b) which can be re-
phrased in the form

W22y a? QA vpvg E (21a)
th = wL/pw + 2Y3EHA {21h)
form of eqn.-(20c)

Tne Taller reduces to exactly the
when y; is substituted for 3 and 1« is interpreted
as the length L of the fracture for the present
context. The major difference from PKN models is the
appearance of s2:(rather than LK) in the exprossicn
for crack-opening A; fractures with i shorter/longer
than H therefore obviously tend to have narrower/
wider aperatures than those predicted by PKN.

Accinn

The_simpler_parameters needed for the calculations

are v; /8 (= ry/E, eqn. (18a)), v3{= rs, eqn. (18c))
and - /y, (eqn. (18b)) Again, the greatest
dxrfichxty appears in d»uxd.rg cn values for the slope

of the pressure curve 'v,: this must be determined
numerically, with the aid of self-similar propagation
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n

| previous workers 35,7,

routines which we have develoged. These resemble the
schemes formulated by Geertsma and deKlerk3 and )
. Daneshy®, but they do not assume constant flow rate
along the fracture, viz. stovage ar loss_terms
-corresponding ta 34/3t and q in eqn. {(1b) are
precisely taken into-accounty as well, quite general
-vock/fluid properties and’ ingect1on sequences can be
accormpdated. A special application is that of
constant pumping rate and isotropic homogenecus rock,
which allows comparison with previous predictions3:57;
we fitid that incorporatioh of taese more realistic
descriptions leads to consideraile alteration of the
predwctIOns conventionally made with ‘these models.

In partwcular, the value of. .y, dces not seem to
be nearly so high as that 1mplxed by the’ vesults of
For instance,” it is easy to
show that the formh]ae in ref. 3 implicitly represent
a value vy, = 11ndependent1y of ‘the confxnlng
.stress: (orovided  this.is 1avae enoitah. to. justify ‘the.
approximations made in deducing their formutae).

We find values this high'only for very low cornfining
stress (of order one-third of the total fracfur1ng
pressure) and y; drops quite dramatically with in-
creased confining stress, as much as an order of
magnitude up to Stresses typical of welatively deep
hydrofrac operations. However, we ‘will use the value
4:/14 for reference purpose in maklng our comparative
‘calculations here (Table 2): this serves to check the
predictions of preceding work3s-:7 and allows the
estimates for & to be readily altered {keeping all
else fixed in eqn. (21a)}) for any new y, determined
numerically.

Clearly, the agreement in Table 2, with results
cited in ref. 7 is quite good. Qur st\mulat\on tite
estlmates are cons1stently lower but this may be ex-
plained by our more rlgorous implementation of space
and tirme integration in the final form used for the
toss function (eqn. (20c)). Sometimes, the Geertsma
results {G) for & are lower than ours, {implying
an even higher y.?} so we use Daneshy (D) for
comparison; both are used (GD) when they agree. Some-
times, the . of Daneshy is appreciably higher, <o we
use the Geertsma results (G): this means that Daneshy
does find lower vy, and may provide a more reasonable
estimate. However, all of these :esults must be
corrected to account for the effects of storage terms,
confining stress and more realistic rock properties.
The result will typically be a somewhat larger crack-
opening a ({smaller vy;) and longer stimulation time
t to redach any desired ‘length, for this particular
CGDD model.

0f course, we have argued that both these (GDD-
type and the foregoing PKN models should rea]ly be
incorporatad in & wore realistic simulator \auu a3
P3DH); this immediately brings in the need vor more
general injection sequences (such as specified
pressure), rather than constant pumping rate. Such
calculations {e.q., using eans. {5, 12b)) can also
readiiy be performed. The more general calculations,
e.g. for P30H, become appreciably more complicated
and inherently numerical - except for special
analytical results of the kind cited in Section 4.
Thus, the many other possible calculations with these
simple geometries and more detailed applications of
these new pseudo-3-D models clearly warrant a semarate
presentation and will not be pursued further here.

CONCLUSONS,

'the governing equations; the remainder just involves

i From a practical point of view, there are probably
Jjust three main conclusions to be taken “rom the
material in this paper:

1. It is possible to employ. strelghtforward algebraic
formulae for analysis-and design with Conventicnal
CGOD and PKN industria] models of the hydraulic
fracturing process. These adequately” capture the
predicticns made by more. complex numerical simu-
tators, for the typical assumptions of specified

__(&.g. constant). pumping rate; they also encoripass | -
more. general H\JGCUOI! sequences \SUCﬂ as

,specrfwed pressure) and allow a broad range of .

"fracrflu\d or rock prouerties.‘

The formul ‘}ncorpora €. the. capabil:ty fqr
descr1b1ng variation of “fractire’ herghts ‘during

. the stimilation treatment. iTHis vertical: Spread-;.a,mi

ing may be either specified, in the simplest
descriptigns, or it may be allowed to evalve in

a manner consistent with the {specified or deducedi
pressures driving the lateral propagation.

The formiitae for the CGDD and PKN models are simpld
enough that they can be combined to achieve
various more realistic descriptions of the hydro-
frac processes which are believed to develop in thd
field. One particular. P3DH model has been .
described, to illustrate that resulting governing
equations and solutions may sometimes be simpler
than these for the conventional descriptions
presently 'in use; it also helps tc crystallise and
remedy the numerous shortcomings in these cur-
rently available models.

The paper has aimed maan]y at prov1d1ng an over-
v1ew of the great potential which is offeréd by sim-
plification and integration of the various components
which have been developed over the past few years.
Only a sampling of the many amenable.geometric idealis-
ations has been presented and this has concentrated
mainly an the currently popular mcdelssy it is hoped
that th1s choice will provide the greatest motivation

for ‘industrial interest in the method, since the
fornulae can be immediately tested against available
simulators, and extensions can be made as desired.

Although not presented exactly in this mannery it
will be observed that the heart of the formulae can be
extracted very sxmp]y by a non-dimensionalisation of

2 good physico-mathematical choice of the undetermined
coefficients. The results couvld be presented in the
usual format of design charts, based on dimeasionless
groups eitracted, but these can readily be generated
from the formu?ae as desired; 2 more appealing pro-
cedure may be to program the solutiens for a suitable
pocket calculator, with the separately determinable

v or T coefficients and job parameters as input. -

Despite the great appeal and considerable improve-
ments in simulation capability wrought by these simple
formulae, ithe paper enphasises that they may be severe
1dealisations for many practical applications; of
course, they are still more desirable than fully 3-D
simulators with equally idealised assumptions of a
However, it is possible to extend

different kind.
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heir realnt of relevance by astute combination of the
Tkind indicated in Sections 3 and 4. Indeed, we have
een able to develop quite realistic Qquasi-analytic and.
‘ rical models of the: fracture evolution in typical -
eolcgical” structures, based simply on equations of the.
kind outlifed jn Section d; thece anain just hybridise
the convéntional owe-damensional lateral flow descrip-
. ftion with the two-cimensional vertical spreading models
hat we have generated. The result is an effectively.
ree-dimensional description of the operation, withcut
the many details and expense needed for a truly 3-D
umerical simulation. There will be circumstances and,-
ventnally, sutFitient” rhsgrvowr information to merit
uch rigorous 3-D capabilities. _However, the "half-vay-

se” models of the kind described in this paper will
t least constitute acceptably realistic intermediate
top~-gaps. Their allowarce of a varied level of com-
lexity, from the very sumple equations in Ssction 4 to.
he full numer1ca1 simulation of.m IRYe  vartiaa ) and-
Awisantil” »(uaa-sectlons, matéhing “the level of con-
idence in data available for the reservoir, may make
hem popular for scme time to rome.

NOTATION

b Arbitrary rowers in growth laws

Subscript or superscript denotes evaluation
of variable in main body of fracture (7ig.2)
Arbitrary constant, e.g..-eqn. {143}

Inverse characteristic lengthS.eqn. (A2.1}
Powers used in grorth laws, eqns. (12c.e}
Plane-strain modulns of reservoir rock
Arbitrary function (e.g., excess pressure
in fracture, oditl)

Shear modu]us, values in region j .
Acceleration due to gravity on earth
fracture energies of material; equivalent
value for typical hvdrofrac operat1ons
Parameters appearing in expressions for
fracture he1ght

Half-heizhts of fracture, formation pay
zgne, elc.

Permeability of porous medium

u oy

rr-wnrr-7--1r=r
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Wwononoun
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"ou o
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i~
o

-
=
<
#

EE ™ R 2 L2 B X B s i faa K= O
SO

L,kf = ;luid loss coefficient, value at the weil-
ore
o = Effective consistency of frac-fiuid for nure
shearing deformation rate
K = Stress intensity factor; critical value vor
¢ propagation
2 = Generic length of fracture, lateral extent
or height :
L,LO = lLateral extent ‘of fracture, ceefficient or
inttiail value
N = Power laws for flow of fluid within fracture
n,n = Unit vecters normel to crack perimeter, or
normal to fracture surface
‘M, N = Powers used in"soluticns, egns. (14a,Al.4c)
PyPy = Pore-pressure, tectonic value
pf,p“, = Pressure in fracturing fluid; value at the
; { well-bora, or in main body of fracture nr
p?‘Pf at front of frac-fluid {(e.g., for vertical
cross-section of lateral flow mode), fiv.2)
ip = Power use¢ ir. growih law, ea. {124
q,9; = VYelocity, speed of fluid flow in fracture or
) porous medium; values at the well-bore and
%00 fracture front
9 L9 = Flow rate for filuid loss from fracture
Q,QN, = Integratad volume flow rate of fluid
0 Q Taterally along fracture; value at the well-
F R bore, fracture Tront; total injection at
wellbore.
F,r = Radial ocosition co-ordinate, radius cf well-
W bore

At

uﬂ:‘k

WoW,

YZ;PZ

Y3;Y3

Y4;r4
Y5
rixo,x)
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¢y

UM;OT,

¢ oB
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woon

nou U A1)

oo

“Mass of fluidiindectad 151 10" o

;Dwménswonless position Iateraily aloag

e )
TTalirey s

..Coafficients for .variqus uses (e 9. power

" Components of second-order strain tensor

.parameter dependence on time (egn,
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Tlme—measured from beginning of process
Generic displacement, component in k
direction

Generic velocity, components in k

(per unit length , figure 2)

Mass of fluid. injected, lost tn formation -
(tota) for one wing of fracture)

Position vector of any point, specific
point of evaluation

Bistances along reference axes to any poi

vt Al S ulj e e e L S e

Time derivax1ve of quantity in’ parentheses
Spatial derivative of quantity in paren-
theses; usually along X or 2

Powers or exponents in the variation of
crack length, excess pressure vs. time

of near-tip SlngularltﬁnuaLc1iu¢ uepnuenLgg
Power-used in fluid loss law,eqn. (Al.1a)
Ratio of crack opening at center to that
for uniform pressure

Slope of pressure curve in CGDD—type mode}
{fig. 2); slope at the welldore in PKN-
type lateral flow model (fig. 3}

Ratio of fracture volume to that for uni-
form opening.in CGDD-type model; same rati
along, ggnera11sed PKN model (sometxmes

Y2 < T

Channel-flow factor in CGDD—type modael;
same in genera] PKN-type iateral flow mode
Combination of foregoing y factors,eqn.{4d
Conbvnat1on of foregoing r factors.eqn10
This is an "influence funct1on" descrvang
the stress at poant X, due to a dis-
tocation or other dls?urbance at p01nt x
Crack opening displacement at any point
Spatial derivative of crack opening, often
called the dislocation density

Maximum value or siitable average of crackd
opening, ¢.9., for any vertical cross-
section of PKN-type model;inelastic
sVippage

Spurt loss, as equivalent crack width

Consistency of frac-fluid used in flow be-
tween fracture walls; incorporation of
channel-flow factor,e.q.,eqn. {18b)

Power or exponent in fracture's storage ...
{Al.3c))
Often also used for angle in polar or ]
spherical co-ordinates ;
Power or exponent in variable height mode?%
Power ¢or expenent,soretimes friction factor
Drained, undrained Poisson ratio for
porous reservoir rock

General time value,e.g., elapsed time
Characteristic time,e.qg., in growth laws
for hydraulic fracture

Density of fluid, value at the wellbore
Components of secund-order stress tensor
In-situ principal stresses -- "vertical,
horizontal maximum and minimum;

General symbol for tectonic stress normal
to fracture, values at wellbore or on main
body of any cross-section {fig.2)

Value of excess pressure ¢ in the main
body of any vertical cross-section (not to
be confused with back-stress uB)
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ogsug = Back-stress on fracture surface due to
pore-pressure alteration, inelastic
deformation, thermal stress induction,
etc., caused by the fracturing operation

o¢~of = Total conf1n1ng stress on fracture sur-

e face (o ), value at the wellbore

9,0y = Excess Eregsure (pg-o driving

- fracture, value at He ?bor

oi0p = Dimensionless value of excess Dressure,
& = y,o/F; value at fracture front.

9 = Power or exponent in height grouth

X = Power or exponzhit in injection rate

¥ = Power or exponent in injection rate

wiR = Dirensionless amplitude of non fluid-
penetrated length near crack-tip or size

S g of detohesion 2one; eqns. {17a,c).

v,V = Gradient operator in 3-D, or along

A fracture surface )
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- Inumerical) solution of the lateral flow equations is thé

Isimilar analysis has been worked out, but it seems more

a wherc 1

“tposition to the overall fracture length, which is

3289
APPENDIA }  SAMPLE SOLUTIONT OF CENERALISED OYN. 0F coursa, vertfisation of 2 selfesimilar-solyr =
EGUATTONS o tion requires the further step of finding "easonable

The starting point for a detailed (analytica! or

combination of eqn. (%a,b,c) written in eqns. (15a,¢).
Our objective here fs just to provide the self- simi!ar
solutions which were implicit in the derivation of the
foimulae in eqns. (10-14) of the main text. Two dis-
tinct forms of H(t), ¢(t) are used, namely the power
laws assumed in eqn. (12,13) and the exponential be-
havior treated in eqn. (\4) A coopletely general self

informative here just to describe the special cases
used in the paper.

The existence of power-law self—simil«r ‘solutions
may be established by adopting the fo]louwng structure
of the variables

2n+2

- f(X)tB, H = H6f£1¢, g =kt . (M118)

is time elapsed since the front of the
fracture reached the point in question; we scale

assumed to have a power-law dependence on time, so that
s (1) _(A1.1b)

In addition, we assxgn their own power~law dependencies
to the transmissivity T5 and storage parameter r3HZ,
namely

CFE = gf T DE3

X % /. L o= L,‘.t‘a.;

2 0r s

= ryo'T {Al.1¢)

Insertion of these assumptions into egns. (15a,c) leads

to

1+1/m

r20-xer eeeny/m @ (A1.22)

b-1

0 d = Sry yl/ayé-y
+ F3(b-ax dx)ft + HOka {(1-x7%) = 0,

T = (xeyo gletl)/(2ne2) (A1.2b)

The dependence on time can be removed if the powers
match

g{zt1) + 2 - Y =b-1=a=3-y (AY.2¢)

—~
X
)
Ny
=

—

a z {(B-a}/m+ A - a, ¥ 2 s(en+d)

Obviouslty, all three conditions cannot be satisfied
simultaneously by the (strictly) one undetermined
parameter o, However, values of either 5 and/or
s.3,% (which are strongly related through eqgns.

(15d, Al.la,c}) can be found which allow satisfaction
of eqn. (A1.2¢c) for any apprepriate value of the fluid
joss power y; for instance, a complete seilf-similar
solution pertains to the constant height solution
(;=:=0=2=3) when 3 =1 - v, nam?]y when specified
excess pressure increases as (so that eqn.
implies a pumping rate of the foum tv,p(mel) =
2042 - +{2n+3)).

{AL.eb)

solutton for f, having assumed Lonsistency of the
power laws in eqn. (Al.2c). This involves consider
able work to do it exactly but some tractable mani-
puiations allow us to extract the essence of the re-
suits needed. First we-perform an integration by parts
on the second term and thereby establish an expression
for flow ;ate along the fracture (which has the'power

v on time),

“Yew
a X+ 3 [ ds 'r‘;?(‘s’) (A1 32}
X
1-w ) . »
¢ | ds x m f5(-s2)Y = oot
25t 0 _
in which the new terminology is defined by
Tiatb y=ata (A1.385)

Note that the constant in the integration was deter-
mined by the overall condition of mass conservation
for fluid injection, eqn. (ng) the quantwty w  is
introduced {fig. 3) to allow for a region near the
front where either the fluid has not penetrated or

the mode! of track cpening should be altered from éqn.
(9a). It is interesting to note that the variation of
flow-rate along the fracture is readily deduced from
egn. (Al.3a), especrally if T has almest a constant

‘slope until it dips sharply to zero at the front {as

the final ‘solution will show):
essentially the same behavior as f for constant
pressure {(a = a, neglect k, and @)}, while it varies-
almost linearly and then drbps off sharp]y in other
cases. Thus there are various degrees of error in
typical assunptmns2 '3 of constant @ or of ,
tinearly varying Q, which is remedied by the formulae
provided here.

for instance,  Q has

A further integration of {Al.3a} is now possible
to get an implicit solution for f as follows:

R RIS (A1.42)
X (\'\S"C\U )+H m
. 3 A0 8 ;
UF(X) 2 ! ds L 0 (:*-mT—“) (A].4b)
0
Nz +me - [m(r41)/{2n42),0] {A).4c)

The functions Uz and Ug are conveniently chosen to
be - ~
0, 0 f(s) , 1% C ;
ISUA(X) z J ds r3 x }+r2 Ty (A).4d)

J
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: - 10 '
b = [ as ki fhr-s" L0, (k1 ge)
' X ,

in which we have assumed U, can_be adgquatfly
evaluated by adopting a fOrﬁ of T~ (1-e-X)'2, per-
_ hsps with small ¢ to capture near-front behavioi;

Ub is obviousty of the form [n/2-Sin-}X/(1-0)1/#(0:1)
18 the classical squaresroot law y = 0.5 = a. but can

be evaluated more generally. : The Gptional zeroes in -°-
pareatheses are provided to allow for the simplification
which arises when the loss terms (associated with ka)'
ggminate the accunulation terms {associated with

r3).

The solution is now completed by imposing the

boundary conditionon f at X=1 - w, as in Eqn.
(15f); eqn. {A1.4a) then becomes )

N N - NN (y) =
= fy -’(fN-fF)U(x),U(X) 3 UF(X)/UF(}-m),(Al.Sa)

nd eqiivalence with (Al<4a) automatically produces the

\Al1.10), namely

: Lﬁ*’ = (Mo 1-m) (A1.5b)

This is the final formal result if excess pressure 3!
e

ia specified at the wellbore, However, if pumping ra
tv is imposed instead, then we must employ eqns,

(R1.5a,b) in eqn. (Al.32) to get (neglecting fe for
simplicity)
T-w
0 £ 1 - : B
o0/ % = J ds k, f°(1-s fayb-y (A1.5¢)
0
1-w _ gl
+ a‘ ds FO(]"S]IG)O[LMIU ]l-w}NlZMZ) .
3 0 “F's
0

Use of the definitions provided for UN, N etc. in
egns. (A1.4) now allow an implicit detbrmination of
[Note that we leave f&, which contains L
brevity. ] 0

L

also, foro

Before preceeding to special cases, we note some
interesiing general features of the result. The Tirst
concerns the characteristic power o in the growth
law of egn. (Al.1b), which is deduced from egns.
{Al.2¢,3b):

=8 + ma-y) (Al.6a)

Since the pressure {power 8) and flow rate (power )
cannot be specified simultaneously, it is necessary to.
solve further between g and 7; if the first of (Al.2c)
is adanted, viz. if flow rated ic certainly consistent
with accumulation arising from height and pressure
changes at each section of the fracture, then the
relation is

8 = (my+-ma-s¥(2ne34r ). (A1.6b)

7"gominaﬁt_]oss.

_[desired estimate of the .lenath parameter.: 1. ~in-ean. .-

On the other hard, if the last of (Al.2c)"is employed,
corresponding to a flow rate consistent with fluid loss

't (and perhaps simultaneous accumulation},” then

B=mp+y-m-ddy (A1.6¢)

A short calculation {using mx = (2n+l4m)s and
G = 2¢) shows that éqns. {A1.6a,b) are consistent with
‘the powers of time in aqns. {13b,c) when 3 = 0 (in
eqgns. (12¢,d,e)). Indeed, eqn. (Al1.5b) now establishes
the more complete results, which allows the identifi-
cation of the pressure’siope I, used in T; of egns.
(13b,c) and also produces the formulae relevant to.
[t is-worth listing such a comprehen- §
"sive.formilae. bers; %<3 oim Giréctly comparable. to
‘eqns. {13b,c); for specified pressure (neglecting fe
again) we obtain = s

N

g —(ki?7a)

m _2n-2m {2n+2
S B \Wf‘, Fﬁho . US )

\hﬂl

% A I
g

K =
N(2n+2)r2r3uF

this allows us to make a direct calculation of the
quantity T, First emnloyed in egn. (10b), namely

r§(5u+Pe+1)”/rm(2n+2-m)§gug i (A1.7b)

r

2

Here the coefficient Ug has been used to describe
1-w

= f ds[us+auA+HbuB/rg]m/(1-s"°)*‘9("°).(A1.76)‘

0

0
U

Clearly, the roles ¢f U, and U, could be reversed
in the foregoing Tormulag if we wére more interested
in the regine of dominant loss (rather than
accunulation).

A major observation must now be made concerning U,
and the importance of « in foregoing modeis. Notice'
that, if m(x-8) = (2n+1-m)¢ > 1, the value of Up
formally goes to infinity (and r,»0) as o -+ 0;
physically, this corresponds to the effect_of a more
strongly vanishing transmissivity (H»0 in Ts) than
storage constant (r;Hé). Of course, the width modeil
A = ol breaks down at points very close to the fracture
front and a leading edge model must be substituted.
However, it reguires quite a compiex analysis, beyend
the scope of discussion here, to decide exactly how
w s to be chosen. Thus, we Eestrict atteation to
models which give a bounded UZ as o » 0, that ic
where ¢ 1is sufficiently sma]g, viz. slowly varying
{or constant) height H.

The dilemma of unbounded U0 is actually avoided
by a socond clacs of solutions tb ogqng. [162,c}, ramely
those which are exponential in time, as discussed in
eqns. (14). The most rcadily analysablegroup of this
potentially broad class of mixed powers and exponents
can be descrited (with reference to eqn. (14})} by the
following structure

15
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i
SM2  eneBt, | . L't (A1.8a)
M= 5 e Plexp[D exp sMxD] = Hag3(X) CALsh)
gl{x) = x3’2°/exbtb{1-x'"5’“)/é] (AT.8e)

Kith these assumed forms, we can aow a ain wMte a
separated equat1on analogous %p (A1.2a), namely {with
Ty = 13 fHA, ryK2 = g Fond - 8)

[rogafx( 1 )T/m] e(é’—a-mo_)tlmIle ~

TZ'\ BleA)t

=-qsx“m ~(A.8d)

- W9 Dk < (o0 /21 o8t

The remainder of the analysis follows foregoing
steps for the power-law solutions. Matching of powers
gives, instead of eqns. (Al.6a,b,c),

B - o= my, [2n43¥¢,2032)8 = (m 1)y

which shows that the relation of pressure exponent g
to pumping rate exponent }. changes very little in
going from dominant accumilation (first optidn in
parentheses} to dosminant loss (second opt:on) Indeed,
the expcnent o describing crack extensicn has also a

very simple relation to these exponents
2n+24mzHin’ 2n+2-m-mz
Lrees sk . {A1.9b)
2n42 2n+3+g

Note that either constant pressure {8=0} or pumping
rate (y=0) gives a = 0; this, of course, means a weaker
growth in time, namely the power laws extracted in
eqns. {A2.6). The self-similar solution with ex-
sonential H{x,t) is’ then ro longer possible but re-
sults in egns. (14) retdin an approximate cheracteris-
ation value.

The overall solution is exactly the same as in

{A).4a), except that we need the following re-
definitions,

X m
r3(ns+nUA)+H

UF(X) = [ ds LW '—) J {AY.10a;
{z+1])
Ui - ”i (F=g’f™2y, Tousg (A1.16b)
t-w
of - des k g(X)/[{-2nx)/a] F(1+0) (A1.10c)

The expression for Ug {replacing that in eqn.

(A1.5a) |

is now abtained from (A1.10a) by" direct specialisation.
Indeed, a solutidn like éqn. (Al.7a) is again entirely
valid, with this new def\nxt1on of and exp{amt)
‘reblacing t““

APPENDIX 2 ILLUSTRATIVE‘SOLUTION FGR P3DH_MOOEL

Mthcuah"‘bresentahnn of gepcra] reahstic :
sin-ulatmn. based on eqns.. (15,16), must be postponed,
it is worthwhile to show one simple example which
illustrates the various manipulations that can be
performed 6 extract interesting solvtions of eqns.
(16a,c) with variable height. Ffor- SIMpIICIty!thlS
starts from the govern1ng equat\on for Newtbnian Fluid”

Tiow and u&ﬁi m; S EsTToTions T

9. 2% o ol A
(94") —d“92f=0=92t(92f)“~92(92f)]

where D is any constant coefficient, parameter1stng
the class of solutions.. This can.be achieved.if the .

“|ileignc-variation tunction g (eqn. (16b)) itself

satisfies the following differéntial equation

(gY - 0% = - a2 (A2.2)
The s6lutiohs which satisfies the condition N = Hy at
= 1 are then
g == __[ ‘d(] X)} + e*D(l*X) (AZ.?S)

follows'that'in 'eqn (led),'namely

'_7 L.
where the hexght at the wellbore is given by
My = g ftss 9, = = d/D + (1a/pye®? . (A2.5)
By suitable choice of the paramster D, we can

obvicusly model a fairly general set of fracture
shapes, especially reasonable amounts of vertical
spreading at the wellbore,with the soJutions just
obtained. That these shapes (sketched on the left in
figure 3) may correspord to’ those which would evolve
naturally in at least some reiervoirs, can be
apprec1ated with reference to the fonns rationatised
in eqns. (A1.8b,c). The same steps, as those in
eqns. (16f,q9,17b,c}, may now be followed to qet
estimates for injection rate Q, and lateral fracture
extenSIOn rates diL/dt; the la!ter may now quite
reasonably be integrated on time to get the whole
expression for L{t), with any specified op or Q

ses_

s .

The complete solutjon for the pressure distribution’now |
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=W
1.0
1.0
1.0

1.0

G.83

_ 0488
0.464

0.28

"W

[N-s"/md] -

0.12
0.12

2.26

38
181

180

153

S

180
140

_Sample calculations. of crack widths. .
Lo acnieve a tracture Jength L,

TABLE 1

a
_L.;L,_..“_,
2.1 (2.0%
392 (2.6%)

~5.5 (5.1
‘9.45 (8.3")
Cies N

(2.8
5.2 (s, IP‘)
6.5 (i6.0°%)

(as shown in parentheses and superscript

—
O o O Qo o

.63
.63

0.464

0
0
J.464
0
0.28
0.28

12.0

12.0
1.46
1.46
5.34
5.34

226.0
226.0

aht 2H
779k MH

= 30.5m {=100 ft.), ‘p
059 mm/vsec. (.0015 ft/«hin),
m? {viz.

26.5
152.0
23.1
133.0
20.1
152.0
25.6
152.0
24.0
140.0
19.2
88.0

G =

2.6 x 108 psi, v
TABLE 2

.52 (1.5%0)
3.63 (349
2.51 (2.59)
6.17  (6.0°%)
417 (4.0%)
3.63  (3.49)
176 (1.8%)
5.25  (5.00)
.98 (1.960)
6.6 (6.39)
512 (4.559)
6.8 (17.0%)

IMlustrative calculations of crack w1dths &

a fracture length L,

as those used in Table 1}

of modification.

and required stimulation time t to achieve
based on CGDD-type models (figure S{(b)). Compariscn is made with
results cited in Ref. 7, and other required fluid, rock and fracture parameters are the same

; a value of v, = 4n/14 is used throughout, for reference and ease

A T

pumping

307
5394

__[secl
30  (330)
6150 (6000)
6500 (6630}
6350 {6000)
6530, "téséﬁx
341 (380 -
7200 (7060}
7971 (8000)

Acand: m[;iyﬁpdr<¥imn‘ls§wp—q broanv\" %~ S

for comparison with values cited in the 31t;rature7
Zﬂ? computations are based on a PKN-type

model (figure 5{a)) and other parameters are the same

namely fracture hei

loss coefficient -k

. and modulus E =

as those used in Ref, 7,
‘ate 10 bbg/min. ( J2H =
spurt ;oss A

{300)
(6000)
(300)
(6000)
(309)
(6000)
~{300)
(6000)
(300)
(6600)
(300)
(6000)

4.37 cm?/sec),
1 mm {.01 gal/ft?)
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- Isolation of geometry which can be describoed by CEDD-type hvdraulic fracturing modols:

Verticai cruss-section of fracture du ring predominantly lateral extcnsion (see inset Fig. &4 ).
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Fig. 1 - Schematic of geometry and variables in a typxcal hydraulic
fracturing operation.
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> Isolation of geometty which can be described by CGDDizype hyvdraulic fracturing models:
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{a)

Fig, S5a- Schematic of conventional PKN .geometry used in
making sample calculations for field applicdtions (Table 1).

(b}

Fig. 5b- Demonstrates conventional implementation of
CGDD model for cemputation of lateral extent in field
operations (Table 2 ).
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ABSTRACT

This paper presents various relationships
between Poisson's ratio and other rock
properties such as overburden pressure, bulk
compressibility, Young's modulus, modulus of
‘rigidity, compressive and tensile strength,
porosity, density, wave velocities, modulus of
resilience, modulus of rupture, fractures,
drillability, and hardness. Thus, it points out

the importance of Poisson's ratio in the under-
standing of some of the questions in rock
mechanics.

INTRODUCTION

Though the change in Poisson's rabio for
various types of rocks is small in general,
sometimes this change can be significant,
Assumption of a constant value of Poisson's
ratio in some cases may result in serious errors.
Unfortunately, the importance of Poisson's ratio
in the understanding of othisr rock properties is
not fully realized and very little work, both
theoretical and practical, has beon done on this
subject, This paper prrsents various relation-
ships between Poisson's ratio and other rock
proprrties such as overburden pressure, bulk
compressibility, Young's modulus, modulus of
rigidity, compressive and tensile strength,

References and illustrations at end of paper.

porosivy, density, wave veloc1t1°s, rnodilus -of
resilience, modulus of rupture; fractures,
drillability, and hardness. Thus, it points out
the importance of Poisson's ratio in the
understanding of some of the questions in rock
mechanics,

POISSON'S RATIO

When ‘a forée is applied to a body, at right
angles to the force, a certain amount of lateral
{transverse) expansion o contraciion takes
place. This phenomenon is shown in Fig. 1.
other words, it can be said thai, if a solid
body is subjected to an axial tension, it
contracts laterally; on the other hand, if it is

. § At i X T A AN
\/UIIGPFCDDCU’ 21t juAaLci lad < tJ

dn

W35 sidewise.

S0 the definition of Poisson's ratic can be
stated as the ratio.of transverse strain to
axial sirain induced by unconfined axial

deformation. Poisson's ratio can be expressed
as
v lateral strain _ Ex (1)
axial strain el 't trr

L

where the strains are caused by uniaxial strain
only.

Generally, values of Poissen's ratio vary
between 0.25 and 0.35. In some extreme cases

Ex 24




THE EFFECT OF POISSON'S

RATIO ON _ROCK IROPERTIES

2 SPE 6094,
values can be as low as 0.1 for some concretes following relation,
and 0.2 for some ‘glasses. On the other hand, - 200 + W) S E
the values can be as high as 0.43 for lead and /B = K = 3(1 -~ 2v) = 3{L =29

0,25 for rubber, The highest posiible value
cannot be morg than 0.5 due to theoretical
reasons (Lovel). Although negative values are
not theoretically impossible, values less than

zero have never beén reported for isotropic
L mataninla, _Fan. wacka ;. -senarally tha. nnlue.ls‘““

taken as 0.25 to 0.27.
EFFTECT. OF PRESSURE ON POISSON'S RATIO

BlPCh2 has shown that under. pressnre

ingly. For example, if a sybstance having
Poisson's ratio initially equal to 0.250 is
subjected to a pressure suffidiently high to
decrease compressibility by 10 percent and
rigidity by 8 percent, Polsson's ratio changes
by less than 2 percent, namely, to 0.254.

The ¢hange of Poisson's ratio with pressure
is shown in Fig. 2. In this figure the total
increase in Poisson's ratic caused by pressure
is only about 10 to 15 percent.3

Adams and Williamson™ have noticed that, at
depths greater than about 50 kmy v is very
nearly constant and is-equal to C.27. AL
relatlvely ‘shallow depths v is very signifi-

.......... At this point, the role
of P01sson s ratlo in seismic calculations may
be important. A small error in the assumed
value of v will have a considerable effect upon
the value of wave velocity calculated from
compressibiiity measurements alone; e.g.,
changing » from 0.27 to 0.26 will increase Vp by
1 percent and Vg by 2.5 percent, the compressi-
bility remalnlng the same.

Somerton et 31,5 have also reported that
Poisson’s ratio increases with increased uni-
axial stress. Cleary® has peported that there
is evidently a relation between Poisson's ratio
and the mean effective stress.

Table 1 shows the mean values cbtained
when the mean effective stress was less than
2,0CC lb/sq in. and the mean values under stress
conditions greater than 2,000 1b/sq in. With
one exception, the mean values are greater for
conditions of greater mean effective stress.

TTATTVI M nr\
1L LA

POISSON'S BATIN ON ROCK PROPRRTIFS

Very 1little work has been done on this
anbject and not very much appears in the litera-
ture regarding the role of Poisson's ratio, as
the number of authors have taken the value of »
nearly constant. Now we shall try to see how
Poisson's ratio can affect the various rock
properties.

1, Bulk Compressibility ~ We know the

“Pad aoant a-nakias AnAvenqas ,hn* At V(‘!'\."Rhﬂk-.v:

......q.-..'(.os“-.--(z)

From these relations we can see that bulk
modulus increases with Poisson's ratio; 1.e,,
| with the ingrease in Poisson's ratio, the bulk
combressibility decreases.

e e e i ]

r

2. Y lulys - The Tollowing T
" tion exists between Young's modu* s, B, and
P01sson's ratio,

B = 3K -zw OO

“From this relation we see that with K as con-
“stant, E increases with decreasing Poisson's
ratio.

The work done by DfAndrea et a1.7 has also
confirmed this (see Fig. 3). They also fcund
& 51mp1e carrelation coeff1u1ent by linear
analysis between Young's modulus and Poisson's
ratio to be -0.487. The results of the work of
Wilhelmi and Somerton8 also verified this. The
"results are given in Table 2.

Using the data presented by Wuerker” in
Tables 3 and 4, the author determined the corre-
lation between Poisson's ratlo and Young s
modulus from dynamic tests as

v ;
0.0tz + 0.06v ~ ' ' " (&)

The correlation coefficient of the above
equation was determined to be -0.355. This
equation also confirms the above findings of
D*Andrea et al.7 The relation between Poisson's
ratio and Young's modulus under static tests was
determined to be

E(dyhamic)

1

E ,
(static) e e e u
‘ re! G.74 - 2.37v

cae o (5)

This relation suggests that E increases with
Poisson's ratio.

3. Modulus of Rigidity - The relalion
between rigidity G and Poisson's ratic is

B (3

o =

B __.
2(Y + V)

This relation suggests that, with decreasing
Peisson's ratio, rigidity increases when Young's
modulus is constant., This was contirmed by the
results of the work of Wilhelmi and Somerton.
The results are glven in Table 5. The works of
D'Andrea cb al.‘ have slse confirmed thic (gee
Fig. h) “The correlation coefficient foand by
them between rigidity and Poisson's ratio was

-0, ’;65:

.

Usirg the data of Table 3, the relation
hetween G and ¥ was found by the anthor to ve
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G = - v ) ‘
0-024'0_2\,‘_"0---0.(7)

The coefficient of correlation of the above
. equation was -0.173,

L. Compressive Strggg& - D'Andrea et g;

have plotted compressive strength as a function
of Poisson's ratio. Though no definite relation
seems to exist, it can be said that coupressive
strength decreases with the increase in ,
Poisson's ratio. The corrélation coefficient
found was -0.451 (see Fig. 5). The following
-ralation: uas.fonnd‘bywbhs _author using the data
of Table L.
A > . . . . * * (8)

0. = 1598 + '55360\»

<
with a correlation coefflclent of 0.2&1. The
above eauation suggests that the compressive
strength increases with the increasing

Poisson's ratio.

5. Tensile Strength - D'Andrea gt al.
have plotted Poisson's ratio vs tensile strengthy

See Fig. 6. No definite correlation can be
found from the figure, but by linear analysis,
they have found the correlation coefficient to
be - 0.491. This negative coefficient suggests
that tensile strength decreases with the in-
¢reasing Poisson's ratio.

6. Porosity - Wylie et al.3 have shown
in a plot (see Fig. 7) that porosity increases
with Poisson's ratio. The total change plotted
is rather small, from about 0.19 at zero
porosity ts about 0.27 at a porosity of 35 per-
cent. In other words, we can say that, with a
small change in Poisson's ratio, there is a big
change in porosity.

Walshlo has given a formula for the change
of porosity in terms of Poisson's ratio, Young's
modulus, and original porosity.

ag = -9(1 -V g__. .,

3p 2E ) ¢ (9

Using the data of Table 9, the following rela-
tion between porosity and Poisson's ratio was
found with a correlation coefficient of 0,15,

Q = 2.9 + g‘ﬂo « & 2 5 e 5 9+ s (10)
v
7. Density - D'Andrea e} al., have plotted
Poisson's ratio vs specific gravity, See Fig.

8., The density seems to decrease with the in-
crease in Poisson's ratio. The correlation
coefficient found between these parameters was
-0,361, Gutenbergll has given a table showing
the values of Poisson's ratio and density (see
Table 6). Using the data of Tshle 6, the author
found the following relationship between

density and Poisson's ratio.

These relations suggest that both the velocitvicy

Using the data of Table 3, the folloﬁing rela-

i

p = 1/{(0.47 - 0.585V) , , , ., , . (11)
The following relation between density and
Polssonto ratio was determined using the data
of Table 4.

R £ 73

P = 2.25 + 1.5V.
8. XNave VPlocities - The velocity V

longitudinal waves and the velocity Vg ofptrans-
verse waves transmitted through a materlal are
related to the denaity and elastic constants of
the material according to the following equa-

J.tionse. e [
XN )
vp = . (1 + \))m ¢ o ¢ o ¢ 8 o . (13)
¢ e ) g
v = 2(1 + 0)!$ L R A (114.)

.S

should decrease with the increase in Poisson's
ratio,

Birch and Bancroft12 have given the values
of Poisson's ratio and waves velccities that
are tabulated in Table 7. Using the data of
Table 7, the author found the following rela-
tiona:

A 1))

<
1]

2
s 1 0.225 ¥ 0.14BV

Vp 7.35 -~ 013N, o (16)

tion was found with a correlation coefficient
of 0.32.
vp =

18.05 - 0.505/v,

N ¢ V)
The above squations suggest that the velocity of
longitudinal waves, V., increases, whereas the
velociby of transversg waves V_ decreases with
the increase in Poisson's ratid.

When dealing with wave velocities and
elastic constants, Gutenberg*?! suggeats using
the following relation between longitudinal and
transverse wave velocities.

Vv =

_S -

v -
p 2{1 V)

--Jcnc(lB)

The values of this ratio between Vg and V., are
given as a function of Poisson's ratio and are
given in Table 8. From Table 8, we can observe
that the ratio between the two velocxtlea

decreases with the increase in Poisson's ratio.

Using the data of Table 8, it was found by the
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asuthor that strengths. Griffith's LhcorylL 115 of crack
. v formation assumes a largs number of cracks in
v, o, : - 1oy | the material, rupture being primarily condi-
G2 v 0739 - 065 L .. w . (19)] {ioned by the extension of an alresdy existing
p crack and not by the formation of a new one.

The above relation has a correlation cdéffieient
of -0.99.

Dobrynin has plotted the calculated :
values of longitudinal waves vs pressure. See
_Fig, 9. The solid lines on the figure show the
plot waen v is constani. “IT ihcPolsson-ratic—

changes, e.g., from 0.15 to 0.20, the effect on

the calculated values-of V), would be as shown by| giregs normal to crack reaches the critical

the dashed curves. These curves ‘also indicate
that, with the increase in Poisson's ratio, the-

_velocity of the waves decreases.

D'Andrea et al.7 have also plo*ted
Poisson's ratio vs shear velocity and vs longi-
tudinal velocity. See Figs. 10 and 11. From
these figures also, it can be noticed that
velocities decrease with the increase in
Poisson's ratio. They also found the correla-
tion coefficient between longitudinal velocity
and Poisson's ratio equal to -0.462 and between
shear velocity and Poisson's ratio equal to
—0- 568-

9., Modulus of Resilience - The modulus of
resilience Ls defined as the amount of energy
absorbed by, or work done on, a unit volume of
material in being stressed to the proportional
limit,

Using the data of Table 3, the author detert

mined the following relaticn between the modulus
of resilience and Poisson's ratio.

M
r

= 1
0.0185 + 0.022v °

10. Quartz Content of the Rocks - As
pointed out by Birch and Bancroft,l< Voigt's
measurements on the elasticity of quarta
indicate that Poisson's ratio should be 0.07 for
pure gquartz aggregate, ' The aveérage value of » -
for granite is 0.23. This lower value for
granite is undoubtedly connected with the con-
tent of quartz in these rocks. Incidentally, it
may be noted that the .influence on Vg of the low
Poisson's ratio for quartz is so great “hat,
despite the relatively low compressibility of
quartz, V. in rocks increases sharply with an
increase in quartz content.

e . (20)

The value of Poisson's ratic and quartz
content are given in Table 9 for various rocks.
From Table 9, we can noticz that, with the
decrease in Poisson's ratio, the quartz content
increases.

11, Cracks in Rocks - Generally, due to
the presence of cracks in the rocks, their
strengths are much lower than the theoretical

‘of one of these cracks.

Now we shall see how Poisson's ratio
figures in Griffith's theory. - For mathematical
reasons, Griffith has confined his theoretical
treatment of the problem in two dimensions.

~Considering the crack as an ellipse of vanlshlng

minor axis (see Fig, 12) and assuming the -
Vauiulny 08 HOOK™S 1w W the t.-VAuC':.‘S cftha-

¢rack, he finds that rupture will occur when the
value given by the following equation.

, 28 -
= \_C(’L -‘»‘u!;) °..

We can see that Ogpiy will increase wlth the
increasing Poisson's ratio if other terms are
constant. In other words, we can say that rocks
with many cracks would have a low Po*sson s -
ratio; whereas, those with few cracks would have
correspondingly higher values.

Sack'®
dimensions.

T

extended Griffith's theory to three
Re considers the number of plane

circular cracks oriented in a manner such that

tha principal stress acls normally to the plane
This norinal principal
strsss must be tensile; otherwise, the fades of
the crack will be pressed together and can exert
traction on each other.

He calculated the total free energy contri-
bution due to a crack and it is given by the
following equation,

8(1 ~ v¥) ¢i¢?
E

2
Weotal = 2lye” - .. (22)

This rélation suggests that total free energy
increases with Poisson's ratio.

16 .

Sack™" has also given a relation for the
minimum pressure necessary 1o extend a fractwre
in rock.

Py -0) = E v oeoe s (23)

2(L ~ vir

This equation predicts that minimum fracture
extension pressure increases with the increase
in Poisson's ratio.

Sneddon17 has shown that the volume of a
radially symmetrical crack with a uniform pres-
sure P acting in the crack is given by the
equation
16 (1-v*)e® (p-0)

3B ‘

e e e (2)

The volume of crack will decrease with the
increase in Poisson's ratio if other parameters
remain constant.

A

et e (21)

R S A e e
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| Poisson's ratio.

The oquation for the width of a penny-
shaped crack is given by Sneddon. 17

8(p-0) 1-vi)e :
ne '.......('25)
m

The width of the crsck also decreases vith the '

'increa-ing Poisson's ratio.

Walsh 10 has given the rélations for calcu-
lating the effective compress1b111ty of cracks
in various cases.

" Penny-shaped crack - (Snack)16 ’
- Lo Q1 - vz) E! .
Bogg = (1 #+ 16/9 x a0 ° - (26)
Elllptical crack in plane strain (thfflth)lh
Boge = B +I/3 x (1-v9E | ¢

Elliptical crack in plane stress (Griffiﬂh)lh:
41 c 3 ;
Bogs - - ISR (28)
In these three cases, Pegf increases with
He has'also given a relatlon

for the pressure requlred to close the penny-
shaped cracks.

= B + )

{12, 1

Pe = T -VT

C -o'-nocca.(w)
This equation suggests that the pressure
"required to ¢lose the crack incredses with
Poisson's ratio.

12, Modwlus of Rupture - The quantity
obtained in the bending test is commonly used
in the discussion of the behavior of rock in
flexure. Using the data of Table 3, the auther
found the following relation between the
modulus of rupture and Poisson's ratio with a
correlation coefficient of 9.77.

\’ 4
0-11‘0-38\" . .o-.-o\30)

M.R. =

The above equation suggests that the modulus of
rupture increases with Poisson's ratio.

13, Rock Drillability - Gstalder and
Rayna118 performed the exveriments to determine
the relationship of rock dr1x1a0111ty and
mechanical properties of rocks. They measured
Young's modulus by "punch-test," in which they
used punches of various sizes and shapes. For
calculating Young's modulus from this test, they
used the following equation.

(1 - \)2) FE

E = Dhe . L

. e e (30)

Fig. 13 shows the attempt to correlate hardness
of the rocks to Young's modulus. From this
figure it is obvious that the greater is Young's
modulus, the greater is the hardness of rock;

3 _Ls-.u\-.tu_a{' rooka:

i.e., hardness of rocks increases with the
decrense in Poisscn’s ratio. '

The correlation between Young's -nodulus and |

‘the drilling rate is shown in Fig.-14, s. and b.

We can conclude from these figures that increase
in Poisson's ratio (decrease in Young's modulus)
results in the increased drillability of rocks.

Moh!'s hardness, abrasion hardness and
impact toughness are some of the other rock
properties that are helpful in ascertaining the
Weinz the daia of Table
34 the follouing relationships were determi_ned
by the author.

Moh's hardness and Poisson's ratio:

e e V.
“m 0.028 + U.18ev

* Ca al~.‘f. ‘e 19(32)-
Abrasion hardness and Poisson's ratio‘;
1 .
e e e e e .. (33)

a = 0.082 - 0.104v
Impact toughness and Poisson's ratio:

H

xt = 3.37 + 40¢6\’. P e s e e 4w e (3&)
CONCLUSIONS

Though the change in Poisson's ratio for
various rocks is small in general, sometimes
this change can be significant. - Then this
change in the value of Poisson's ratio may alter
other properties of rocks significantly. The
proper understanding of this property of rocks
may lead to the solution of various questions in
rock mechanics. Its understanding may be help-
ful in determining rock drillability, behavior
of rocks under stress and fractures, log
analysis, and a general understanding of other
aspects of rock mechanics.

v = Poisson's ratio
B = bulk compressibility
K = bulk modulus
E = Young's modulus
G = modulus of rigidity
¢ = porosity
P,p = pressure
Vb = longitudiral velocity
Vg = shear velocity
p = density
g = siress
Terit = Critical stress
= surface encrgy
Higtal = total free energy due to crack
P, = minimum fracture extension pressure, psj
W, = width of crack
a = ratio of minor to major axis of crack
M. = modulus of resilience

= Moh's hardness

=
3
|
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H_ « abrasion hardness

= impact toughness

~ length of crack, if located on the sur-
face, or half thia value if located
in the interior

¢ = average crack length

¥ = average region volums of crack

r = fracture radius

Fe = load at elastic limit, kg

he = displacenent of punch at elastic limit,

Cier o

D= dianet’er'of punch, wm
Acmmmus

t-o W. H. Sommﬂl" (‘f *)\A R e ﬂ;x:(;;r:ua,
Berkeley for his data as well as for his :
- valuable guidance and suggestions. The author
is also thankful to his secretary, ‘Constance
Hayes, for her patience in typing the manu-
script.
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TABLE [: EXPERIMENTAL VALUES OF POISSON'S RATIO

Mean value for Mear value for Mean of all
Sampie 2,000 psi 2,300 psi experimentsl values
b3 .13 218 . 185
3 071 143 ‘ . 108
4 045 109 077
3 L1427 .- 168 157
6 124 112 .18
TABLE 2: EXPERIMENTAL VALUES FOR BEREA SANDSTONE . .
Poisson's ratio Young's Modulus
“0.47 3.7 % 10¢ pat
0.28 3.9 x 1()6 psi
0.26 , 4.2 x 107 psi .
TABLE 3: IYPES A PROPERTIES OF ROCKS
Oynamic Hodulus of
 Hedulus of Rigidity Loagitudinal Xodulus of Ispact
Pulsson's Elegficiey §!~.e|t ut3Velucity Rapture Toughress Abrasive

Rock Type Rario 10" psi 10~ psi 107 fe/sec 10° x psi in/in Hardness
Anphidolite 0.1é 15.1 6.64 1%.0 7.4 16.0 0.0
Aophibolite 0.325 6.4 2.54 12.9 4.0 33.0 -
Diadase 0.251 13.9 5.41 18.7 8.0 24.0 37.0
Basall 0.26 12.4 4.91 17.6 6.6 7.9 29.0
Dierite 0.26 11.6 4.61 17.80 - 9.7 23.0
Clcrize,

Grelss 0.27 15.0 5.9 18.2 - 5.2 16.0
Diorite, .

Grelss 0.24 9.74 3.93 15.7 - 3.9 7.9
Gravwatk,

Coarse graio. Q.06 3.8 1.9 piei4] - - —
Graywvack,

Yediva graia 0.29 3.6 1.4 0.0 - - ~
Licestone 0.20 9.43 §.93 i5.9 2.2 .5 8.3
Lirestone ¢.21 9.58 3.9% 16.4 1.9 2.% 2.6
Licestone 0.17 9.53 4.07 15.6 2.4 7.4 13.0

" Marlstone 0.4% .37 1.0 9.9 3.6 4.6 13.0
Quartzite 0.10 12.3 5.6 3.0 3.4 4.6 39.0
Sandstone 0.C4 2.1 1.02 8.4 0.42 - -
Shale G.03 8,44 3.8 4.9 2.5 6.0 7.0
Shale 0.17 $.53 £.07 15.6 2.4 7.4 15.0
Tsctite 0.11 8.9 §.02 15.1 2.7 4.8 12.0
Basale 0.15 8.92 3.89 15.2 3.8 13.0 15.0
Basale 0.09 5.9 2.68 2.68 2.1 9.0 9.2
Anghidolite 0.355 3.3 4.77 18.1, 5.0 34.0 33.0
Basale 0.15 8.92 3.89 15.2 1,8 1.3 13.0
Basale,

Altered 0.0% 5.2 2.68 12,7 &1 8.8 25.0
Dioxire - 0.165 12.6 .4 7.8 2.9 -22.0 18.0

Hodulus of
Restlie
in-1b/4n

124.3
17.0
78.1
60.9
70.6

33.6
27.8
18.4

19.3
£1.?
2.7
66.0
18.8
3.5
.4
58.0
6%.0
87.2
§0.0
58.0
88.4
62.8

141.0
62,7

Hoh's
Havdness

3.84
5.25

&.82
&.7¢
4.79
5.0

3.95

[ ]

5.2




Rock Yype

Andensite Hypensthine
Basale

Diorite

Diorite

Granite

Granite

Graywack, Coarse grain
Graywack, Coarse grain
Graywack, Fine grsin
Graywack, Hedlum grain
Graywack, Medium grain
Monzonite

Fhyllite

Sandstone

Schist

Schist

Schist

Shale

Siltstone

Toff

Limestone, Fine grain

Limestone, Medium grain

Limestone, Yorous
Limestone
Limestone
Limestone
Linestone

016

0.22

0.15
0.1,
S| I b S

0.20
0.07
G.12
0.12
0.09
0.08
.18
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Poisson's ratio

For Berea Sandstone
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TABLE 5: EXPERYMENTAL RESULTS FOR BANDERA SANDSTONE

0.36
0.29
0.25
0.22

0.47
0.28
0.26

0.70 x
0.7} x
0.73 x
0.85 x

Hodulus of RIgidity

102 psi
106 psi
10, psi
107 psi

102 psi
106 psi
167 pst

Strecgth,

pa

© 19,150

24,450
12,670
10,000
10,460
¥y euy
7,900
4,500
7,200
7,080
7,350
11,140
1,360
8,810
7,750
17,000
2,180
17,770
3,500

530
11,660
18,480
19,320
15,580
4,960

860
3,080
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TABLE 6: EXPERIMENTAL VALUES OF POISSON'S RATIO & DENSITY.

Rock Type Polason's Ratio Se Doriilgz

Syenite - C 0426 261
Cranite L o 0024 2.64
Granite R 6.22 2.65
Grapodiorite 0.2% .7
Quatcz diorite : 8.25 an
Diorite C o 0.26 ,76
Gabbro. a.27 3.04
0ltvine Gabbro 0.2 3
: ‘Petidotite . 0:27 BN 1
e S s 3
0.27- 1.
! 0.27 ~ 5.
Siderite 0.28° ?
Ampbibolite 1026 3
- Amorthorite - 0:27 2,72
Orthopyroxenite | 0.24 “3.42 '
Quartzite. e - 0:10 12,65, e e _— S s
) naroie : 0.y 2.1
TABLE 7: POISSON'S RATIO & WAVE VELOCITIES FOR VARIOUS TABLE 8: EVPERIMENTAL VALUES OF POISSON'S RATIO
ROCXS AT 4000 BARS AND 30° € Co "AND Ve/V, RATIO
. —e
Rock type Poisson's ratio szn/sec vs kn/sec
Quartzitic S.S¢, . 0.118 6.08 4.60 Poisson's ratio Ys/%
Solerheofen L.St. 0.276 5.54 3.08
Vermont marble 0.229 6.51 3.49 0.10 0.667
Granite ; 0.11 0.662
Quincy 1 0.229 6.08 3.61 .12 .657
Rockport 0.243 6.24 3.59 .13 .652
Syedite, Ontario G.274 6.04 3.36 .14 -647
North, Sudbury 2 0.268 6.49 3.65 .15 642
Diabase .16 .636
Vinal Haven 0.277 6.97 3.88 .17 +630
Maryland 0.281 6.96 3.83 .18 .625
Gabbro ) .19 -619
Mellen 0.302 6.96 3.71 .20 .612
French Creek 0.270 7.15 3.98 .21 -+ 606
r Pyroxenite .22 + 599
Hypersthenite 0.230 7.83 4.58 .23 .+ 392
Bronzitite G.249 7.86 455 -2 .585
Dunite 0.262 8.05 4.57 .25 .517
.26 569
.27 .561
.28 .553
<29 « 544
.30 . 535
TABLE 9: EXPERIMENTAL VALUES OF POISSON'’5S RATIO
AND ARTZ CONTENT
Rock type Pofsson’s ratio Quartz content
Syenite 0.26 5%
Granite L 0.24 207
Granite N 0.22 352
Grandierite 0.24 25%
Diorite 0.26 152
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ABSTRACT

The mechanics of hydraulic frac-
ture initiation has been .investigated
in a combined experimental-theoretical
study. Theory was developed assuming
poro-elastic behavior., Experiments
were conducted with 4 Inch diameter
_ cores containing spherical and ¢ylindrical
cavities and loaded in a triaxial cell
under variable confining pressure, end
load and pore pressure, Experimental
results agrecd with theory for non-
penetrating frac fluid over limited
ranges of hydrostatic confining stresses
for four kinds of rock. With penetratiny
frac fluids the theory was only partially
confirmed, Under non-hydrostatic stress
conditions, reproducibility of measure-
ments was too poor to evaluate the theory.
Fracture orientation was controlled pre~
dominantly by stress conditions and cavity
geometry. HNotching of cylindrical cav-
ities gave failure through notch extension
only if the notch depth exceeded the
value predicted approximately by a simple
Griffith theory equation, Field applica-
tions of all results are discussed,

INTRODUCT1ON

This paper describes -a combined
theoretical-experimental investigation
of the mechanics of hydraulic fracture
initiation. ‘We have considered frac-
ture initiation pressure, fracture
orientation and mode of failure for
various stress conditions and wellbore
geometries, Our intention has been to
develop theory applicable to both field
and laboratory conditions, to test it
by laboratory experiments and to apply
it to field problems,

The laboratory experiments have
been designed not to duplicate field
conditions so much as to provide a
critical test of the theory. Some
fleld data are examined but it is
impractical to learn much about frac-
ture initiation from field experiments
because of the limited number of quan-
tities which can be measured,

The theory presented here is as
much a generalization of earlier work
as a development of new theory. It
provides a completely general treatment

Sv2 A
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of fracturé inftiatisn In cpharical
and cyllndrlcal cavitles for poro=-
clastic matertals, An extension of
this theory to porous materfals with
non-e¢las{ic behavior has already been
developed by M. A, Blot and will be
referred to later,

“The paper begins with developrent
of the theory for fracture initlation
in spherlcal and cylindrical cavities,
 This devélopment Is followed by des-
criptions of laboratory resutts which
test the equatlons for failure pressure'

1n these geometries under. varlous stress |

conditions, using penetrating and non-
penetrating frac f!uids. "Effects of
notching fn cylindrical cavities fs-then
considéred and a simple niodel based on
Griffith crack thesry is developed to
explain experimental results. Field
applications of atl” results are then
taken up and discussed in detail,

- THEORY OF FRACTURE, INITIATION

I N

The theory of hydraulic fracture
initiation in rock materials has been
treated in successive degrees of re-
finement'™®, Cases of Interést are
hollow sphere and long cylinder geo-
metry with penetrating and non-péne-
trating fracturing fluids. References

1-6 consider various parts of the over-
all picture but none preésents a general
treatment including analysis of scaling
effects between laboratory experiments
and field work, Reference 6 gives the
most complete analysis but invokes anal-
ogies between thermoelasticity and poro-
elasticity which obscure the physics of
the problem somewhat, We present here
a general treatment based on Biot's
theory of ‘elasticity for fluid-saturated,
porous solids7,% which includes evaluation
of scaling effects,

We start with Biot’s stress-strain
relations for a fluid saturated porous
solid;

-, = -zue

w De o & - i
AIJ ij (lw OP) 6|J ( )

The strain components are:

R N | (2)
e =2 5x +ax))
J i

and the dilation is:

3

N
N

; N eij (3)
b=t

R

. {V

m }

We show in Appendix A that
Equation (1}, under the usual equil-
Ibrium conditions, teads to a dis-
placement potential which satisfies
the relation

‘6 = XT%;TE“p(r§t)»+ c{t) =e 7(§i.

" The effective stress cnmoonents are

atso shown to- be

TR ~2ue;, --)\C(t) (5)

i (\A+s)p5
Equations (2)=(5) include all of
the equations needed to relate frac-
ture initiation pressure to stress con-
diticns. for.various wellbore cavity

geometries and for penetrating or non-

penetrating fracturing fluids. Equations
(2)=(5) can'be uséd to defermine stresses
produced by applying pressure in the
wellbore cavity. By superposing the
stresses due to overbirden and tectonic
loacding, we can fiad the total stress
components, A fracture will be Initlated
when the tangential ‘component Tgg at the
wellbore cavity wall'is just equal to
the tensile strength of the rock. This
procedure provides an equation which
gives fracture initiation pressure in
terms of external stress conditions and
rock tensile strength.

Hollow Sphere Geometry

Using the above procedure, we
show in Appendix B that fracture
initiation pressure for the hollow
sphere geometry of Figure } is given
by the following:

Non-Penetrating Fluid

Pf = 2 (T + Tt) (6)

Penetrating Fluid

2 (T + Tt)
PF T e (BT N
1=y
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whe re T - length. Rock materlals Included four
: ‘ - ’ conmon types of 1imestone quarry rock: -
Ty " TTE [(9_'5\))0‘ - ‘ Carthage, Indlana, Lueders, and Austin,

selected for thelr-homogenelty and
‘ranging In mechanical properties from

~

. R ‘ ‘ hard-brittle to soft<plastic,. A sum-
(145v) o, + (-1+Sv)03 (8) _ mary of their physical properties Is

‘ , glven in Table |, Spherical and

wlth‘cl < 03 < O,. These results apply 7 cy!!ndrlca! cavitiesr of 1/8 inch

to both the field case (!nftnite mediuh) ) dlameter were used to give b = 32a.

and the lab case, We show In Appendix B
:2itt§:"7:é°ga§1)a;: ?2 :2?;0:;T?§‘::en arrangement ‘usifig a core prepared with
1lowing conditions are met: a spherical cavity. External stress
(‘) s> 2a3, (2) frac fluid pene- was applied to the cores using a con-
tration has 1ot gone far enough to venttonal triakial cell arrangement,
raise the pore pressure sigrnlficantly Hor zon:a!i?tresc was app!ied by
at the outer boundary, and (3) injectlon mea?ss:' osre:;:ssuce :?t ?g'agslnst
pressure has been increased linearly with :pﬁl?éd Eetween the :;Péﬁa moe:ab7:s
_ g s
time up to the fracturing pressure. piston and lower anvil by means of -the
servo-controlled actuator whichiorauided -
‘either hvdrssisiic or biaxial stress
on the core, For biaxial stress, the
servo system used the load cell shown
in Figure 3 as sensor. In rhis way
piston load could be set to give an end
stress greater or less than the lateral
stress, Extra end load was applied by
forcing the - lower anvil against the

Flgure 3 shous the experimenta!

Long Ho!low Cyllnder Geome;gy

Appendix C shows that fracture
inittation pressure for the long
hollow cylinder geometry of Figure 2
is given by the following:

Non-Penetrating Fluid

pe = T+ 1 (9) cell bottom, For reduced end loading,
f t -’ . the servo system allowed ‘the piston
to nmove out of the cell until the
Penetrating Fluid outer sleeve, Shown in Figure 3, con-
tacted the cell 1id and “absorbed some
B g F Foe . R —— fraction of the piztsn 1ol  for hydro-

static stress the outer sleeve was
removed and the ram was controlled by
a position censorwhich allowed the
piston to move out of the cell until
where T, = -0, + 302 with ¢, >0, These it butted against the load cell,

results again apply to both the field
case and the lab case, Equation (10)

is again an approximation for_the 19b
case and is only valid when b% >> 2

frac fluid penetration has not reached
the outer boundary and injection presscre
has been increased at a constant rate up
to the fracturing pressure,

o~
o—
o

~

P = /iy
(=

The core shown in Figure 3 con-
tains a spherical cavity, It was pre-
pared by .sealing a & inch. 0,D, x 1/8
inch |.,D, steel tube into the core with
epoxy., A 1/8 inch diameter burring tool
was used to drill a hemispherical cup
into the rock beyond the tube as shown.
Cylindrical cavities of two types were
: . - prepared which we designate A & B. Type
EXPERIMENTAL_PROCEOURE A cavities were prepared by shortening
the length of the steel tube to 1 inch
and drilling a 1/8 inch diameter hole
to within 1 inch of the bottom of the
core, Type B cavities were prepared
without steel tubes. A 1/8 inch dia-
meter hole was drilled completely through
the core and 1 inch diameter patches
were palinted around the hole on each
end to provide sealing surfaces for 0-
rings in the piston and anvil faces,

Purpose of our experimental pro-
cedure was to use laboratory measurements
to test the above relatiorns, to investi-
gate fracture orientation and mode of
failure, and to interpret all of these
resuits in terms of field applications,

All measurements were made using
rock cores of 4 inch diameter and 5 inch
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The non-penetrating fluid case was
simulated by using heavy grease as frac
fiuid and additlonally sealing the
cavity walls with epoxy paint in some

‘cases, The epoxy paint seal gave anoma=
- lous results in Carthage cores and did

not completely prevent fluid penetration
in“tadi3na cores, Grease penetration

was measured by looking through a low
power microscope at cross sections cleaved
thmugh dry cores, In all but Indlana
cores, penetration was no ‘greater than

. one cavnty diameter in unsealed cavities,

In epoxy sealed cavities penetration was

: _undetectabte except in Indiana cores

located as close as possible to the
_piston ports, A linear motion trans-
‘ducer was linked with the piston of
the injectlon pressiure intensifier to
‘measure its displacement, This dis-
placement was multiplied by piston
area and corrected for fluid compress-
ibility to get the volume of fluid .
tnjected Iinto the cavity during bulldup
of injection pressure, We recorded
injection pressure, p., conflntng‘
pressure, J , pore pr@
placed volume in the Injection pressure
lntens!fter, i’ and end load on the

where it was as much as five cavity dia~
meters in reglons where partial rupturing

- of the paint seal occlired, One effect

of the epoxy palnt coatings was to
increase the apparent rock tenstile

_strength as will be discussed later, . .

Experiments with cavity liners made of
plastic or rubber tubing gave erratic
results which were discarded,

To assure uniform loading, the
ends of all cores were ground flat
and parall2] to within ,002 Inch,
fracturing flild was injected into the
core cavities through a port in the
piston as shown in Figure 3, "A second
port in the piston was used to apply
pore pressure at one end of the core
through annular and diametral grooves
machines into the piston face,

Confining pressure in the triaxial

‘cell was supplied by an air~driven

hydraulic pump. The air regulator on
this pump was driven by a variable

speed motor to give linear buildup of
confining pressure with time, Injection
pressure was provided by a motor driven
hydraulic pump in series with a 10:1
intensifier., A hydraulic regulator
between pump and intensifier gave

" pressure control to within one percent

up to 50,000 psi, A variable speed
motor drive attached to this regulator
produced linear buildup of injection
pressure with time, The motor speed
control gave bulldup rates between

500 psi/min and 20,000 psi/min., Pore
pressure was supplied by a second
motor driven pump with hydraulic
pressure regulator,

Pressure transducers were used to
measuye confining prescure, injection
pressure and pore pressure, The injec-
tion and pore pressure transducers were

core was as follows, Confining pressure
was built up at a rate of 1000 psi/min
vith appropriate end stress, In cores
“where pore préssuré was. app!led._lt WS -
built up simultanecusly with -confining
pressure, After buildup of confiniag
pressure a 15-20 minite period was
allowed for equiltbrium to be esta~-
blished, Then injection pressure in
the cavity was raised at a linear
rate until fracture occurred,

both oi! saturated and dry cores,
Pore pressure was applied only in the
case of saturated cores, In cores
where no pore pressure was applied, the
pore pressure port was left open during
buildup of O, and during the equilibrium
. period which followed, This allowed
‘excess Tiuid, prodiaced by Feduction of
pore volume, to bleed off. For the
penetrating fluid case, where the in-
jection Tluid was the same oil used for
saturation, the injection pressure port
was also left open during bulldup of
h This prevented oll forced oit of
pores from moving into the injection
cavity and diluting the grease,

provided information about failure mode,
Brittle fracture initlation was Indi-

cated by a sudden drop in p. accompanied
by e sharp rise inv,, Faliure Invol-
ving plastic behavior gave a bending
over of the p; curve and a bending up
of the v; curve, The rate of bending
served as a measure of degree of
plasticity. In some cases plastic
fallure was indicated by a series of
inflections in the Pt and v, curves

due to stepwise fracturung.

ssure, Oy, dis- -

 The procedure for fracturing a

Fracturing data were obtained in

Comparison of p, and v, recordings




To assure single phase flow in
experiments with penetrating frac
fluld, we used a rigorous core .
saturatlng procedure, The oven drled
cores were placed in a vacuum=tight
cell with 21 core capacity and pumped
to a vacuum better than 5 microns for
48-96 hours, The saturating fluld, which
was 150 ¢p.vacuum pump oll, was degassed
in-a second cellﬁby ing tc better
“ than 5 mi¢r6n5~for 2l hours. Tha cell
.containing ‘cores was . fiiled with the .
degassed vacuur pump of1, and then
pressure In this cell was raised to
600 psi by a vacuum tight alr-driven
pump., Saturation was assumed to be
complete when the valve to this pump
. could be cut off _for: 24 hours with.no.
decline In pressure,

EXPERIMENTAL RESULTS

Pe Measurements: Hydrostatic Stress

Measurements of p,. have ‘beén com-
piled for hollow sphere and long hollow
cylinder geometries (types A & B) in
dry ‘and saturated cores for penetrating
and non-penetrating frac fluids with and
without pore pressure,

Figure &4 shows resutts for saturated
Lueders cores at zero pare pressure over
a range of hydrostatic stress, p , from 0
to 16,000 psi. Curves (a) and (b)
represent long hollow cylinder gecmetries
and (c) represents hollow sphere geo~
metry. in (a) the cavities are type B
coated with epoxy paint to prevent frac
fluid penetration, in (b) the cavities
are type B but uncoated, in (c) the
spherical cavities are also uncoated,

The frac fluid in all three cases was
heavy grease,

Plotted in Flgure 4 are the
theoretical lines of slope 3 and slope
2 predicted by Equations (6) and (9)
for hollow sphere and long hollow
cylinder geometry, respectively,
using non-penetrating frac fiuid under
hydrostatic stress conditions. Over the
p_. range 0-2000 psi, the experimental
points fall on the theoretical slopes.
At higher Po the p. values are lower
than oredicted, Accordine to (9), the
pe intercept of 4150 psi is T, the
tensile strength for fracture initia-
tion. For (a) points the intercept
Is somewhat higher, consistent with

SPE 6087 W, L. MEDLIN AND L, MASSE' 5

-an -Increese In tensile strength due
to the epoxy paint coatlng, The
close match between (b) and (c)
points ‘Indicates that the heavy
grease frac fluld behaves practically
as a non-penctrattng fluld In Lueders
rock, Visual Inspection of the cores
leads to the same conclusion, The. Pg

_Intarcent for.{c) polnts should e

2T or 8200 Pps] according to Equatlon (6)
but is actually only 7200 psi. This :

dlscransncy 1 bt nithin-expadtad )
Timits since the: spherjcal cavities

of weakehing .
effects of the: hcle.drilled for the
steel injection tube (cf Figure 3),

- Flanre G- cmnwrpe LA Ve Fo o

penetratlng and non-penefratlng frac

-f1ulds ‘In saturated Lueders cores with

long" hollow cylinder geometry at zero
pore pressure, We used type A cavities
in this case to minimize end effects
from fluld’ penetration through the
borehole wall, The (a) points were
obtained with heavy grease frac fluid
in uncoated cavities, They correspond

‘to the (b) points in Figure I except -

for the type A ys type B cavity con-
figurations, The (b) points were
obtained using 150.¢p vacuum pump..
oil as the frac fluld; the same oil
used as saturat1ng“f101d. Equation
(10) predicts that the P¢ Intercept
and the slope of Pe ¥S P should be
reduced by the same factor due to
fluid penetration, The results in
Figure 5 show a 30% reduction in p
lntercept but no apparent reduction
in slope. Therefore, results are
not consistent with theory In this
case,

The type A configuration used
for the Figure 5 experiments was
designed to allow frac fluid pene-
tration to reach the ends of the
core only a little before it reached
the outer diameter, Cores were frac-
tured in all of the Figure 5 experiments
before fluid had penetrated to the top
end of the core, This was verified by
monitoring pressure at the pore pressure
Inlet, We determined In this way that
10,000 psi/min was an appropriate buijld-
up rate to keep p(b) = 0 up to fracture
initiation for Lueders cores, The 20%
mismatch between p_. intercepts for the
(b) points of Figure 4 and the (a)
points of Figure 5 is probably due to
the non-ideal geometry of the type A
cavities,
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Figire 6 shows p. Vs p measure-
ments for dry Lueders cores with long
hollow cylinder geometry using non-
penetrating frac fliild, The (a) points
represent type B cavities coated with
epoxy paint and the (b) points are for
uncoated -type B cavities. - Heavy grease .

was the frac fluid in all cases. Dry

cores give a>out the same p behovlor as
saturated cores indicating: that the oil

‘sgturstion had little effect onrock.
“properties.

1‘Reprodu6i5ifity of pg measurements

‘was fairly good in all of the Lueders
exper iments,
AR Flures- bR wanracent. avaracas of 3or ..

Most of the polnts plotted

4 measurements, The-maximum variation ln
Ps value for a particular point was

typically 5«10% for cylindrical cavities
and 10-15% for spherical cavities,

Figure 7 shows results for Carthage
cores with long hollow cylinder geometry
using non-penetrating frac fluld, All
of these measurements were made using
heavy grease as the frac fiuld In type B
cavities. The (a) points were obtained
In saturated cores and the (b) points In
dry cores, The saturated core measure-
ments give a good fit to Equation (9)
fromp =0 to 12,000 psi with T = 5000
psi. The {b) points give a poorer fit
from po = 0 to 6000 psi with T = 7000
psi. These results are consistent with
reduction of T and extension of the

stress range of elastic behavior by
saturating with oil, Note that the

(b) point for p 0 is considerably
above the projegted intercept of points
at higher p ., This effect corresponds
to a lowering of tensile strength in
dry cores by compression, When dry
cores are fractured st p_ = 0 2fter
first toading them to p_ = L4000 psi,
the p. values fali about where they

belong as shown by the square symbol

in Figure 7, This result is suggestive
of hysteresis :ffects commoniy observed
in stress~strain curves under compressive
loading. It does not occur in saturated
Carthage cores as shown by the good
agreement between the open square and
open clrcle measurements obtained by

the same procedure,

Reproducibility of Carthage core
measurements was poorer than those for
Lueders., The points in Figure 7
represent averages of 3-4 measurements
in which the maximum spread was
typically 10-20%,

Flgure 8 shows results for

‘Indiana cores. Here we used sate

urated cares to Investigate spherical
cavities with non-penetrating fluld
and ¢ylindrical cavities with both
penetrating and ron-penetrating
Flulds, Also, we investigated
cylindrical cavities in dry cores
using non-penetrating fluid,

The (a) polnts In Flgure 8

—WTTGSFUFTGL - h.l!m enb‘m aao-__ P

metry using saturated cores wlth
non-penetrating flaid, The fit to
Equatlon (6) is good out to Py

6000 psi with T = 6000 psi. The (b)
polints represent saturated cores with
type A cyllnm 1cal '«cvn\.n—o wsin 'S
non-penetrating frac fiufld, The
results fit Equation (9) out to p
6000 psi with T = 6000 psing
agreement with the (a) resuits. The
(¢c) polnts represent saturated cores
with type A ¢ylindrical cavities
using penetrating frac fluid which
was the same 150 ‘cp vacuum pump o}l
that the cores were saturated with.
By |nJecting at a pressure buildup ‘
rate of 20,000 psi/min, we were able
to maintaln p(b) = 0 unttl fractire
inttiation, Equation’ (lo) predicts
reduction fin Pe intercept and slope

by the same factor between the (b)
and (c) points, Instead, we find
a 40% reduction in Pe intercept but

no detectable reduction in slope. In
this respect the Indiana results are
In agreement with the Lueders results
of Figure 5,

The (d) points in Figure 8 show
results for dry Indiana cores with
heavy grease as the frac fluid in type
8 cyllndrical cavities, They show, in
comparison with the (b) points, that
oil saturation lowers the tensile
strength T somewhat bLut otherwlise has
little effect on fracture Initiation
behavior,

Reproducibility of measurements
was good in the Indiana cores, Total
spread in p_. measurements at a given Py
was typica!fy 3-5% for cylindrical
cavities and 15-20% for spherical
cavities, We attribute the consistently
poorer repreducibility of spherical cav-
ity measurements in all rock materials to
localized inhomogeneities in the rock
samples, These inhomogeneities are
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averaged out much better over the Iong
cytlndrical cavitles. _than over the
smaif spherical cavities,

Tigure 9 shows reésults for dry
and saturated Austin cores with _
spherical and hollow cylinder geometry.
The heavy grease used for non-penetrating
frac fluld gave insignificant penetration
in these cores, and there was little dif-
. ference between results for coated and.
e uncosted | canlt!as‘v
paring the (a) and (b) polats ‘of - Figure
9 which™” represent dry cores conta(nlng
coated and tincoated type B cyl!ndrical
cavities, respectively, The Ps Inter-
cepts are about the same, Indlcattng

- ‘b SEUCTTR Y U SIS I N L N :
t!’:t ---: :Fvu', WM BRI YUMEMI. tRe W \\) \.HG

tensile strength, The siopés are about
equal also, There is no range of data
points which fit a Yine of slope 2,
Indicating non-elastic behavior at all
confining stresses,

Points {c) and (d), which represent

- saturated cores, show what may be a
small range of elastic behavior at Tow
Poe The (&) points coFrespond to type
A, uncoated, cylindrlcal cavities and
the (d) points represent uncoated
spherical cavities, Non-penetratsng ,
grease is the frac fluid in both cases.
Lines drawn through both sets of points
intercept the p = 0 axis above the
corresponding measured values, This
result suggests that, over a limited p
range, the slopes could be 3 for (c)
polnts and 2 for (d) points, However,
precision of the measurements is too
poor to verify this result by measurements
over smaller p_ intervals, Reproduci-

bility of measurements for (d) points
was poorer than usual, Vertical bars
show probable errors for 7 measurements
made at each point, Reproducibility of
measurements for (a}-{(c) points was
comparable with Lueders and Carthage
measurements,

All of the above measurements were
made st zero pore pressure, That Is,
pore pressure, o, at the outer core

boundary was kept at zero by leaving
the pore pressure port open {see Figure
3). We investigated effects of elevated
pore pressure at the core boundaries by
repeating several of the measurements of
Figures 4-7 at o L0oo pst, These

measurements vergfy the effective stress

This is shown by com-- -

relat!on<6f Equation (5). There is

- -aood agresment bobween measurements

at op = 4000 and 9y = 0 whén results
are plotted as Pg = 0, ¥S P 4

as required by Eguation (5), F‘gure

“10 compares measurements of this kind
Polnts

in Indiana and Austin cores,.
labeled (a) ‘are & reproductio
(b} points of Figure:8 f
cores wkth ¢, =0,."

{b) correspond to 1ndiana cores Frac- -

tured from the same btock of material,
under the same conditaons, except:wlth
= 4000 psi. Points labeled (c) ‘are

a reproduction of points labeled (a)

“in_Flqure 9 for Austin ecares Wwith s -~

~

0. Points labeled (d) correspond

to Austin cores from the same block,
measured under the same conditions th
with g_ = L0O0O psi. The match in_both

cases Is well within 1imits of repro-
duclbility of the measurements.

The Py and vy recordings described
earlier showed that failure mode inctuded
increasing degrees of plastic falliure at
stresses above the elastic behavior
range in Figures 4-8, 1in Austin cores
some plastic failure was evident even
at zero conflning stress,

Ps Measurements: Non-Hydrostatic¢ Stress

Investigation of Pe behavior under

non-hydrostatic stress was timited to
hollow sphere geometry, For this geo-
metry we were able to make measurements
for the case g, = o, # o (Figure 1
notation), Hollow cylinder geometry
could aot be investigated because, with
the arrangement showm in Figure 3, we
could not readily orient the borehole
of the core to give oy # 0, (Figure 2

notation).

The hollow sphere measurements
gave inconclusive results because of
extremely poor reproduciblility of
measurements., A typical example is
given In Figure 11 which shows results
for 232 Indiana cores fractured under
confining stress, Oy 2.3, = Looo psi

and end stress, oy = 2000, 4000, and

6000 psi, resvectively, The theoretlcal
1ines plotted in Figure 11 were computed
from Equation {6) using v = 0,16 from
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Table | and T = 8000 psi as determined
from pg measurements at zero confintng
stress. The large spread In p. measure-
ments makes it Impossible to assess the
validity of the theory although the match
appears to be poor,

A poor watch to theory would most .
l!kely be due teo non-ideal geometry of
the experliments In which a spherical

outer boundary is represented by a |
- ey r?}cal _one, Poor reproducibltity

Is probabiy ‘due to mechairical damage pro-
duced in the rock cores during appllcation
of unequal stresses, Our procedure was
to first load the cores hydrostatically,
then apply excess end load or lateral
load, Even under the slowest loading
rates available witn oui s<ive 3ysiim,
we were applying excess stress at rates
of the order of 100 psi/sec, Strains
produced under these loading rates could
be expected to produce microcracks and
other flaws which could easily affect Pge

‘Fracture Orientation

Fracture orientation was measured
for hollow sphere and hollow cylinder
geometry under hydrostatlc and non-
hydrostatic stress conditions, We also
investigated effects of notching in holfow
cylinder wellbores, Results can be
summarized as follows,

L, P e case of hollow cylinder geo-
me «+e were unable to investigate
effe . of stress conditions on azimuthal
crientotion. Reference 6 glives results
of work on this problem, Here we con-
sider only inclinations of the fracture
plane with respect to the wellbore., Our
results showed that, under all stress
conditions, fractures intersected and,
were aligned with the cylindrical cavity.
This result was observed in dry and sat-
urated samples, using penetrating and
non~-penetrating fluids with various stress-
pore pressure combinations in the effective
stress range 1,000-16,609 psi, LIt appiies
up to a maximum G,/0, ratio of 2 (Figure

2 notatlon) which“was the limit of our
triaxial apparatus. 1t should be noted
that Daneshy9 has reported fractures
inclined to the wellbore for u,/g, < 2
the external stress field has Tittle

to do with fracture inclination in hollow
cylinder geometry, It is the stress con~
centrating nature of the wellbore cav-
ity which dominates and produces vertical

fractures in all cases,

—obtslned at

. In the case of hollow sphare
geometry, our results showed that
fracture orlentation Is controlled
almost completely by stress conditions,
This result is tllustrated In Table 2

where fracture angle @ 15 measiured with
respect to the 0y = 9 plane (Flgure 1

notation). The results given here were
i - 63 = 8000 psl and g =

4000 psi uslng non-penetrating greasg
as the frac fluid. Similar results

were obtalned under other- stress con-

ditlons and with penetrat!ng frac fluid
A lass complete set of measurements in
Carthage cores also gave results con-
sistent with those in Table 2,

it Is clear from these résults that
avtarnal.stress conditlons are dominant
In_determining fracture orientation for
hollow sphere geometry except when they
are nearly hydrostatic. Under hydro-
static conditions orientation appears
to be random and is undoubtedly con=
trotled by local’ inhomogeneities in the

rock at the cavity wall, A 10-20%

departure from hydrostatlc conditions
seems to be sufficient to control
orientation almost completely,

Notched Borehole Experiments

To investigate effects of borehole
notching we prepared cores with type B
hollow cylinder geometry containing
machined notches, The notches were
formed by means of an elliptically

shaped tungsten carbide bjt welded
on the end of a two_ inch Tength bv

1/8 inch drill rod. Cores with ¥ Inch
diameter boreholes ware mounted in a
lathe and the bit was used to machine

a notch in the borehole wall 1 + inches
from one end of the core, In this case
b was 2 inches, a was 0.25 inches, and
¢, the notch depth measured from the
wellbore wall, was a maximum of G.45
inches,

Initial experiments using non-
penetrating grease showed that stch
notches have no effect on either p
or fracture orientation if ¢ is small
enough, Measurements in dry, shallow-
notched Lueders and Carthage cores
under hydrostatic confining stress p
gave vertical fractures through the
wellbore at Pe values consistent with

those of flgures L-8, With deeper
notches, we obtained vertical fractures
at low P and horizontal fractures at

high p_,
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: These results lead to the formu-
latlon of a simple -théory of fracture
Initiation ‘In notched wellbores based
on Griffith crack theory. HNeglecting
wellbore effects, the Griffith theory
predicts that pressura required to
oxtend an ellliptical crack under
hydrostatic stress Py without fluid

‘penetration is, 10,18

- / nEs A‘ . B >(||)

e VY Zc(T-\E) Poe

At low pQ thls extension pressure will
" "SXieed the hollow cyllnder fracture

inltlation pressure which 1s given by

{9) if we neglect effects of the notch,

T.e.,
2 2
K o
Pe = 33 T+
b" + a
2
2b
———— p_ =~ T + 2p ,
b2+ a2 © ° (12)

The stope of Pe ¥S P is twice that of

Pe ¥S Py Therefore; as Po is increased,
Equation (11) will intersect Equation (12)
and therc will be a transition from hollow

cylinder fracture initiation to notch
extension,

This simple model seems to expliain

the notched borehole results fairly well
as illustrated in Figures 12 and 13,
Figure 12 shows results for dry Carthage
cores prepared with type B hellow cylinder
cavities notched with ¢ = 0,32 inches and
fractured with non-penetrating grease,
The theoretical lines correspond to
Equations {11) and (12). The Equation (11)
ptot assumes T = 5000 psi in agreement
with results in Figure 11(b), The
Equation (12) plot gives surface_tension

= 2,1 psi = 1,k x 10° dynes/cm2 based
on elastic constants listed in Table |
for Carthage timestone, The points in
Figure 12 represent averages of measure-
ments on Z-3 cores, Open circles represent
horizontal fractures in the plane of the
notch tip and half closed rircles represent
mixtures of vertical and horizontal
fractures,

ngure I3 shows slmllar results
for indizna cores with ¢ = 0,23 linches,
Grease penatration was slgn!flcant tn
this case, especially around the notched
region., But we found that coatlng the
notch and borehole surfaces with ''"Necbon')
a neoprene rubber palnt, prevented
grease penetration and did not Increase
tens!le strength of the rock signifi-
cantly. in this case, the theoretical
hollow ‘cylinder fracture line corre-
sponds to T = 4200 ps! in agreement
with Figure 8(d) The upper Intercept
correspogds to's = 4.9 psl = 3.4 x 105
dynes/cm® for indiana !lmestone

» Tﬁis.aﬁalysis ts very approXimste
in that [t néglects effects of the
wellbore on notch extension and effecis
of the notch on wellbore rupture.

Also, It is only applicable to-elastic
materials, Carthage limestone departs
from elastic behavior above p

12,000 psi (cf Figure 7) and Indiana

~above p_ = 8000 psi (cf Figure 8).

These departure stresses are not far
above the transition reglons of
Figures 12 and 13, The range of
elastic behavior In-Lueders and
Austin ts too llmited to apply the
analysis to them, However, notch
experiments with these materlals
showed that qualitatively thelr
behavior is not unltke that of
Figares 12 and 13,

Notch extension In these
experiments was enhanced by makxng

.....

.33 < (;1 “ VZ \rxgu:c 2 llULdLIUﬂ]-

This was demonstratad in Carthage
cores prepared like those of Figure
12 but with 0y =0, = 203. Cores
fractured with 0, =0, ranging from
2,000 to 20,000 psi gave only hor-
|zonta1 notch extension fractures in
all cases, Notch extension pressures
were considerably lower than those

of Figure 12 at 3, =0, values corre-

sponding to Po in that figure, The
P, VS 0y slope was | in agreement with

the nnich extension region of Figure 12,

Additional notching experiments
were conducted using a simulated
notched casing arrangament | In this
cese 3/8 inch 0.0, x & Inch .0,
brass tubing was sealed with epoxy
into a ¥ Inch Jiameter borehole in
two sections, A 1/8 inch gap was left

~

ey

-
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‘between these sectlons 1 3 Inches from

the end of the core. A rotating sand
jetting tool was then used to cut a

) ~notch through the epoxy and ‘Into the
Notches of unlimlited

rock core material,
depth could be cut in thls way but our
experiments were limited to ¢ values
between 0.2 and 0.5 inches, These -
experiments gave results similar to -
cpen hole notching. That Is, horizontal .
notch extension was dnly favored when
the notches were deep,
Oy» vertical fractures were

> 0,
ogtained even with deep notches.
Ev?dently shallow notches prepared In
this way provlde a geometry which

¥;approaches that of a hollow sphere e
because welibore STresses wnich woutd

favor vertical fractures are shielded
from the wellbore wall by the casing.

FIELD APPLICATIONS

Results of this work have appli~
cation to a variety of fie!d problems
assoclated with formation breakdown

“in hydraulic fracturing and drilling

operations. The results of Flgures
410 are difficult to compare with
fleld experience, however, because
accurate Tleld measurements of frac-
ture itnitiat!on pressures are scarce,

“Surface pressure measurements are

commonly made durlng formatlon break-
down in connection with hydraulic
fracturing treatments, But these
measurements give severe damping of

“bottomnole pressure- ‘transients as

shown by thg experiments of Godbey
and Hodges'¢, Accurate bottomhole
breakdown pressure measurements by
these ?gthorsugnd by van Dam and
Horner'? are plotted in Flgure 14

as a function of depth for wells iIn
Texas, Oklahoma, and South Amerlca,

A line of slope ~ 1 fits these points
reascnably well., This slope on a
depth plot is roughly consistent with
a slope of 2 on an effective stress
plot since pore pressure gradients are
normally about haif of the 0,7-1.,0
psi/ft normal stress gradlents, So
slope data like that of Figure 10 are
roughly consistent with the field
results of Figure 14, On the other
hand, the projected intercept in
Figure 14 would correspond to a
tensile strenath lecs {hsin 1000 psi,
much smatler than any of our lab
measured values, The empirical
correlations of Matthews and Keliy‘“

When we mads -

also !ndlcate near zero tensile
strengths In the Galf Coast for~
‘mations they studled, These and
other fleld results Indicate that
“the large. tensile strengths
measured In cur 1imestone samples
are not characteristic of many
reservolr rocks,

Formation breakdown prior to 2
hydraulic. frasturtng treatment can be

Pe by flild” penetratlon. The use of

acld as a breakdoun fluld Is already a
well established” techrlque which takes
advantage of this effect, The Impor-
_tance. of proper placement of the acid

-1 - -~—v W
Gt Luu vlvu~Uu r:’nw ‘ﬁ

by the results glven here.

. e < -

The same logic applies in a
revérse sense to formation breakdown
durifg dritling. The fracture gradient
Is lowered by use of penetrating
drilling flulds. Therefore, rapid
bulldup of a thick mud cake [s desirable,
Once breakdown has occurred, the
created fracture will be propagated
at something like half the pressure
required to Tnitlate it, provided it
is reasonably ' large and the formation
does not exhiblit much plasticity.

" This follows In a very approximate
sense from Equatlions (9) and (11),
‘After a sizeable crack is Initlated,
the T term and thz factor 2 are tost
in Equatlion (9) and the extension
pressuie is reduced by more than a
factor 2, Move iéfined fracture
propagation theory!> provides a more
convincing argument.‘ Propagation of
sizeable cracks requires a fracture
propagation pressure a Vittle greater
than the far field stress whereas
initiation requires more than twice
the far fleld stress, On the bhasls

of these arguments, plugging of tost

circulation zones will only be
effective if the plug prevents
application of wellbore pressure

to most of the fractured surface area,

Fracture orientation results
reported here show that initiation of
any but vertical fractures in most wells
is highly unlikely, This is most
clParlv fh“ cace ‘“’ ‘ﬁ'ﬂ'h.vu u-voh-
down during .drilling where the cavity
is certainly cylindrical. {n hydraulic
fracturing through perforations, the
common perforating patterns all approach

A—hn~5vﬁﬁhd~ B

ru»_v\alded.h¥~zaklnn.adVAntangunf.loug:lnnﬁ”~___~_u
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fcyilndrlca! cavltles if the’ perforatcd

interval is more than a few wellbore

‘dlameters In !ength “The closest:

approach to a-spherical cavlty would
be a single horizontal row of

perforatlons“.

Notchlng Is effective for
tisting & horszonta! fracture
vlded the notch is deep enough,
A nlnlmum ‘notch, depth can

surface tension s of the formatlion

rock are known. -Our experlimental
results lodicate that the minlmum nct Ceh
depth should ke more than a few (nches

_'into the formation rock.

Most favorable geometry. for
inTtlating horizontal fractures Is

" deep notchling through cemented

casing, A fracture Initlated hor-
izontally will turn toward a vertical
orientation away from the wellbore if
stress conditions favor a vertical

- fraeture,- a5 1s usuaiiy the case, Tha

rate of turning'will depend on mag-
rnitude of the stress differences and
cannot be predlcted quantitatively

from our results because of undetermined
scaling effects,

... CONCLUSIONS

Fracture initiation pressures In
laboratory scale experiments are consis-~
tent with poro-eiasticity theory for
non-penetrating frac fluids over some
range of hydrostatic stress, This
stress range Is highly variable with

-rock properties, In Carthage limestone
~it extends from 0 to 12,000 psi but

in Austin Chalk It is no more than a

few hundred psl at most, In Indiana
Vimestone it goes from  to 8,000 psi
and in Lueders limestone from 0 to 3,000
psi. Saturation of our samples with oll
had only minor effects on fractuie
initiation mechanics,

In the stress range beyond
elastic behavior, fractures are
initiated at pressures lower than
predicted for elastic behavior,
Fallure mode Is partially plastic
at these stresses and a non-~linear
failure analysic Is required, Such
an analysis has already been carried
out by Biot!6® and is consistent with
our experimental results,

Initiation pressures measured with
penetrating frac fluld are not com-
pletely consistent with poro-elastic

“be. estimatad. - .- jﬂOﬂ'throﬁtat!nuet.::s .v"u“.u“:~ .

“from tquation (11) 1f modulus € and

, -theory, The theory predicts thatv
frac fluld penetration will reduce

both Intercept and slope of Py VS

'po plots by the same factor, Exper-

inental results show the reduction in
{ntercept but not the reductlon ln
slope . o

Thporetlcal predictions for -

could not be conflrmed because of

very poor. reproduclbllity of measure~

ments, This problem ls one of -

experlmental 1initations rathcr than
reakdown of the theory.

The domtnant factors controltxng
fracture orlentation and external
stress conditlons and wellbore geo-
metry. In spherical cavities, stress
conditions are the dominant-factor. In
cylindrical cavities stress conditions
have no effect orni fracture inclination
except under extreme conditians . In -

‘feasonably homogenous - rock, fractures

\!gn themselves with the wellbore
axis and ighore minor wellbore flaws
and shallow notches becausc of the
overwhelming effacts of stress con-
centratfons developed by the wellbore,
Even large flaws do not affect fracture
orientation if they are very far removed
from the wellbore, Rock anlsotropy
played an Insfgnificant role In deter-
minifng fracture orlcnla;fon in rocks
investigated here except In spherical
cavitles under hydrostatic stress,
Anisotropy also had no detectable
effect on fracture initiatlon pressure
in our experiments,

Notching has predictable effects
on fracture Initlation pressure ang
orientation, However, lYaboratory
notching experiments present some
scaling problems because notch depths
required are not small compared to
outer dimensions of practical size
cores, A simple Griffith theory of
crack extension is roughly consistent
with laboratory results, For field
applications [t s critical that notch

" depth exceed a minimum value of the

order of inches to generate horlzontal
fractures in a cylindrical cavity,

The most favorable geometry for hor-
izontal fractures is a decep notch cut
through well cemented casing, A
shallow notch in poorly cemented casing
Is tikely to be ineffectlve,

There was considerable variation
in physical appearance of fractures in
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rocks Investigated here. Austin cores
gave smooth fracture surfaces and

- 1ndiana cores gave very rough surfaces

with Lueders and Carthage as finter-
mediate cases, Proppant transport

- would be stgniflcantly influenced by

these differences. In all cases. the
fracture surfaces were much smoother
than those produced by mechanlical
cleaving. - Typical -fractures wers
planar, but fractures which’ changed
direction a3y ‘from the wellbore

cdld. aecorinicama. cacac rindanr: '\udra.r— i T e

static stress, mostly iIn Austin’ and -
indiana cores,

In general,- our experimental
restilts on fractUIe Initiation pressure

Jrandiorientatlan-are conglstant.with -

those reported by others!7-19,
NOMENCLATURE

a = radius of spherical or cyllndrlca!
cavlty

poro-elastic parameter = wf2p + X)

outer radius of hollow sphere or
cylinder

notch depth measured from wellboic
wall-

Integration constant and arbitrary
function of t

“dilatation

Youngs modulus

strain components

(2] o
] au

[}
"

rock porosity
rock permezbility
inveirse bulk modulus =
3/7(3\ + 2u)
injection pressure buildup rate
Biot constant defined by
Equation (B~13)
p{r,t) = variable pore pressure
pressure at which notch extension
occurs , '
fracture initiation pressure

...
R ehtee M@

©
[V -] x3
non "ou wonon

L
-
]

= jnjection pressure

©
[

Clea v o ~

wnon vow ow o

radial coordinate

surface tension

axial stress

time

rock tensile strength

displacement vector

ith component of displacement
vector

volume of frac fluid injected

<
]

P
it

space coordinate
« = Biot constant = 1 =
(Kbulk/Kmatrix)

“3, Rehie, Ry O.,

B=1-¢
= Kronecker Delta

displacement potential
pore fluld compressibility
frac flutd viscoslty
spherical or cylindrical
. coordinate (Figures 1 and 2)
flow parameter defined by
Equation. (8-12)
Lame! constants
Poisson ratio
ith omponeht of ﬂ\tfﬁw-nal
stress
confining pressure in triaxial
‘ “celtl
O = pore pressure

O3 YO
B8 44

~
[]

< ¥
llllﬂ

Tjj = stress components . . . . .ol

7%, = effective stress components
1j

7, = tangential stress produced at
spherical or cylindrical
cavity wall by externa!
loading

"¢ = spherical coordinate
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APPENDIX A

Hhen Equatién (i) or tne texiis

substituted {nto the usual differential
equations of equilibrium,

3 ZTi 7
: Ej x, -9 (A-1)
i= |
we get .
. o X 3
‘uz F, + = (Re+op) =0
j=1 (A~2)

Substituting :quatncns {2) and (3) into
{A=2) gives

uvzﬂ + (u+ 2y grade -agradp =0
| (=3)
As Tong as the displacements are

irrotational, we can write u in terms
of a displacement potential ¢ as follows

U = grad ¢ {A-5]
With Equation (3), this gives
e = ¢ (A~5)

If we now substitute (A-8) and (A-5)
into (A-3), we get

2
-9 (grad ¢) +
bt [A-6)

r 2 1
gradL-(p+ VYIS, ap(r) | =0

Timoshenko, S. and Goodier “3.“N;;'””

A
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Integration of {(A-6) over the space
‘coordinates X, gives Equatlon (i) of

the text with C(t) an arbitrary function
of t, From Cquation \-),‘the u..ccttve~
stress componants are

T‘ 'T!j’”lj.m!j-(hihsp)s‘j

(A=7)
whers 8= ¢ = g Substituting (1) late
{A=7) and letting

) o
A L 2“ 4 :

.iatvak Eouatlon. (8V 0f -theltext. o _..o.f

APPENDIX B

Consider the hollow sphere of
Figure 1, When a pressure p{r,t) is
applled to fluld In the spherical cavity,
the resuiting displacements will be
irrotational and sphertca!ly symetric,
Thus, In spherical coordinates, & will
depend on r only and Equatlon {(4) of the
text will glve

S - T ‘ ; -
e = vzé = rz ar (r2 %%) = Ap(r,t) + C(t)
(B=1)

Integration and differentiation gives

2
e =238 o ap(r,t) - 24 flr,t) + L
rr 2 3 3 3
ar r r
(8-2)
where K is an arbitrary function of t
and
2
£(r,t) = [r’p(r,t)dr (8-3)
8ecause of spherical symmetry
sy = e&t and from (3) and (4)
eoq = $ap{r,t} + 3C - %err (6-k)

Substituting. (&), (B-2) and (B-h) into
Equatlon (5)- glves

Ther =“~(-3*g+‘>;)c = p(rst) +

‘ "uAf(r’t) + %K

and . R N . E SR TN Lo
et mpt = J2uAR(R )
Tee " T “TT 3

r

I, YA Y USSP S

3 WA C=(\A%g)p(r, ) = -;3"— (8-6)
These are the radial and tangential
stresses developed by applying p(r,t}.

To get fracture initiation pressure,
we need only tangential stress at

r = 2,--The radial stress euuat!on is ... . .}
- used with boundary conditions' to

determine C and K,

For a non-penetrating flaid
boundary- conditions are:

1 = b 3 : - -
T = Plact) at r=a;rt

0 at r = b; p(r,t) = f(r,t) = 0,

These conditions are substituted ‘into
{8-5} to dctermine € and K and the
result Is substituted into (8-6) to
give

3 3
2
LS =--1-3i-b*‘3— p(a,t) (8-7)
2(b° -~ a”)
Under field conditions b = o,
C-> Oandatr = a,
oo = ~3p(a,t) (8-8)

This result Is also & good approximation
to the laboratory case as jong as
b3 5 2a3,

For a penetrating fluid the
boundary conditions are T'rr = 0 at

r = a and LA -p{b,t) at r = b.
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" Using these condltlons in (8-5) to
determine € and X and substituting
_the results in (8-6) gives

T'oe"{ 2 - 3)

o (122 )] p(a,t)

, W
- 3o | = 2y N PR
33 =5 ) S nrrp(r,t)dr

(8-9)
where
| o o,

£(b,t) - Flamt) =§ 2o(r t)dr

Again, under field ‘conditions, b —» a,
C~» 0 and 2t r = 3,

g = " [’32' T * (':_{_\23\‘) )] p(a,t)

(8-10)

for the 1ab case,

we must evaluate the integral teim in
(8-9). We do this by considering flow
into an infinite medium, We can estimate
p(r;t) in this way as long as frac fluid
penetration has not gone far enough to
raise the pore pressure pl{b,t) at the core
boundary significantly hefore fracture,

To datermine .'ee

In an infinite medium with constant
pressure p{a) in the spherical cavity,

we have
plr,t) =2 p(a) erfc ¥ - 2 )
2 {—E {B=11)
where

“and

ntr g (B~12)
with
' -1

M u[fc + KO =8 (o~ f)] P>
(8-13)

(e

K= 3X: p zuf

FOr varianie tujeoiive pressure pragey 750 h

we can determine- g‘r t) by means of
Duhamelts Theorem

t N
p(rs8) = § Frg) Fpplant - 0 a8
(8-15)

where

F(r,g) =2 erfc(r - a) (aet

A good agproximation to the erfc is
given by/»

erfcfF = a

g

o 1= F=3 r~ac<3.360t
3.36xt

~ 0 ¢~ a3 3.36«t

Using this approximation in {B~15),
substituting the result In (B~15) and
fntegrating under the condition of con-
stant pressure buildup rate, p(a,t) =

"y R
mt we get
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.Y 2 ‘
Q r’ plr,k)dr =
o

i s 2
RS PIL Eﬂa t)] -—“—-7-'—35 [b(a;t)]

e \3-17)

in Luedars and lnd!ana cores whare the

pcnotrcttng frac fluid case was Inves~
90206 ue used m = 1,2 x 107 and 2.4 x
dyne/cm - sec, reSpectlvely. Sub-

.stltutlnn ~f-thase.values. along’ w!th the 1.
k¥ values listed In Table | ana o = 5.UGun —

32: Into (B-17) shows that the second term
in (8=9) 1s always negligible compared to
the first, Therefore, Equation (B-9)
reduces spproximately to (B=10) for the
tab case provlded the restrictions given
above are met.

We get total tangentlal stress at
r = a by superposifig on the stress com-
ponents {8-3) and (B-10) the tangential

‘stress due to extérnal loadifg., We

use the equations of Southwell and Gough22
for a small spherical cavity in a large
cylinder, Axfal stress S produces streasses
at r = a gliven by

" 35

. 2
. = ———————2(7 =50 [-I - 5y + 1IC COS g:l

(8~18)
r , 2
(8~19)

The minimum tangential stress
(teast compressive stress) Tt due to a
triaxial load can be obtained from
these equations by superposing the
stresses T't’ T"t and T”'t vhich are
produced by applying § along the
directions of O Ops and g,,
respectively, in Figure 1, Thus,

Tlt is obtained by letting S = oI

LABORATORY INVESTIGATION OF FRACTURE INITIATION PRESSURE AND ORIENTATION

"::T‘aft- Ldoth 5!":\” Lot

Ve=V2¢=f]"a“'(ra‘Q
rar

and replacing ¢ by y + /2 In (B~ 18)

and 1% by tetting § = g, and §=0
in (8-19). The result for y = 0 or
n and'o2 2 o,.ls“
ey [0 5, -
(1+5\,)cz+(l+5v)c]
(B-20)

LR
ProvH 'ulu\—

wnen Gl <'d, £ Oy» ~hat is 02 and o1

are the maximum. and minimum compressive
stresses, respec;xvely. Under these
conditions (8-20) agrees w he
result obtained by Scheidegger by a
different procedure,

Addsng (B—20) to each of Equations
(8=8) and”(B-10), setting'the result
equal to ~T and solving for p(a,t) =
Pg gives Equations (6) and {7) of the’

text., When'@ =1, these equations
agree with resd]&s cbtained by Le
Tirant and Baron using theory of
elasticity for a non-porous material,

APPENDIX €

The hollow cylinder of Figure 2
has axial symmetry in cylindricsl
coordinates so the potential ¢ does
not depend on 8 and from (&)

= Ap(r,t) & C(t)

(c-1)

From {C~1) we determine e . in the same
way as before, We assume e_, is small

enough so that egg =€ - ¢ which can

be used with {3} and (5) to get

2£

2uA
= =3 g(r,t) - p{r,t) ~
.

. 2K
(u‘l’)\)c*""':f

(¢-2)

!~,_:é_ \l'v IR LR SO
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boundary condltions which are the same
as for the hollow sphere ¢ase except
g(r,t) replaces f(r,t). For non=
penetrating fluids, we then get at
r=a

T'gq = P(a,t) (c-b)

for both the fie!g case and the lab
case as long as b >> a%,

For a‘ﬁeﬁetratnng fluid, we get
at r = a

2 -
T.QG = -—Z—q——-(] 2\’)\‘ rp(r,t)dr -

(= vjj} plast)

(c-5)
For the field case where b =» o (C-5)
reduces to

Teg ~

- [% - (}wf~%§ﬂ p(a,t)
(c-6)

But for the lab case, the Integral temm
in (C-5) must again be evaluated, We
again conslider fluid floew for an infinite
medium and require the same experimental
restrictions as before. We have

t
plr,t) =mS F(r,e)deg (€-7)
o ]

where23

the  integral term in (C-5) using (C-7)
and (C=8) with x values from Table 1
and m values given earlier, Thesa
results show that the integral term

is never more than 2% of the second
term in (C~5) and therefore can be
neglected, Thus (C<A) is a good " -

approximation for 7'99 in our
experiments.

As befdre,” the tangential stresses
developed at r = a by eéxternal Ioadnng
must be added to (C<4) and (C- 6).  For
‘a long enough cyTindr:cal cavity stress
variations along z ¢an'be neglécted and
tangential stress at r = a will be given
by2 :

b2
Te =3 37 (0] + 7))

- d(o, - 02) €0S 29
b™ - a

(c-9)

where

b + aAb + a b + azb

d=2
8 Ma + 6a b [‘ ’-}asbz + 88

the maximum negative

{maximum tensile stress)
2

For o p-3 o,
value of Te
is at ¢ = 8,7 where for b 3> 3

Ty = -0, + 30, (c-10)

SPE 6087 o
and ) L
. F( ) - 2 Ke:: . ~qu g
2 r = ——ce
Tleg == ,rz g(r,t) - ‘ xg T,
2K (ur)Y (ua) - Y (ur)J (ua)
A+ s‘P(r t) - (s + 0E = ‘“E mm<_Mﬂ-mw,r ,,,,,,,,, %!
r L J° (ua) + Yo (ua)
(C-3)
where §(r;t) = [ BIFTNAr, € and K afe, ..k o oo
e s n i Gy eTore L rom (C-Z) ‘and 'Computer evaluations have been made of
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Adding (C-IO) to each of Equations (C-h)
and (C-6) gives Equatlons (9) and (10)
of the text, Equation (9) wag- flrst
derived by Hubbert and Willis' using
theory of élasticity. for non-porous
materlals. Equation (10) has‘bcen
derived for tge fleld cose by Haimson
and Fatrhurst® using analogles with
“thermoelasticlity theory, It is also
consistept with a result given by
Géerts;:g for the stress fteld Induced

by fluid penetration around a borshole
In an Infinite medium, = An equation not
much different from (10) s glven tn
reference 6 for the lab case based on
evaluation of the -integral term. In.

(€~5) by use of the diffuslon equatlon.
The diffuslon equation Is not applicable
to the Tab case even as an apprnxlnatlcn
unless the restrictions given above

for p(b,t} are met,

SETINE AP GRS P

TABLE |

ELASTIC CONSTANTS AND

ROCK PROPERTIES

ROCK E-STATIC _ *E-DYNAMIC v _f _k _© K N %
: ’ - 2, . R .
**(dynes/cmz) (dyneSlcmZ) (md) (em”/dyne) (dyne/cmz) (cmzlsec)
tueders  3.0x10'' 3.5 x 10" 25 .19 1.0 s5.0x 107" 7.2 x 10 43
" n ) -1z, "
Carthage 6,9 x 10 8.3 x 10 .36 .63 .04 1.7 x 10 4,3 x10 .093
Indiana 2.6 x 10'" 5.7x10° 16 1% 2.0 8.6x 1072 9.2 x 10'° 1.0
ustin 20 x 100 2.1 x 10 28 33 1.5 6.5x 10712 4.4 x 100 .40

%#E=Dynamic determined from measurement§ of pulse veloclty % in 1,0 In, dia. X 2,5 Ia,
long cores at 100 kHz assuming € = pv

wTo convert dynes/em’ to psi multiply by ¥.45 x 107>




TABLE 2

FRACTURE ORIENTATION HEASURED AS ANGLE OF INCLINATION TO

€« 7, BLANE VS. /9, IN SPHERICAL CAVITIES

NUMBER OF CORES VS. FRACTURE PLANE ANGLE-DEGREES

0.6

0.8

8-10

N~ W

1020 2030 3040 0=50  50-60  60-70  20-80  B0-90
LUEbERS Coﬁgs_g ) T

INDI1ANA CORES

1 1 1 b
3 i i
1 1 1 i
7
7

AUSTIN CoReEs
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Fig. Y - Hotlow sphere/repre5qntation
of sphericat cavity in a jaboratory

7t
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Fig. 2 - Long holtow cylinder represeﬁ{ation
of cylindrical cavity in a iaboratory core
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Hydraulic

Actuater

L~V

Fig. 3 - Experimental arrangement for apol!ying

confining pressure,

end 1030, pore pressure

and injection pressure to cores containing
spherical or cylindrical cavities.
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Fig: 4 - Fracture initiation pressure pf vs

hydrostatic confining stress p, in saturated
tueders cores using non;pengtrating heavy
grease as frac ftuid in: {a) type B cylindrical

"cavities coated with epoxy paint; (b) type B

uncoated cylindrical cavities; (c¢) uncoated
spherical cavities.
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Fig., %1 - Fracture initiation pressure ¢
vs end stress O¢ in Indiana cores loaded
under non-hydrostatic stress conditions
with confining stress 02 = 03 = 4000 psi;
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(6) ang (8),
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Fig. 13 - Failure pressure pe or pg
vs hydrostatic confining stréss p,

in dry Indiana cores containing
notched, type B cylindrical cavities.
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ABSTRACT

The role of in-situ stresses in controlling

k hydraulic fracture geometry and extent has bdeex

widely recognized. This paper dJdescribes the
results,. and applications, of several research
programs. carried out over the past few years ‘to
optimize the design of hydraulic fracture stimula-
tion treatments using infermation pertaining to
in-situ stress action within the reservoir.

Initially started as fracture-mechanics based
theoretical studies of propagation and contairment
of hydraulically induced fractures, these prograas
‘have grown into full-scale field demonstrations of
the deduced principles. A review is provided of
field measured in-situ stresses in the pay and
confining formation. The existence of in-situ
stress contrast between the pay zone and the
bhounding layers has been demonstrated in these
field demonstrations. Furthermore, the results
also showed the significant role of the in-situ
contrasts in fracture containment. Unfortunately,
however, a great variability in:*' stress con-
trast from site to site has beea observed. The
‘field programs have been performed in both open
hole and cased wells. Laboratory studies of
hydraulically fractured large block samples have
hern carried out. Cubic samples up to one meler
per side were subjected to i{¢iaxiz)! slresses . as
high as 15 MPa. The results of these tests have
been vsed to support the field effarts.

The programs desiribed
indicated that successful stimulation design
requires a knowledge of the in-situ stress field
and contrasts within relatively narrow ranges at
well depth where the stimulation treatment is to
be performed. A general knowledge of the approxi-
mate regional stress fields and gradients is not a
sufficient data base upon which design can be
undertaken. Stimulation designs will have to be
adapted to the in-situ stress conliasts to obtzain

in the paper have

deeply penetrating fractures. To minimize the
costs of in-situ stress determinations on a well
by well basis, a “wircline” operated hydrautic
References and illustrations at e¢nd of paper.

fracturing tool has been designed. The tool does
not require a rig on the well in question} since
it is entirely self-contained considerable cost
savings will be possible when coapared to the
standard techniques of stress determination by

" hydraulic fracturiag.

INTRODUCTION

_The design of fracturing treatmeats are gen-.
erally based upon the assumption that the vertical
height of the fracture is known, and that this
height remains a constant from the wellbore to the
point of deepest lateral penetration.  This frac-
ture geometry may be guite accurate in the pres-
ence of strong barriers to vertical fracture
growth. In fact, MHF treatments with resulls con-
sistent with dexsug predictions, appear to be ip
reservoirs vhere the adjacent rock layers foras
effective barriers to wvertical fracture growth
(Murphy and Carney, 1977). One must expect,
however, to encounter many situations in which
natural barriers to vertical fracture migratien do
not exist.

The application of the fundamental principles
of fracture mechanics has led to rapid development
of both guantitative and qualitative predictions
of hydraulic fracture growth and geometry based on
knowledge of the in-situ material properties and
in-situ stress. Recent studies of hydravlic frac-
turing {(Simonson, et al., 1978) have delineated
those factors that affect fracture geometry and
fracture containment within the pay zone. These
factors iuclude (i) the contrast in material prop-
erties, {ii) the contrast in in~situ stress, (iil)
the contrast in in-situ stress gradients and frac
{luid density. Daneshy (1978), Cleary (1978) and
Advani, et al, (1978) further discussec the effect
of the contrast in material properties (including
the interface) on the created fracture geometry.
The material barrier concept (contrast in mechani-
cal properties) appears to provide the basis of
the success encountered in the Wattenberg experi-
meat (Fast, et al., 1973). In this field, the pay
zone had lower elastic moduli than the bounding
shale layers. Table 1 summarizes the wmechanical
properties of the pay zone and bounding fermation

f\
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fields where MHF treatments had
been performed.  As is apparent from the data in
the table, the moduli cnuzrast --does- not seem to
yrcvaxl in many gas fields. Uhxle svch- data may
be ‘discouraging it does not necessarlly follow
that the lack of "material harriers” nrecludes the -
S{HIE Tlveaiments! AR aliernative,
the stress bartier, shows SIgﬂlfxcant promise .in
»countering ‘the lack of material barriers to con-
tain an MHF within a pay zone,. . lIn Ffact -¥HF
IpFTaTs very sucdessful in the stisulation’ of the
Cotton Valley Limestone, a formation vhxth bas no
matecial-property barriéers adjacent to  the pay
zone (Kozik and Holditch, 1981).  Iu a cise where
there 3re no material k,rrlers, the contrast ip
an~ sxtu stress and stress. gtadxent 5 34 to.
he treatncnc deSan.wM‘h\‘é»ahcﬁ’nﬂ‘»w*f‘“ﬁ’w

i various gas

(R
4““‘\n=~‘v‘

Voot growth ‘within one zone would appear im-
possible, judicial pumping schedule design may
provide the means of optimizing fracture growth
within the pay zone, and guaraniee a minimum ex~
cursien into the bouading layers.

~A

ANALYS1S OF FRACTURE CONTAINMENT

The degree to which adjaceat rock layers will
impede the vertical growth of a hydraulic fracture
being propagated in the pay zone is dependent upon
contrasts or differences in elastic modulus and
in~situ stress between lavers.  Simplificd two
dimensional analyses of the orobiem (Simonson, et
al., 1978} indicate that as a fracture growing in
the pay zone approaches the  interface belween the

_pay zone and the adjacent layer, its growih will
be impeded if: (1} the shear modulus of the adja-
cent layec is greater than that of the pay zone;
and,  (2) if the minimum in-situ stress of the
aijacent layer is greater thin the minimum- in-situ
stress in the pav zone. Recause the analyses of
these conditions are generated using different
simplifying assumptions of plane strain, their
effects must be evaluated separately, and their
cumulative effect cannot be assessed quantitative-
ly. Methods of assessing their effects are sum-
marized below from the work by Simonson, et al.
(1978}).

The Effect of Differing Material Properties

The effects of the variation in elastic
properties between the pay and polential barricr
tavers on vertical fracture migration 1is best
shown by examining the change in the stress inten-
sity factor at the fracture tvip, as it _approaches
the interface between the two distinct layers.
This variation was first described by Simonson, el
3l. (1978), and it indicates that a bounding layer
which has a higher shear modulus than the pay zone
will impede the propagation of the fracture. This
has since been supported by cesults from Advani
{1978) and by Cleary (1978) who states that “the
stiffer adjacent stratum does indeed present the
greatest (and persistent) resistance Lo continued
fractucing."”

Table 1 summarizes the analysis of core
samples recovered from variocus gas wells throngh-
out the country. A review of the data indicates
that in most cases, a strong contrast does not
exist between eclastic moduli of the rock forming
the pay and adjacent layers. Furthermorc, the
large degree of scatter generally found in the
elastic properties of vock, suggests that a mater-

e Lt

Cbiue nan

ial-
Vide

property barrier cannot be relied-on to pro-
consistent resistome Lo fractire  growth,

In-situ stress contrasts, on the other hanit
coffer the advantage of heing weasured with rcla-
it (rews of effort expended (but, at the
prescat Llnr at considérable cost and’ downtinme for
2 rig) in numerous positions throughout the length
of a borehole. With the lknouledes-o{ e ihms1tu
siresses in various pay zones within the same
vell, it is a simple matter tc select those zones
with favorable’ in-situ stress contrasts for coa~

L) ..\

. centratxon ‘of MHF efforts.

- yure. Gontainentos

The Eftects of In-Sltu Stress Contrasts;

o e e L

The analysis of the effect of different
minimun horizontal in~situ stress conditions
between adjacent layers is based upon a fracture
which has already peaetrated into the non-produc-
tive layer. Simonson, et al. (1978) present the
salution to the'follo#ing two dimensional probliecm
(See Figure 1) whére the mitwimum horizontal in-
situ stress-in the ddjacént layers (0,) is grcatcr
than the einisum horizontal im-situ stress in Lhe
pay zone (o0_). The effect of the stress diffez-
ence can b& shown by the wariation in excess
treating pressure, as in Equation 1.

oo {52

2oy -0,)
———" o
I

—_— -] ¢

vl t ¢

()

(1)

where Po = Pressure required to extend the frac-
ture to the pay zone/boundlng layer
interface.

P = Pressure requireéd 1o extensd the frac-
ture when it has penetrated into the
overstressed layer.

2l. = Height of the pay zone
22 = Height of the fracture
[
= Yy
L
ch = Critical stress intensity factor of the
adjacent layer.
The excess treating pressure as a function of

fracture penetration into the barrier (for various
stress contrasts) is shown in Figure 2. The figure
shows that the initial penetration into the over-
stressed region requires a considerable increase
in pressure (above the pay zone propagation pres-
sure, PD). Small fracture incursions into a bhound-
ing layer with a greater in-situ stress contrast
{500 to 1000 psi) would require substantial in-
creases in treating pressure.

Simonson, ct al. (1978} suggest that the mag-
nitude of the in-situ stress gradieat might also
be used to control vertical fracture propagaticn.
By examining the stress intensity factors for the
top and bottpm of the fracture, one may generate
the following cxprecsion.
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Xy worron - ¥ top

where K, = Stress inteasity factor

= (g”\\-id TR

— —
ruvk) &t (2)

Rey, .4 = Pressure gradient of the frac!urlng
fluid
fluid B
Brock ° Gradieut of the minimum in<situ stress
£ = Fracture height

~Since propagatlon begins when K, hecomes greater
than some critidal’ value for thé material (K[c)’

one caa see that the dovaward (upward) growth will

be favored if gfl is greater (less) than grock

:This resuly suggests ‘that: frac. fluid
- LT heap contawn a fracture, if one. of the
bounding layers does not form an effective birrier.

IN-SITU STRESS DETERMINATION IN DEEP WELLS

At the present time the only tethrique which
has been demonstrated to. be viable for in-situ
stress’ determinations at depths greater than a few
hundred meters is a small scale hydraulic fra(Lur-
ing operation. The technique is well understoad
and frequentlv dematistrated for open hole spera-
tions. (Haimson, 1978;  Rredehoeft et al, "1976;
Zoback and Pollard, I978) Other technxques,
utilizing for example strain- relief or velocity
hirefringence, are proposed from time to- time, but
to date none have been successfully demonstrated
in a deep hole. Furtheimore, none of these pro-
posed techniques could possibly work in 2 cased
well. On the other hand, suggesting to an opera-
tor that one be allowed to emplace a tdol’inka
portion of a hole that is open because it has not
yet beea cased, especially if the hole is decp,
one is met with a look which has to be expérienced
to be believed.

thenr, today, is that a
stress determipa2tion at
is best understood for openr hole
conditiors. Very little data has been published
(Daneshy, 1973) with regard to stress determina-
tion in cased wells; however, because of the costs
incurred if a tool should beceme jammed in an open
portion of the hole, stress determinations must be
typically carried out in cased wells.

The state-of-the-art
technique exists for
depth, bdut it

A sevies of laboratory tests were thus per-
formed to determine the feasibility of using the
hydraulic fracturing techpique as a means of
in-situ stress determiration in cased wellbores.
The objective of these tests was to determine
whether the stresses, in particular the minimum
horizental stress, applied to the specimens could
be estimated by analysis of the pressure-time
records obtained during the hydraulic fracturing
of the specimens.

The majority of these tests were performed in
30 em x 30 cm x 45 cm specimens of hydrostone
Super-X loaded in triaxial compression. API stan-
dard 7 in. 0.D. - 23 1b/ftL casing was simulated
ucing 28.6 mm x 26 rm steel tubing which was cen-
tered in the modl before casting. The samples and
casing were perforated using a small right angle
drive drill which was positioned inside the casing
with a2 rod. These perforations were approximately

onwiiv~ran*?ﬁ

3 dam in d;amc(vr and extended approxlaatoly 8 om
into the hydrustone. o s

" Two perforation configitations wers -used in

these ‘tests. These consisted of _ either:  two
perforations AciTled 180° apact -at theimidepoing -
of 'the sample; or pertorations-dr{lled in a2 heli-

cal a¥rangement. The helical perforstions were
’confxned “to the middle ane~-third of the specimen
“and - were lecvated 1.0 ¢m apart along the axis. of

“the  czsing 30d30% aparl Uangentiaily around the
casing.
Samples with the 180° perforatnons were

tested with the perforations oriented at’ G° and
90‘ to the max1nun horlzontal st;es;.

FIIIIUIGW Wouid o conLro!led by perforatlon
orientation or,” as suggestad by Daneshy (1923),
the fracture would be propérly oriented parallel
to the maximum stress} indepéndent of perforation
orientation,

It was fouid that the fractures always ini-
tiated thlbugh the perforaticns even when the

' perforations were oriented at 90° to the maximum
stress. It was also found that these fractures
re-oriented themselves as the extended. Even
tliough "these fractures became re-orientated; it
was not possible to reliably estimate the ‘applied
stresses from the pressure-time records. This is
not surprising in that the fracture paths were

somewhat tortuous and that the pressurées were

measured ‘in the wellbore and hence would be a
measure of some average stress acting pe*pend1cu-
lar to the fracture. It is also likely that the
method used to <create the perforations led to a
more realistic simulation than that used by Dane-

- 'shy. = The post shut-in portion of the pressure-
time records could, perhaps, yield information as
te the state of stress acting perpendicularly to
the fracture at wvarious locations, however, such
zn analysis is beyond the present state-of-the-art
and would require more work in numerical modeling
and experimental verification before such an
analysis could be considered valid.

By perforating the wellbore with a helical
pattern, there is a very good chance that one
perforation will be oriented in or very near to
the direction of the maximum horizontal stress aid
as such the fracture would initiate in the proper
orientation. Results of the tests performed with
the helically perforated specimens show that this
is indeed the case.

induced
in the

In general it was found that the
fracture initiated from cne perforation,
proper orientation. There was some indication of
several perforations being intersected by the
induced fractures; however, this may be due to the
rather close spacing of the perforations along the
casing. For the most part the fractures were
planar and oriented in the proper direction by the
time ‘they bhad propagated to several wellbore
diameters into the rock mass.

For those cases where the preferred fracture
orientation was vertical (the vertical stress was
the intermediate or maximum principal stress) it
was found that the instantaneous shul-in pressure
was a rteliable estimate of the minimum applied

horizontal stress when analvysis techriques based

Th putposel

'
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upon minime reopening ol shit<in pressures were
wtitized, - The estimation of Lhe maximum horizon-
tal stress were ol so straightforvant; it mast be
borile in wmind that the aclual presence of the
casing in the wellbore coupled with the cementing
pressure btstory te vhich' the cuxlng has . been
~ subjected présent a» marked deviation (rom the
standard open hole case upon which the. idterpre-
tive theory is based. Neonetheless, it was found
that for vertical fraclures 4 reascnable estimate
VVVVV the maxtmun.horlzon{al stress uould be e

mated from the minmm reopening ajii shaltig Fres-
sures. This {s not loo surprising in light of the
mifnisum level of .interaction to be expected be-
twesn the medium and the relativc]y flexible in-

"fclu310u Fepresented byt

the -\ae\no R T

For. those cases where lhe prefcrr\d “‘racture
or:cntatxon was horizontal “(the vertical stress
was Lhe minimus princxpa} stress) the instantan-
. eous shut~in pressure could not be always ‘related
divéctly. ‘to the ‘minimum_princip tress. . For
tests in- larger plocas e '
. instantancous shut-in pressure and mxnxmum princi-
pal stress was obsecved altliough the fracture had
to  be extended a significant distance from the
welibore before this was so. As expected the
other twa principal stresses were ‘not calculable
from the data Since standard xnterpretxve techpi-

l\_Au IS

wellbores and fractures propagatxng parallel to
the wellbore. = A strlctly ‘Cotrect interpretive
technique for horizontal fractires would probably
require an analysis based upon fracture growth in
two diredtions.

APPLI{CATION OF IN- SITU SlRES§ DETEnWINATIOV TO
FRACTURE DESIGN

The stress state within a given  region is
t\picallv consistent to the extent that at least
its orientation ’remains falrly tciistant, as illus-
trated in Figure 3. This figure is a compilation
based upon geolegic evidence 3is well as in-situ
stress wmeasurcments and illustrates the stress
stale in 'erms of stress regimes, each with a dif-
ferent poteiitial for faulting. - As can be seen ‘in

those areas where several data points exist the
orientation is relatively constant; aiso, the
boundaries between areas of relatxvcly constant
orientation are fairly well delineated. When

magnitude as well is cohsidered however, a dif-
fereut picture emerges. Figure 4 is a compilation
of data from publishable in-situ stress measure-
meats; it is separated according to vock type.
The stress difference axis is primarily an indica-
‘tion’ Of pizferced fracture positive
stress difference indicates a preferential verti-
cal fracture. Furthermore, a high differeantial
stress is indicative of & stronger material. ft
is also a convenient axis to compare points from
the same region to examine relative containment
potential of the different horizeans. For example,
examine the cluster of data points at @

v = 90, and
20 <lo, = Opypd¢ 30

two wells within 1 km of each other. Two interest-
ing points can be observed, namely; (i) the stress
differences between the shales and sandstones; and
(i1) the scatter in the data. There is also an
interesting trend in the figure which supports a
qualitative correlation belween stress difference
and rock type (Figure 5) as suggested by Abou-

plane;. a

these six points are from

w"‘.’i-r- TRAAL

ques are based upon stress concentrations arcund

£
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Sayed, ot 31 (1981). There is a strong theoretical
basis Tor this correlation. General laboratory

response of granites, sedimentary rocks and salt
to applied Yoads implics that soft, high ductility
material (higher principal strain ratio during
incltastic flew) as-well as materials not capable
of sustaining large deviatoric stresses (low prin-
cipal stress ratio in uniaxial strain tests) pes-
sess ‘higher miniioum horizéntal stresses. [Ia the
elastic ~cegime this responise has widely been
atlrtbuled to Poisson's ratio effects. Examination
A€ Fiauves 6(a) through (e) illustrites 't at_there
is strong ficld evidence to support t this qualita-
tive . observation. Close examination of Figure

6(e); hawevér, illustrates an important point;
although the_ general trend is seen to exist, it
28 N i

must - be concluded that owing e the ovailap
the boundarxes,’xt doe< not make sense to try to
design for containment on the basis of lithology
.alone. Thxs boundary ‘gverlap reinforces the re~
qulrement of in-situ stress measurement on a case
by case basis.

L

S
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To fukther 111ustrate the concepts ulbLusbru
in this paper, it is illustrative to examine sev-
eral case histories. '

Fracture Containment Studies in the Devonian Shales

An extensive program to “chdractervize the
material propertxes and the in-situ stresses was
_conducted on Columbia’ Gas Wells 120402 and #20403.
“The "results indicatéd that the elastic moduli of
"the various shale liayers were comparable. and that
although the gray shales’ were, in ‘general, stiffer
than. the brown shales, ‘the difference was not

- great enough for the gray shales to form fracture
barriers. - The “in- situ stress was measured in the .
upper gray shale,  and this measurement coupled
with local geologic’ “structure, field observation
and’ elastic properrxes was used ‘to calculate the
iollowing in-situ stress profiles (Jones et al.,
1977). F:gure 7 indicates that the brown shales
will not impede the growth of fractures being
propagated "in the gray shales. this is supported
by field evidence repérted by McKetta (1977) who
notes that a fracture initiated id the lewer gray
shale propagated 'upward “into "the middle brown

uu31y515 of the specific lavers produced

the following treating pressure limits. Because
of the limited potential for fracture containment
and possibility of subsequent conhection of frac-
tures created by multi-stage treatmenls, the best
results shoild be obt~‘icl when the reservoir
formation most suitab:c for fracture containmenat

" is fractured first.

“shala:

Fracture Containment Analysis in
Stoune

A series of four in-situ stress measurements

were conducted in Columbia Gas Well 20538-T. The
minimum horizontal stress was measured in the
lower shale, sandstone pay and upper shale. The

measurements revealed a 480 psi (3.3 MPa) differ-
ence between the upper shale and the sandstone pay
zone. The difference between the lower shale and
pay zone was only 130 psi (0.9 MPa). The distri-
butisn of stress in the different layers is shown
in Figure 8 (Abou-Sayed, et al, 1978). The core
analysis on this well revealed that the moduli of
the adjacent shale layers were comparable, or less
than the Benson sandstone. Only the in-situ stress
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contrast would provide comtainment. The situation
was subsegquently analyzed to determine the maxinum
atlowable treating pressure. A schematic repre-
sentation of the analysis is shown in Figure 9
(Abou~Sayed, et al, 1978). This analysis incor-
porates both the in-situ stress contrdst measured
in Well 20538-T; and the effect of frac fluid den-
sity. The calculations were pecformed for three
different Lypes of fraclnrlng {luids, used_com-
manty {n this Gies of ihe URiled States, Results
of \he catculations are summarized in Table V11
The results iadicate that although the upper shale
- does provxde a degree of containment|-the—
- 3hale diTows 4 downward migration of the fracture,
roughly 5 to 7 times the degree of upward penetra~
tion. . The bottom hole treating pressure must be
“vontrolled very tlosely to maintain any degree of
conta:nmont, max inum pressure varlatlon shoﬁld be
50 to 1857 psz

o Fb B AT S

- :raczure uesxgn in the P:nedale Field

In-s:tu stress measurements were performed in
Mountain Fuel Mesa Unit Wells #! and #2 in the
Pinedale Field; the wells are separated by a dis-
tance ‘of approximately 1.0 km.  Six measurements

* were carried out in the- same pay sand and bounding
shale layers. The wells were cased and later per-
forated using a helical arrangemeat. “The measure-
ment indicate the existence of a higher in-situ
stress within the shale layers. A diffeveénce of
5.3 MPa exists between the stresses in the upper
shale -and ‘the pay zone whilé Vhe lower shale shows
a 5.6 MPa higher stress than the pay sand.  Such
in-situ stiress contrast is Cavorable for fracture
containment. This data was analyzed Lo correlate
the maximum al!ow1ble downhele treatment pressure
with the total frciure height and ponctrnlxcn int
Lhe barricr layers. Figure 1Q shows.a profile for
*ie minimum in-situ “in Well #2 - along with such
correlation. Fracture treatment design was bajed
on the information obtained ip the fisld albng
with laboratory determiudd fracture conductivity
tests {Ahmed, et al., 1981).
ication of FracLurc Gnomctru te Thick or

i'v'C Toridations

Recent work by Abou-Sayed et al. (1978)
illustrates the advancement of predictive capabil-
ities in the field of hydraulic fracture aralysis.
This work applies to thick or massive formations,
and predicts the effect of frac fluid gradients on
the geometry of fractures heing propagated in
these formations. The tvpe of geometry §5 sllown

“in bigure 11 (Abou-Sayed et al., 1928b) as a func-
tion of velationship of minimum horizontal in-situ
stress gradient (g ) versus frac fluid density

rock
pressure gradient (gfluid)' Abou-Sayed, et al
(1978) noted that downward or upward (racture

grow'h may be achieved (if enongh measurements of
in-situ stress have been made to characlerize the
minimum horizontal in-situ stress gradient within
a thick or massive formation, and the density of
the frac fluid is adjusted accordingly).

This gromeotrd has  appiication
thick pay fermations, which exhibit very lacatized
gas concentrations. It may he advantageous to
concentrate perforations at 3 narticolar depth in
the tormation so that the amount of fracture
created in  the productive portion of the poy

-~ T TP
AS -‘:ii-ii,:‘ll.‘l

iuwer’

(n !o to 1.3 MPa) at the surlace.-

to

—
formation  can be optimizpd.  As
the amount “of fracture created
zone is not appreciably different,
larger fracture
smaller fracture.

Figure 7 shows,
in the produciog

even Lhough the
is nearly twice the size ot the

" CONCIUSIOR

The-hroceding Castiples nave llustrated th]t
there can indeed be sighificant variations, otlier

than those 6ue to gradient, of hor:zontal 1 stresses .

welloas-RET a3 i diTferent wells
regnov To optimize the -stimula-
3-'well there is, of nécessity, a
requiremert “te dctermlne the stress state, in-
sitn, of those horizons which are potentzai tar-
- gets for massive stimulation,  From. the viewpaint

, uith)n a_given.
“within a given
tion design in

ZAARAVIAR TR SR T ew standing by while stréss

measurcucnts are. made, so most measurements of
“this type are made when a workover vig is on the
hole, The logistic problems associated with
‘noti-praducticn- people being on site running a

non-standardized borehole test lecad to delays and
it is not. unusual to nxpend several “days  tlime

before the Fiest data point is acquired.  ‘what i
necdéd is a rapid method, similar conceptually to
4 oroduction ‘logging operation, whereby. the in-

situ stress-statc can be determined, rapidly, at

multipls horizons along the  bexeliole  length. At
the presenl time, il appeags that the onily way
that this geal can be obt:i-ed is through the use

of a wireline hydraulic tracturing logping ldol.

Such a tool desigii has recently been vomplioted for

DOESMETC by TercarTek, Inc.

The design of any downihole teol is a complex
process.  -The “tool must be able to perform’ its
function under a ‘variety of harsh downhale condi-
tions, thousands of feet deep inside a very expen-
sive hole in the ground. 1f it is lo be usefinl
aud thevéfore used ‘regularly, it must be cconom-
ically feasible to build, trelatively quick ind
casy to use, and most importantly, i1 must be
relible in that it czw b féwoved from the bore=
hoie without damaging the well.

regi rement s
some of the

A list of the oviginal design
for this particular tool. reveals
problems to be solved:

. ’ﬂolc depths from ncar surface to 10,000 feet
(3000 m) deep.

2. Borcholes that

are drey or filled with water,
drilling mud, or other liguids.
3. Corresponding variable working pressures from

atmospheric o severz) hundred atmoupheres.

4. Boreholes  that  are emooth, deteriorated,
washed  out, straight, «ciaoked, cased or
uncased  through a wide vartety of  rock,

5. flowahole aperating temperatures from surtace
cordditions to geothermal (100°C).

G. It possible, the tool should be able to tunc-
tian on a standard cable currentiy used tor
other purposes.

Caveful consideration of the requirements and

possibilities for a wireline fracturing tool has

abe far. tqo&coth\ E Al Ravaiias e

"
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consuslenlly sugrested- that no single tool is- the There is a demonstraled need for ia-situ
best sotulion to all possible downliote conditions. stress data and for a logging tool to perform
Indeed, the tool design shovld be selected based in-situ stress determinations by hydraulic frac-
on the actual conditions for which it will be used turing, on a routine basxs, as an aid to optimiz-
- most of the time. The major hele conditions that ing stimulation desxgn The tecol design is com-
must  be considered in selecting “the (ool are ple*e'; the cemaining - challenge is to get the
~uhethar ‘ar not the hole is cased. (which can affect prolotype Lool into the field.
the fracture detection device); whether or not the = ) Com e -
borehole is fluid filled {vhich dictates the need REFERENCES
for a self-contained resérvoir); and the most
[T T TsErTous; “the-typa-ofiborehole fluid, Abou-Sayed, A.S., Brechtel, C.£. and Ciifton, R.J.
T e ";,73~~-"},—~.-s,g-- S[\_fgss Natayrination by Hvdrofrac-
The tool design which is presented in this turing - A Fracture Mechanics Approach" Journal
report meets or exceeds all of the original design of Feop"’ysxcal Research, Vol. 83, No. 86.
requirements with the exception of numbér $ix. The -
3 . prelmmary des{gn phase of 'this project indicated Ahou ~Sayed, A.S., Jones, A.H. and Simonson; E- R.
[ vl fothat it probably ‘wotild not be possxble to transmit 1978b, "Od the St.ululat.xou of Geotherwal Resetvou
surtrscien cu.u-....“.-'r"‘“" AWA S anacstandard . Ly Dougward Hydraullc Fract.ur\ng ASHE Paper 77
wireline cable, that these power levels would PRI 81, Sr
severely hamper the function of ‘the downhole-con- . ) . | :
trol <¢ircduitry, and insufficient pull strength Abou-Sayed, A.S., Ahmed, U. and Jones, A., 1981,
would be availsbie to pull the ool should it Systematic’ Approach to. Massive Hydraulic Fractur-
become jamcd Accordingly, the tool design is- ing Design’', SPE 9877.
based upon a fluid wireline which will be used in ' B
conjunction with an armored electrical wireline. | Advani, S.H., Gangarao, H., Chadg, H., Komar, "C.
By and Khan, 1978, "Hydraulic Fracture Modeling fcr
{ The wireline hydrautic fracturing tool design | the Eastern Gas Shales Program”, Second” Eastetn
E is modular in nature, utilizes off-the-shelf Gas Shales Symposium, Vol. DOE/PTETC
compenents and is illustrated in Figure 13, The -
tool design is based upon a Lynes surface contrel- Ahde e, Schatz,; J. F., Grcenfxeld H. aad Iones,
led 1nflatab1e ‘production 1n3ect10u packer, ‘the -~ AM., "Optimized Sumulahon ‘of 'hght Sands “in ‘the
maJonLy ‘'of other :components facilitate downhole Pmedale Field, Wyommg Proceedmg of “the  16th
" control of the tool. Fundamenta; to operation in Intersociety Energy Conversxon Engmeermg Confer-
this wmode 'is a mcroprocescor based - comro]le. ence, Atlanta, Georg:a ‘August, 19831.
with a bidirectional comumcatlon line ronding to ) R
the surface {which also trahsmits power). Both Bredehoeft, J.D., Wolf, R., Keys, W. and Shiiter,
the hardware and software of the controller exist E., 1976, "Hydraulic Fracturing to Determine the
as they were developed independently for another Regiondl 1in-Situ Stress Field, Piceance Basin,
geophysical logging tool. In response to signals Colorado", GSA Bul. 87, pp. 250-258.
from the surface the controller manipulates valves )
and sends arquxred data, mainly ‘pressuréftime Clc’a‘r){, M.P., 1978, "Primary Factors bovermng
history tc the surface where it is recorded. Hydraulic Fractures in HeLctogeneovs Stratified
Should the tool become _\arnmed in the weil the Porous Formations", ASME 78 PET 47.
cabic and conduit can be'discofinected’ by exploding ' ‘
helts and o standard APT thread exposed. for fish- Clifton. R.J., and Abou-Sayed, A.S., 1981, "A
ing. Finally, the too! design 1iacorporates a Nariational "Approach to the Picdiciion of ihe
radial differential temperature legging tool Three Dimensional Geometry of Hydraulic iractures,
(Cooke, 1978) to bec used in an attempt to locate SPE/DOE 9879.
fractures behind ‘casing. The tool scans temper- )
“ature circumferentially and it is feilt that the Cooke, C., 1978, "Radial Differential Temperature
temperature. contrast between the strata and fliid Logging - A Vew Tool for Dectecting and Treating
from the surface will present an anomaly that Flow Behind Casing™, SPE 7558.
shanld ke detectable. )
Daneshy, A.A., 1973, “Eipcrimcatal lnvestigation
The availability of in-situ stress data and of Hydraulic Fracturing Through Perforations",
the knowledge of the rele that it and other rock JPT, October, pp. 1201-1207.
mechanics parameters hkave in the physical process
of fracture growth and containment, has led to the Danesky, A.A., 1978, "Hydraulic Fracture Propaga-
initiation of comprehensive modeling programs tion in Layered Formations™, JPT, Vol. 18, No. 1.
which have as their goal the prediction of frac- :
ture geometry. A number of such cfforts are pres- Fast, C.R., Holmar, G. and Covlin, K., 1975, A
ently underway; receat fracture geometry predic- Study of the Application of MHF to the Tight Muddy
tion simulators (c.f. Clifton and Abou-Sayed, 1981) "J" Formation, Wattenberg Field, Adams and Weld
represent an advanced level of modeling that in- Counties, Colorado", SPL 3624.
corporates three dimensional fracture geometry as
well as variations in the stress tield wilh depii. Haimsous, B.C.; 1278, "frustal Stress in the Con-
With the types of data which are now becoming tineatal United States as Derived from Hydrofrac-
available from field investigations coupled with turtng Tests", in J.C. Heacock, ed: The Earth’s
laboratory measurements, better guidelines can now Crust, Geophys. Monograph Series, Voi. 20 AGU.
be provided for operations such as fracturing
close to acquifers, limited entry methods for mul-
tiple sands {continuous and lenticular) and more
economic treatments of lower permeability sands.
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ABSTRACT

One of the main problems in hydraulic fracturing
technology is the prediction of fracture height. In
particular, the question of what constitutes a barrier
to vertical fracture propagation is crucial to the
success of field operations.

An analysis of hydranli¢ fracture containment
effects has been performed. The main conclusion
is that in most cases the fracture will penetrate
into" the layers adjoining the pay zone, the depth
of penetration being determined by the differences
in stiffness and in horizontal in-situ Stress ‘
between the pay zone and the adjoining layers. For
the case of a stiffness contrast, an estimate of the
penetration depth is given.

INTRODUCTION

Present-day design procedures for hydraulic
fracturing of 6il and gas reservoirs are pre-
dominantly based on the fracturing theories of
Perkins and Kern (Ref. 1), Nordgren (Ref.2)

‘and Geertsma and de Klerk (Ref. 3). In the

model proposed by Perkins and Kern, and improved
by Nordgren, the formation stiffness is concentrated
in vertical planes perpendicular to the direction of
fracture propagation. The fracture cross-section in
these planes is taken to be elliptical, and the
stiffness of the formation in the horizontal plane is
neglected. In the model proposed by Geertsma and
de Klerk, the stiffness of the forma*tion is concen-
trated in the horizontal plane. Tke fracture cross-
section in the vertical plsne is assumed to be
rectangular, and the stiffness in the vertical plane
is neglected. In both models, the fluid pressure

is assumed to be a function of the distance from

the borehole, independent of the transverse coor-
dinates. The theory by Perkins and Kern is more
appropriate (Ref. 4) for long fractures (L/H 2 1,
where L. and H are length and height of the frazture),
whereas the model by Geertsma and de Klerk is
applicable (Ref. 4) for short fractures, L/l < 1.

The main_ shortcoming of these fracture-design
procedures is that they assume a constant, pre-
assigned fracture height, H. The value of H has a
strong influence on the results for fracture length,
fracture width, and proppant transport. Usually,
the estimated fracture height is based on assumed
‘barrier action' of rock layers above and below the
pay zone. This situation is rather unsatisfactory.

Moreover, if in reality these layers do not contain
the fracture, large volumes ot‘/l'riactyuring fluid may
be lost in fracturing unproductive strata, and
communication with unwanted formations may be
opened up.

Whether an adjacent fermation will act as a
fracture barrier may depend on a number of factors.
Among these are:

- differences in

in-situ stress

- differences in_ elastic properties

- differences in fracture toughness

- differences in dyctility

- differences in pérmeability

- the bonding at the interface.
In this paper we analyse these factors with respect
to their relative influence on fracture containment.

Differences in in-situ stress and differences in
elastic properties affect the 'global' or overall stress
field around the fracture, and hence, the three-
dimensional shape of the fracture. This shape, together
with the horizontal and vertical fracture propagation
vates, determines the fluid pressure distribution in
the fracture which in turn affects the stress field
around the fracture. Consequently, the elastic stress
iield, the fluid pressure ficld, and the fracture pro-
pagation pattern are intimately coupled, which makes
the fracture propagation problem a complicated one.

Whether at a certain point of the fracture edge
the fracture will propagaie is determined by the
intensity of the stress concentration at that point.
This stress concentration depends on the global
stress cistribution in and around the f{racture, but
it is also directly affected by the local ductility,
permeability, and eclastic modulus in the tip region.

J
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For instance, idealised lincar elastic fracture theory
predicts that the 'stress ialensily factor' goes to
zero as a f{racture approaches an interface with a
layer of higher stiffness (hlgher shear modulus)
(Refs. 5,6,7); this effect is independent of the
fluid pressure distribution in the fracture. Similarly,
the stress ,intensity factor effectively decreases
wheinn“the {r aciure crosses into a layer of uigher
ductility (Ref. 8) or lower permeability (Ref. 9).
Another class of local ‘effécts is due to the nature
of the interface between' two' lnyers For .. =

;msunc‘ -if _tha. luuor:—::-t foorty ‘Sonded; “sttpmay T

occur, leadmg to bl\mting of the crack tip and
subsequent c¢rack érrest. The effect of a 'smeared out'
interface,  whire properties change gradually from

one lzwer to the next, may differ from that of a

more abrupt transition.

R e e S
D R L L oh\—thll l.llal it

is unhkely that the 'local' effects mentioiied above

are of primary importance in determmmg the geometry
of hydraulic fractures. It is more probable thatl in-
situ stress and stiffress differences between layers;
through their mfluence on fracture cross-section and
fluid Bressure dxstnbution ‘are the main factors
detormmmg rrdcture shape

l' LA B A ‘r“\r

THE. STR‘-‘SS INTENSITY FACTOR

In the linear elastic theory of fracture, the
stzl‘e/-%ses around the- txp of a crack are singular with

, where r is the distance to the é¢rack tip. The
strength of the singularity is 'measured' by means
of the stress intensity factor, K, which for a
tensile ('mode I') crack is defined as

K = limit ¢2a) /%6,

r >0 y

where o is the sensile stress on the ¢rack axis
ahead of" the tip."The value of the stress infensity
factor K depends on the fracture geometrv and on
the load applied. For instance, for an’infinitely,
lox\g ¢rack of height H, internally pressuvrised by
a flaid and” pxopagatmg through a homogeneocus

material, one has {(Red. 10)

K = 1.25 apyH, ) (1
while for a penny-shaped crack of radius H/2

K = 0.80 ApyH.

In these formulae, op = p - S, , where p is the
fluid pressure msxde the crack and S, is the
formation stress normal to the plane ot? fracture.

The fracture propagates if the stress intensity
factor K reaches a critical value K , which is a
material property called critical sti%ss intensity
factor, fracture toughness, or facf‘yéxabmty 1/2
Measured values of Kc, in MPa m {psi inch
are

))

1.04 < K < 1.81°
(950 < K < 1650) for siltstone (Refs 11 12)

0.44 < KP < 1.76
{400 < Ké < 1600) for sandstone (Refs. 11,12,13)

B e

0.44 < K_ <
(400 < KC <

033<K <
(300<K <

1.04
¢50) for limestone (Refs. 14,15,16,17)

1.32 - .
1200) for shale (Refs. 11,12,15,18)

confming pressures, under downhole condmons, the

fracture tou

ghpess may be somewhat higher, for

instance (Ref. 14), a factor of 1. 6 al 24 MPa

(3500 psi).

owever, the main noint is that‘the. . ...} -

range of measured values of fracture toughness
is very narrow - all hut one of the values of

K _. in Refs.
088 MPa ml

H - 18 are witly.ha factor of two from
(800 psi inch

As ment'oned in_the Intmduction.k e\ustmg

.theoriss af-Rvdranilic frantitrina s nsdivne tn m%-fq)nm

fracture height H. Let us consider the casé where

the material

is homogeneous, the fractiireé 1€ngth. L

is much larger than H (as is the case in most
fracturing designs}, and the’ flu)d pressure inside

the crack is
distance x t

a function p(x) = + ap(x) of the
o the borehole. The ‘é‘treés intensity-

facter at the upper and lower edges of the' crack
may then be approximated by

K(x) =
while the st
(x = L) wilY’

K(L) =

1.25 ap(x) JH,

ress intensity factor at the crack front

‘be slightly larger than that of a penny-
shaped crack of radius H/2, say

1.00 ap, JH,

where Ap, is some average value of Api{x) over the

region close

to the crack front.

If the fluid overpressure Ap were constant
over the" crack (mdependent of x), it would follow
that the stress intensity factor at the upper and

low®t edges
cent higher

of the crack would be some 25 per
than at the crack front (Clearly

(Ref. 19) gives the ratio of siress intensity
factors as Vlv)lx(r) > J(2L/H}, ‘whick may be much

sa\an

larger than

N i aaats

1.25. His analysis is based on an

elliptical cross-section in the x-z plane. It is more
likely that a contained long crack woulgd" have ‘an
approximately semicircular end). Consequently, the

crack would
direction, u
fracture by

start propagating in the vertical
nless adjoining layers contain the
decreasing the value of K or increasing

the value of Kc. The width of the fracture would

be given by
= Lv = l-v i
W= Hap T ZE K H,

where G is

the shear modulus and v is Poisson's

ratio for the foermation. Taking a representative

case with
K, =1MPam'/Z (910 psi inch!/?)
= 104 MPa (1.45 x 10% psi)
v = 0. .25 apd
H =50 m (164 ft)
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one oblains a fracture width W ) mm
at a fluid overpressure 4p < 0.14 MPa {21 psi).

Obviously, a fracture 0.50 mm wide wouid not
admit- proppant. To [ncrease fracture width, use
is made of very viscous rracturing fluids and high
pumping rates. In this way,
drop is created along the rracture. which forces the
crack to open wider. Again taking a representatxve
casé, with -

fluid viscosity n
viscosity of water)
sy STATAA m"w~~fv-~x RN -

200 m, B

l'\ -‘r\ v”-’n .

fracture length L

Nordgren's theory without fluid loss gives for the
fracture width at the well bore .
7.7 mm (0.30 inch)

=25 (1F nqu/s

and for the overpressure at the well bore

= G W
ap i-v H

= 2.0 MPa (296 psi)

However, with this value of Ap, the stress ihtensity
factor at the upper and lower edges of the fracture
‘would ke

K = 18 MPa m!/2 1/2

(16400 psi inch )

which is an order of magnitude larger than the
critical value K _. Of course; it is impossible for

K to exceed K and what really hippens ‘is that
the crack edgé contmual!y !'ee;:s ahead of the rluid
so that the overpressure Ap’is nol apphed right

up to the crack edge (in fact, in some laboratory
tests (Ref. 20) the fluid was found to occupy only
60 - 70 per cent of fracture length) It will be clear
that' differences in fracture toughness K _ between
layers will not contain such a fracture and that
local effects which decrease the stress intensity
factor K (ductility, permeability, stiffness contrast)
will not reverse this situation - whencver K drops
below K the fluid catches up with the crack cdge
until K |s again equal to K and the fracturc cdge
starts moving again.

Thus, the problem of fracture containment in
hydraulic fracturing operiations may be summarised
as follows. To obtain reasonable fraciure widths that
allow proppant to enter the fracture, use is made of
highly viscous fluids and high pumping rates. The
high pressures involved cause the stress intensity
factor at the upper and lower edges of the fracture
to be (potentially) an order of magnitude higher than
the critical value K . Local effects around the fracture
edge, which decreade K or increase K , will not be
sufficient to contain such fractures within the ' pay
zone'. Apart from interface slippage which is expected
to occur only at shallcw depths (sze below), the
only effects which might (partially) contain such
fractures are thosé that influence the overall
stress and deformation patterns around the fracture.
These 'global' effects are differences between
adjoining layers as regards (a) elastic stiffness
and (b} in-situ stress.

= 0.50 mm (0.02 inch),

a viscous pkessure I

= 0.1 Pas (a hundi‘ed h}nes the |

‘where D is the’ ductxhty (by defmltlon)

LOCAL CONTAINMFNT RFFECTS AROUND THE
CRACK EDGE -

in this ‘section, a more detaUed dxscussnon is
given ‘of the 'local’ effects which ‘may change the

(effective) stress intensity factor as a crack approachenﬁ .

an-intarfara E

wriald

between two. layers

Ductility

Accordmg to the hnear eiasuc ,theory of. l‘racture,
lrcsses an zqtralns ‘around a fractu e t:p are
3 , where r is the chstance

‘::‘:«a nnnnqnn?\f’ ”‘ : guaAvb

uity , but smgular stresses are physu:auy
impossible. To eliminate the stress smgulanty, one
can assume a plastic zone (Ref. 8) around the crack
tip*, where the stresses are limited by a *yield
condition’.

A discussion of the role of plasticity in
fracture mechanics has been given'by Rice (Ref. 8),
for the case of Mode Il crack (out-of-plane shearing).
The material is assumed to'be linear elastic up to a
certain 'yigld' value of the shear stress, 1., or the
shear strain y.. After’ yxeldmg, the shear Strain
increases at constant shear stress, ths is what
happenc in the plasti¢ zone aroind Rxce s crack tip.
ft is further assumed that the fracture propagates
if the strain at a fixed microstractiral dlstance .
p_ ahead of the crack tip reaches a value y (l{-D)y s
It can be
shown (Ref. 8) that the resistance to fracture
propagation then increases with crack length until
an asymptotic value is reached; the increase
is larger for larger ductility 'D. In this way,
ductile material such as shale may, in prmcxple ‘stop
a running crack. In essence the effect is due to
crnergy dissipationin ‘the plastic zone around the
crack tip. [t 'may be intéerpreted as a gradual increase
of the (effective) fracture torgnness K for a running
crack.

The applicibility of Rice's analysis to a Mode I
(hydraulic fracturing) crack is uncertdin, but it is
clear that some plastic energy dissipation will occur.
However, the question is whether this effect has not
afready been included in the measured values of

fracture tou;fhnoss K The asymptotic r:aclune
ok

"{.lu‘- agation yux.oo\hu i3 vecachad when' tht crack length

is large compared with the micréstructural distance p
The microstructural distance will probably be of the
order of millimetres or less, whereas the characteristic

* An alfernative is to introduce cohesive ferces in
a small region behind the crack tip (Ref. 21);
the ‘critical stress intensity factor' is then replaced
by a 'modulus of cohesion'. In the case of hydraulic
fracturing, a simplified version of the cahesive
force theory is obtained by assuming that the
fracturing fluid (or the fracturing fluid pressure)
does not extend all the way out to the crack tip
{(Ref. 22). The compressive in-situ stresses then
act as cohesive forces around the crack tip. This
concept has been used by Geertsma and de Klerk
in their model of hydraulic fracturing. It deviates

from the original cohesive force theory in that the
modulus of cohesion (or fracture toughness) of the
material itself is effectively put equal to zero.




4 HYDRAULIC FRACTURE GEOMETRY: FRACTURE CONTAINMENT IN LAYERED FORMATIONS SPE 9261

rack length in fracture toughness tests is of the order '!(owever the difference between 'fast' and 'siow’

i cenlimetres (RG{ ll) Hen(’:e it ;eems hkcl'l - (Ilnrh‘mn&ul and’ ‘dpained). :\Mpa:_‘t‘m :_—u---_:r:: shantd ‘»i
libail i vhese Teats asymptotic fracture ptopagation I not be expected to be isore than, say, a factor of ,
is approached and that thé measured value of fracture |two. Moreover, part if not all of the effect is already 5
toughness would not increase substantially if the accounted for in the measured value of fracture
- |sample size were increased to, say, one metre.. toughness K_. This apphes espccuny tor shales, 1
dAlthough it would still be useful to_investigate the | for which \h‘é diffusivity_is Very Jow due_to the S
dependence on sample size of the measured value low permeability and the value of va/c in the fracture
f K _ in jacketed burst tests (Ref. 11), we con- toughness test will be large. Consequently, we con- L
clud€ that the effect of ductility on fracture pro- clude that a permeability contrast does not give a x
Fpagatmn has already been accounted for in the significant contribution to fracture containment
measured value of fracture t.oughnacs and does beyond that which is mready contained in the values b
not give a further contnbuhon to fracture con~ - of K N :
AR TR R B R e i i DTS i D e Sae it el ;h,;k,; 1‘_ T st e W o o i T T LA B B v S et i Gt i
Permeability Stiffness contrast
The simplest {linear elastic) description of the According to idealised linear elastic fracture
stress-strain bebaviour of fluid-satlurated porous ‘theory, the stress intensity factor at the tip of a
rock is by means of poroel.gsucxty relations formulated lerack goes to zero if the crack approaches an
by Biot (Ref. 23); a recent review has been given by [jnterface with a stiffer material; an analytical
! Rice and Cleary (Ref. 24). derivation of this efiect has been given by Hilton
‘ i and Sih (Ref. 5). In fact, if the crack tip is
' . There are two limiting casés in which poroelastic located at the interface, 0”? stress singularity is
' response corresponds to'the response of a ciassical no longer of the form r ; for instance (Refs 6.7),
elastic solid. For slow deformation (slow by comparison il v, = v, = 0.3 and the suiffress ratio G /G S04
with' the time Scale for diffusive transport of pore equa] to &hree the stresses are singular “1'}\
nu;d), the material q:forms without changes in pore It has been stated that this means that a C[‘atk '.\ould I
pressure and Béhaves as an_elastic solid with shear never ¢ross an interface wnh a stiffer material {Rel. 26),
modulus G and Poxsson s rauo v, {'d' for dramed) but it ‘is obvious that such a general statément cannot
In the limit of very rapid "deformation, there is no be correct.
time for fluid flow and the materjal behaves as a
massive impermeable solid with shear modulus G If the stress intensity factor goes to zero when
and Poxsson" ratio v.. (‘u" for undrained). the crack tip approiches an (xnrmlle]y sharp} inter-
general, , which means that Volumetrlc face with a stiffer material, it is” doubtful whether
stiffness is larg%r for undrained than for it is still correct to use a fracture propagation
drained deformation; the shear stiffness is the same. criterion K = which has been derived for homo-
To give an idea of the magnitude of the effect, we geneous: matcn'ﬁs ¥urthermore, the finite size of
quote (Ref. 24) three pairs of values for v and v .: the process zone at the crack tip, the finite size
u u of the transition zone between the layers, and the
Ruhr sandstone v, =0.12, v = 0.31 existerce of natural flaws in the material, should all
Derea sandstone .'.d = .20, .'.u = 0.3z be taken into acconnt. Finally, both maboratary
Weber sandstone vg =0.15, vﬁ = (.29 (Ref. 20) and field (Rcf:. 27,28) tlests indicate that

fractures do indéed hreak through into layers with
Rice and Simons (Ref. 9) have solved the problem | higher shear modulus. This conclusion has heen

of a plane strain shear (Mode 1) crack, which pro- confirmed in fracturing tests by the author on laycred
pagates at constant speed through a homoiecneous blocks of gelatin (unpublished), in which a stiffness
poroelastic material; a short ‘and lucid discussion of contiast up to a factor of four did not act as a
their resnlte has heen given by Ricc {(Ref. 255, it fracluve YLaviied . In these and other (Refs. 20, 29)
is found that the propagation pressure Ap is 2 lahoratory tests on layered systems, crack arrest at
function of va/c, where v is the crack speed, a the interfaces was caused by slippage due to poor bonding.
crack length, and ¢ the porecelastic diffusivity rather.than by stiffness contrast. It may he concluded
{Ref. 24). The precise shape of the function depends | {Refs. 27,28,30.31) that a stiffness contrast. by
on the assumed size of the 'process zone' around the | ilself, does not constitute a barrier to propagation of
crack tip. For our purpose, it is sufficient {o note fractures which are driven by viscous fluids at high
that the maximum increase in propagation pressure pump rates.
due 1o increasing crack speed is bounded as follows:
As noted in the Introductior, however. a
l-v 1/2 BPracy 174 stiffness contrast between adjacent layers aiso has
( i ) —A—i~~~ <Ny an influence on the overall stress fizld in and around
u ‘pslow the fracture and on the fracture width. This sub-

ject will be discussed in the next section, togcther
with the effect of in-situ stress differences.

With the values of Poisson's ratio given ahove,
the effect of crack speed on propagation pressure
is less than 30 per cent. For a Mode I (hydraulic
fracturing) crack, the effect may be somewhat
larger hecause the volume stiffness plays a larger
part in tensile cracking than in shear cracking.
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tnterface stppage

~ As mentioned above, crack arrest al interfaces
in hboramry tests on layered ‘systems is usually
puEuved by uuer;ace shppage “This phenomenon
cany be prevented by increading  the compressive
stress normal to the interface, which improves the
frictional resistance to slippage. Fer example, in
tests on layered samples of Nugget sandstone
{{Ref: 29) a crack. nmee:ﬁ - ‘vug“ dllu d o

A e Lu d

smooth mterface under 3 normal load . o! 6.9 Ml’a

......

agent ‘Was used xn lhese tesl;

Loy
— v vnlsltl

In field operations, one may’ expect crack
arrest by interface slippage to océur at shallow
depths, if the layers are separated by a shavp
interface. At greater depth, however, high frictional
resistance due to the overburden load will probably
prevent m(erf«ce slippage, so that this crack arrest
mechanism will not be operative.

GLOBAL CONTAINMENT EFFECT

In thts 5eutxon, a discussion will be given of
‘global' containment effects, whxch are due to
differences between adjoxmng layers as regards
elastic surfness and in-situ stress. -These aifferences
do not keep a fracture from ¢rossing an mterface
between two layers but may restrict the depth of
penetration into the adjoining layer.

Difference in_elastic stiffness

Let us consider a fracture of constant height H
and increasing length L, which propagates from a
well bore into a homogeneous formation with shear
modulus G and Poisson's. ratio v. The fluid pressure
p.. in the well hore is kept constant so that the
8w rate Q varies with time; fluid loss into the

sides of the fracture will Le negiected.

For~a long {racture (L. > H), the fracture width
at the well bore is constant and given by (Refs. 1,4)

W = H(i-v) Ap/G, (2)

‘| where ap = p S, , with S, the formation stress
perpendlcular to the plane oP fracture. Assuming

that the fluid pressure at the ead of the fracture

is equal to S, , the pressure drop Ap {(for laminar,
Newtonian flow) may be written, according to Nordgren
(Refs. 2,4)

G 3 4 1/4
ap = 2.75 {( ‘1:;) nQ L/H) , (3D
where n is the fiuid viscosity. From (3), we Tind
the {low rate Q(t) as a function of fracture length
L(t). On the other hand, the flow rate is equal

to the increase in fracture volume with time (Refs.
Q

Substituting Q from (3), we obtain the fracture-
propagation rate

2,4)

= a‘—:(o.sswnL) 0.59 HZ (1- v) 2 d[‘ (D
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1For small aAh/h,

—(1’..,

- 0.030 1
o dt ’ L

()

R

) For a_short fracture (L < H), a similsr derivation

using the theory by Gieertsma and de Klerk (Refs.3,4)
gives

dL ' g% L 1-v? el
q G°

(6)

The two exprossxons for dL/q: agree for an almost
square (two-winged) fracture with ZLIH 0.8,

for Ap conslant the propagahon rate for a short
fracture increases with time or fracture length,
whereas the propagation rate for a long fracture
decreases with time or fracture length. For both
short and long fractures, thez propagation rate
is mversilv proportlonal to G™. Qlher things bemg
equal this means that a fractuxe ‘propagates Tour
times faster in a layer with modulus ‘. than in a
layer with modulus G2 = 2(}l
However, in most cases, other things will not
be equal. To sée this, we consider a vertical fracture

1in a formatién consisting of a central layer of height h

and modulus G,, sandwiched between two layers wiih
modialus G, > d' {see Fig. 1). I{ the fluid over-
pressure Ap is independent of the vertical ‘co-ordinile
2, a reasonable assumption for the maximum width of
the fracture seems to be [see equation (2)]

= Q-vapC R + 8
1 2

- h'
= (1-v} ap G

1
where the effective fracture height h' is equal to
h(hG Ah/G h) We note that W has the correct
limits “or G,%= G, and G. > G . Concerning the
vertical cro§s sec’non of the fralcture we make two
further assunptions:

1) In the central layer, the fracture is part of an
ellipse with major axis h' and minor axis W.

2) In the outer layers, the ‘fracture is part of an
ellipse with major axis h + ah, and minor axis
given by the requxrement of continuity at the
interfaces.

One then finds that the shape of the fracture in

the outer (G,) layers is the same as if the material

were homogcx%cous with shear madulus

1 ¢+ ah/2h

2 1+G Ah/ZG?h

.

= (Gl G (1) -

the crack width at the interface is
a factor JG /G smaller than it would be in a
homogeneoug matenal with modulus G_, whereas
it is a factor JG /G, larger than it vloutd be in a
homegencous mauu]l with modulus (‘z

‘The above considerations will be used to obtain
an estimate for the horizontal and vertical propagation
rates of the fracture of total length 2L and height
H = h + Ah depicted in Fig. 1. We assume that

Ah < h, and that the outer layers are appreciably
stiffer than the central layer: G, >> G.. In that

case, the crack in the outer layérs wxlll be of small
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c{ig narrow - and. has tha same shane’as 1A ‘A hamn. -

width and volume compared with the crack in” the
central tayer. In addition, more than 80 per cent

of thé pressure drop in the horizontal direction
accurs in tho region ¥ > 1/2, whitre- fractire -
penetration of the outer layers will be small or

Zere. (.onu-quenuy, the horizontal crack propagation
rate dL/dt will hagdiy Le influenced by the crack .
in the outer layers, and will be given by equation (5)

“Jwith G = G,. h instead of H. andAn the _Guerpressura:

in the well bore.

Regarding fracture propagation in the vertical
direction in the region around the well bore, we
note that almost all of the pressure drop in ‘this -
direction occurs in the outer layers where the crack
geneous material with modulus G!
we have G' = |G /G constant, and we may assume
that the vertical pm%agauon rate is approximately
g'gyen by equat:on (6), with L replaces by H and

by G'° = G.G,. -In that case, the ratic of the
horxzonlal and verncal propagation rates is given by

. For small ah/2h,

dL
8)

which is idepende /C-

instead of (G /G.)

of ap, and- proporticnal to G
. Integration of (8) with the

")

2

initial conditién QL h at H = h gives
24 G niyt/?
2L = h 1+ -i-g- ‘(‘3“1 log E 9)

A somewhat more accurate célculation where we
use the full expression (7) for G', modify eiquation
{6) to take account of the fact’ n\at G' changes with
H, and neglect G Ah/2G,h in the expression for

(‘; H [ 11/2»

dL/dH gives as fmal esult
V4 AL
A
> )(~ ) l)tJ
( (‘;2 h

A plot of 2L/h against H/h is given in Fig. 2 for
G,/G, = 10. After the fracture has reached the
m%ertlace (2L = H = h), it at first grows mainly

in the horlzontal direction. However, the more
elongated the fracture becomes, the more favourable
circumstances bacome for propagation in the

vertical direction; as a censequence, 2L/H reaches

a maximum value of 1.64 at 2L/h = 2.7, after which
1it slowly declines. A plot of the maximum elongation
2L./H as a function of G,/G, is given in Fig. 3. It

is seen that, to obtain 32 fr&cture with elongation
2L/H = 3, one needs a modulus contrast GZ/GI > 35,
Although the above results should be considered
order-of-magnitude estimates (the expressions for
horizontal and vertical propagation rates are only very
approximate), they do indicate that the containing
offect due o an elasiicity contrast is not as strong

as one might hope.
rate of a fracture at given overpressure Ap is
proportional to G “, the actual cffect in the geometry
of the layered system is far smaller. One reason for
this is that the crack width in the outer layers is
estimated to be a factor J(‘ /G, larger than it would be
without the more complnnt Lcnhal layer. A second
reason is that the crack in the ouler layers is
relatively long in the horizonial direction, so that

12 G, « H

f <
bt E, | PER
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Although in principle the propagatio S

transverse ¢lasticily does not play a role and the
crack becomes wider as it goes deeper. Conseqguently,
vertical fracture growth at consiant Ap is an__ ..
avceicialing process (dH/dt ~ H), whereas horizontal -

layer to be fractured and the ad;oimng 1ayers“ wilf:
causa.tha feacture-to Bssume a hiurizonially ciongated
shape. For reasonable stiffness ratios, hovever, the
clongation ratic will ‘probably ‘not be larger than two

oy three.

Dxrferences m m sxtu sness

PRI o

The effect on fracture geomeu'y of a contrast =
in horizontal in-situ stress between ihe layver to be
fractured and adjoining layers has not vet been .
analysed in any depth.

Consxder an mnmtely long fracture of height H
in the geometry of Fig. 1, where we now assume
that G If the houzontal in-situ stress per-
pendxcular tc‘b the plane of the frécture is everywhere
equal to §,, and the (luid pressure p in the fracture

is uniform, the fracture propagaiion pressure will be
1 1(c
Py S ' T w (10
where K is the critical stress intensity factor or

fracture toughness - see equation {1).

‘ If, on the dther hand, the in-situ stress in
the outer layer is equal to S, > S, the fracture
propagation pressure mcreas€5 to

L Kc -2 h
f’f,H = S1 T 7 + (S?-S ) 7 arccos o . ¢11)
The derivation of this expression is simpie and is

given in Ref. 32. The fracture propagauon
pressure p for a fracture which just reaches
the mtcrfa(gé at t /2 h is given by (10) or

(11) with H = h. l-rom (11) we then have
2 h h 1 Kc
Pr ouPrn = (Sp78y) farccos i - (-4 ) y735 7

This equation gives the extra fluid oressure that is
needed to propagate the fracture inte the layer of
higher in-situ stress as a function of penetration
depth. For the case

K, =1MPa mli (810 psi inch”)

a = 10tMpa (1.45 x 10 psi)

v = 0.25

h = 5'm (184 ft)
Sy - S1 = 3 MPa (435 psi)
one obtains 10 m (33 ft) penetration (H = 70 m),
for an extra fluid pressure p = 1.46 MPa

f.H ™ Prn

(212 psi).

{racture growth is a decelerating precess (dL/dt ~ l/l.}

‘We conciude that z stiffness contrast betwsen the
e IR
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The drawback of the above analysis (Ref. 32)
(which is the only one we are aware of) is that it
is not really relevant to the pmblc-n in hand For’
the case given above. the fracture propagation
pressure po o at thointerfaes is enual to 'S, plus
011 MPa \'ichps.x) atcd the fal Widih of the 'h.u‘(mv
is approximately 0.4 mm (0.02 inch). As meiitioned
before, such a rracture would not admit pmppam
In practice, fluid overpressures near thé well hore

are much higher than 16 psi, and the fracturc cdge

keeps ahead of the fluid to prevent K exceeding
K. The confining effect of an in-situ stress contrast
dérives from a reduction in ‘fracture width in the
outer layers, which impedes (luid flow and thereby
reduces Lhe vertical fracture- propag‘ahon rate dll/dt

Consequently the effect of an in-situ strebs
contrast on“fracture geomelry should be calculated
from a coupled elasticity/fluid flow analvsis. An
estimate of the effect may be obtained by simple
but very approximate calculations, as presented
above for the case of a stiffness contrast. A more
thorough evaluation requires a three-dimensional
(numerical) analysis of the coupled fluid flow/
elastic deformation problem in and around the
fracture (Refs. 30, 31).

Until such calculations have been performed,
it is not possible to estimate -the effect of .in-situ
stress differences on fraéture containment. However,
the effect may well be quite appreciable. In fact,
one of '{ne reasons that shale layers often seem to
contain hyvdraulic Iractures‘ may be that, owing to
‘their higher ductility or tendency to creep, the
horizontal stress in these shale layers may often
be higher (closer to the overburden stress) than

in adjoining layers. Some direct measarements of

in-situ stress seem to confirin this notion (Ref.33).

It should be noted that an in-situ stress contrast
may also ke induced artificially by reducing the pore
pressure in the pay zone by partial drainage of the
reservoir arouiid e borchsle. If the drainage radius
is much larger than the height of the pay zcne, the
resulting deformation field will have zero lateral
strains, while the vértical stress remains equal to
the overburden load. From the poroelasticity
equations one then finds a linear relationship
betiveen change in horizontal in-situ stress in the
pay zone, and change in pore pressure

Ashoriz = = y Au (12)
where

u = pore pressure,

B = ratio of rock grain to rock matrix

compressibility,( and
Poisson's ratio for the formation.

1]

\

The parameter y will usually have a value between

0.5 and 0.6. Experimental verification of equation (12)
has been provided by Salz (Ref. 34), who found a
linear relationship between fracture propagation
pressure and pore pressure in the Vicksburg nicia in
South Texas; his data scatter around a straight line
of slope 0.51.

1t should be noied that the Vu kshurg- ficld
data refer-to-reservair depleliaﬁ over a numbetr of
vears, in the course of commercial production from -
the field. [t has vecontly been suggested (Ref. 31)

hiit s massive hvdraulic {racture be conlained by

fracluring in stiges, allowing time for drainage
after each fractueing stage té lower the pore
préssure around the fracture. However, sirice
fracturing is usually. undertikeniin: tight:(law=
permeability) formations, the dramége limes
involved may. well bhe excessive: as meéntioned
above, the pmcess only works if the drainage

radius is much larger than the height of the pay

zone. The reison for this is that, owing to the

-requ:remenl of stress equilibrium, a local reduction
<) in -Karissntal- (1ol al ) SwFreas snat l\h!u e AANTAGEA 6L

part of the horizontal far-field stress is- 'carried’

by shear stresses at the interfaces with cap and
base rock. Otherwise, the reduction in pore preéssure .
will be compensated by an increase in horizontal
cffective stress, the total horizontal stress

remaining unchanged.

SUMMARY AND CONCLUSIONS

This paper ‘considers the problem of hvdraulic
fracture contzinment. it is shown that the concepts
of 'stress intensity factor' and 'fracture toughness’
have only limited applicability in the context of
hydraulic fracturing of underground formations. As
a consequence, 'local' containment effects around the
upper and lower crack edge, which decrease the
stress intensity. factor or increase the fracture
toughness, are of only minor importance as regards
the ultimate shape of the fracture. Hence, in most
cases, the fracture will penetrate inte the lavers
adjoining the 'pay zone' which is being fractured.
However, there is another class of ('global'}
containmeént’ éffects which tend to limit the penetration
depth of the fracture into these layers. These effects
are due to contrasts in stiffness and in-situ stress
between pay zone and adjoining layers. For the case
cf a gtiffrnecs cantrast; an estimate of the penetration
depth has been given. For the case of in-situ stress
contrast, the necessary analysis (Refs. 30,31) has not
vet becn completed.

NOMENCLATURE

height of pay zone

fluid pressure

fluid pressure in Lorehoje

fluid overpressure, Ap = p - S

shear modulus of formation

‘fracture height

stress intensify factor

critical stress intensity factor, fracture
toughness

fracture (half-)length

flow rate into (half) the fracture
horizontal in-situ stress perpendicular to
plane of fracture

W fracture width

0 Tiuid viscosity

v Poisson's ratio for formation

_ =g -
oxx—- O'US:U.O

wo o
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ABSTRACT

Hydraulic fracture containment is discussed
from the point of view of Tinear elastic
fracture mechani¢s. Three cases are analyzed:
a) Effect of different material properties for
the pay zone and the barrier formation, b)
Characteristic of fracture propagation into
region of varying in situ Stress and c) Effect
of hydrostatic pressure gradients on fracture
propagation into overlying or underlying
barrier formations. The analysis shows the
importance of the elastic properties; the Zn situ
stresses and the pressure gradients on fracture
containment.

INTRODUCTION

Application of massive hydrauiic fracture
{MHF) techniques to the Rocky Mauntain gas fields
nave yielded results which vary from successful
to extreme disappointing failuves. The primary
thrust of rock mechanics research in this area is
to understand those factors which contribute to
the success of MHF and those conditions which
lead to failures. There are many possible reasons
wny MHF fail, including migration of the fracture
into overlying or underlying barrier formations,

References and i1lustrations at end of paper

degradation of permeability due to application
of hydraulic fracture fluid, loss of frac fluid
into pre-existing cracks or fissures or extreme
ervors in estimating the quantity of inplace
gas. Additionally, a poor estimate of the in
situ permeability can result in failures which
may "appear" to be due to the hydraulic fracture
praocess. Previous work showed that in situ
permeabilities can be one order of magnitude; or
more, lower than permeabilities measured at near
atmospheric conditions.! Moreover, work has
been done in studying the degradation in both

“fraclure permeability and formation permeability

due to the application of hydraulic fracture
fluids.2»>3 Further discussion of this subject
is beyond the scope of the present paper. This
paper will deal mainly with the containment of
hydraulic fractures to the pay zone.

In general, the tithology of the Rocky
Mountain region consists of oil- and gas-bearing
sandstone layers interspaced with shales as
shown in Figure 1. However, some of these
sandstone layers may be water aquifers and
penetration of the hydraulic fracture into any
of these aquifer layers is undesirable.
Additionally the shale layers could be separating
producible from nonproducible 0il- and gas-
bearing zones. The existence of the shale layers
between the pay zone and these other zanes could
be vital in increasing the chances for successful

& 3¢




2 ONTALIMERT OF MSSIVE HYDRAULIC FRACTURES

stxmulat\on. If the %hale layers wou]d act as
barrier layers, the hydraulic fracture cculd be
contained within the pay 2ones.

. -The in situ stresses and the stiffness
moduli of the zones can. also play a significant
réle in the containment of hydraulic fracture.
.These stresses result from loads acting within
the earth's crust and constitute the compressive
far field stresses which-act tc close the hydrau-
lic fracture. Figure 2 shows a sciiematic
represencattun o. in situ siresses acting ona

|and equal to the overburden. stress.d -

TR, O R i pe i e
P

vertical nydraulic fraciure. In §itu stresses
especially the horizontal component may vary from
layer to layer as shown in FigUre 2. For example
direct measurements of {n sitw-stresses in shales
has shown the stresses to be nearly hydrostatlc
he ove On the -
stresses are generally-less than the vertical or
overburden stress.d With these ‘differences in
stress between shales and sandstones it becumes
important to consider their effect on fracture
containment.

. Hydraulic fracture analysis is inherently
a three-dimensional problem, the mathematical
solutions of which are extremely complicated if
‘not impossible in a great many cases. Three- .
dimensional solutions to some problems have been
worked out using the finite element technique,
however, these solutions usually appear io be
very costly and extremely time consuming.? Two-
dimensicnal analyses on the other hand are on
much firmer ground and many solutidns of two-
dimensional crack problems have been worked out.
Such simplified ana]ySESprOV1de a considerable
insight into understanding those parameters and
conditions which influence hydraulic fracture
propagation. For the present work we will limit
ourselves to treating two-dimensional cracks in
linear elastic media. Furthermore, considera-
tions are only given to symrnetrically loaded
cracks (mode 1).

A two-dimensional representat1on of a
hydrau11c fracture embedded in a sand layer
bounded by barrier formations is shown
schematically in Figure 3. The fracture is
assumed to be infinite in extent normal to the
plane of the paper and that we are sufficiently

These assumptions are reasonable when we consider
that most hydrauiic fractures are assumed to
have lengths many times their heights.

In linear elastic fracture mechanics for
Mode-1 cracks, the important parameters to
consider are the stress-intensity factors Kj at
the crack tip and the critical stress intensity
factors (Kj.) or fracture toughness of the
material. %he former is a mathematical quantity
that uniquely characterizes the load sensed at
the crack tip. It is given by the limit as r0
of the expression for the normal stress component
in the vicinity of the crack tip, i.e.,’ (Figure

I PR LK B (1)

“this very brief review of fracture mechanics_

vuner ndnu, 10 Sanusiuiies, e laveral ucnuuun»’“’"":

.in mechanical properti€s between the pay zone

removed from the well bore to neglect its effects.
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On the other hand, K. is a material property to
be measured. Its 1mportance stems from the fact
that a crack will extend when the stress
intensity Ky at its tip reaches the critical
value Kjo. The idea then is to measure the
fracture toughress Kio for a matérial and then -
perform a stress ana{ySIs of the problem and
deduce what applied loading will’ produce K1 at
the crack tip. This’ load1ng will suffice io
cause further cracking in the mater1a1 With.

concepts, the following three cases of hydraulic
fracturing will be considered.

i) Effect of differéht material properties
for the pay zone and the barrier
formation. .-~

:2\ rh~u,a&n»\

_se+sne nfwfﬁarfuvn nrnnanaf!nn
o 1nto regions of vary1ng in sttu stress.
ii1) Effect of hydrostatic pressure gradients
on fracture propagation into overlying

or underlying barrier formations.

CASE 1. EFFECTS OF DIFFERING MATERIAL PROPERTIES

It is well known that there are differences

formation and the barrier formations. The
question then arises as-to what role does the
mechanical properties play in the containment of
the hydraullc fracture to the pay sand. The
effect is best seen by looking at how the stress
intensity at” the crack tip nearest the interface
(K]) var1§s as the fracture approaches the
intaHface. Figure 5 illustrates the variation
in the intensity factors for two cases. These
cases have been worked out for the following set
of mechanical properties9

"

Gy = 7.03 GPA (1.02 x 105 psi)

vy ¥ .14

G, = 13.38 GPa {i.94 x 0% psi)

vy = .14

Case I is the one in.which the stiffness of

the barrier formation as measured by the shear
modulus is less than the stiffness of the pay
zone. For this case, the stress intensity
factor (Kj).+ as r/&+0. Thus, the closer the
fracture ge%s to the interface the easier it is
to extend and will eventually pass through the
interface. Case II however, is where the stiff-
ness of the barrier layer is greater than the
stiffness of the pay zone. For this case, the
stress intensity factor (Kj),~»0 as r/i»0. This
situation provides a “b]unt1ng" effect and tends
to arrest the crack at the interface. Therefore,
if there is some choice as to which zone to
perforate, it would seem better to choose those
zones which have lower stiffness than the
adjacent barrier formations.
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CASE 11,

CEFFECT o s

As poxnted out earlier, there can be
differences in in sity stress between shales
‘{and sandstones. Llet us now consider the problein
of a crack embedded in a hcmogeneous isotropic
medium subjected to differing Zn situ stress
loading. This. problem may be thought of 35 Ghie
n whlch a hydrautic fracture. by. some mechanism
or o hea, ‘has extended into adjacent layérs where
possfb]y different tectonic stresses may be
~facting. Figure 6 is a schematic representation
of this case.

The stress 1ntens1ty factor at each end of
the crack is-found by superposition of the two
problems shown in Figure 7.

_The stréss intensity.factor Ky is the.sum of.
the,gontrlbutvon from loading A and B. The
contribution from B is zero and the only

contribution comes from A. The value of Kj can
|be c?mp?}ed divectly from the following equa-
tion

] Lty
- _fp()w,v (2)
141
where
P-5s, h<y <28
P(v) ={P-S ~-h<y<h (3)
P - 52 -h < Yy < -2

Substituting ‘Equation (3) into Equation-(2) and
performing the integratlon one obtains the
following expression for K1

K = (sz-sl)ﬁ—. {2 sin™} ()}«

(P -~ S,) /nz {4}
If we let 2 = h(1 + ¢) where ¢ is the percentage

of “h" that the crack has propagated into the
~thigh stress region, then by rearvanging terms we
get

5 K, - (p‘sl)tﬁhl]'{“ij
> _ = cos I v {5)
£t e v
2(52 = Sl) Vhi]""Ci
if Py is the pressure required for crack

exten51on when ¢ = 0, then

Kie = (P, - $y) veh (6)

Subsiitution of Equation (6) into Equation (5)
gives a relation between P
KIC'

- Py and & when K; =
The result is

_S. Abou-Sayed, R.

‘toughness of Kj

;dlffovpnrp Q-W-;R

“formation‘with higher in situ stress. .

o (l\fton

1y
(3=)

2(82-5,)

ch
P-P = e ~~;-—--*os"(rm~ 7 }

v

e St B 7 i

F1gure 8 shows a plot of: Equatton (7)4n. terms QA-.

excess pressuve P <R varsus £ the

crack has advanced 1n¥o the region of high
stress. The curves in this figure are for a
crack height of 6\ m (200 fe?t), a fracturg
NN/m 2(1000 1b-in”
ues of the in sizw stress
hite 3 £ithe adraced
difference SZ - Sl = 7.58 MPa (1100 ps1). for
examplé, an over pressure of 3.45 MPa“ (500 psi)
would be expected if the fracture were to ‘
propagate into the region of higher in situ
stress. This analysis although simplified does
indicate an increase in fracture propagation
pressure if the fracture &xtends into a barrier
If one
had an accurate measure of the fracture propaga-
tion® pressure, it mxght be poss1b1e to tell
when the fracture was extending into the barrier
zone prov1ded of course, there is a §igrificant
difference in in situ stress between the barrier
Tayer and the pay zone. _

As a last comment, if the in situ stress in
the barrier layer (S,) was less than the in situ
stress in the pay zone (S;) a situation would
exist where it requires less pressure to
propagute the fracture in the barrier 1ayer than
in the pay sand. Propagat\on into the barrier
layer would be highly probable if S, < S;.

and for' parametrlc val

Vol
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CASE FIT. PRESSHRE GRADIENT EFFECTS

Consider the prob]em shown in Figure 9. In
this case we have a vertical plane strain crack
in an infinite medium subjected to hydrostatic
pressure loading. Due to gravitational effects,
a linear pressure gradient which acts on the
faces is developed with a gradient coefficient
of g MPafm, The pvfmr-na‘l'l_y ar\n]}oﬂ Yoads are
the tectonic stresses. The so]ution to this
problem was arrived at in?spendEntly by Terra
Tek and Secor and Pollard?¢ and its solution
will be presented for completeness of this paper.

The magnitude of the tectonic stresses, of
course, is a function of depth and may vary from’
formation to formation. There are many theories
advanced as to how the tectonic stress varies
with depth. One of these theories assumes there
are no lateral displacements as a function of
depth and hence uniaxial strain conditions

prevaii.*~¥ For uniaxial strain loading, the
ratio of oy (overburden stress) to lateral
stress oj ztectonic stress) for a linear

isotropic homogeneous elastic material is given
by

-
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"I the deeper you go the greater becomes the lateral

Abstton of the fPaclure Yeaches the critical
value Kj. first and that downward migration is
probable. Conversely, if « > 8 then (K1)y > {Kp)5

‘ ' CONTATIAENT UF HASSIVE H
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rate, it seems plausible thét

stress oi.

stress and that a linear stress gradient is
reallstac Exactly what is the value of the
grquent is. a topic af dlSCUSSIOﬂ and will

17‘?@1\' ne 7!\“ v wrim Y armd s s A e b R

Nwee s R v-v\-yv v_’ uilbwh
measurement ALY For this problem, however, let
us assume there is a tinear variation in the
appliad or tectonic stress of x MPa/m
as shown in Figure 9. :

 The solution for {K1), and (Ki)z for this
problem is again found by lhe superpos1txon of
the following two loadings shown in Figure 10.
‘The contribution to Ky from loading”(B} is
zero "and the only contrvbu{1on comes from loading
{A)}. The values for {Kj), and (Kj}; are
calculated as before from Equat1on (2) with

A

P(y) = (s-aly + J[P, + P - S, - 5]

(9)
Inteyration of Equation (2) with Equation {9)
substituted for P(y) results in the following
expression for the difference in stress intensity
factors between the top and bottom of the crack,
i.e.,

(k) - (Kp) = (B-a)evnz (10)
4 o

where

2 = half crack length.
From Equation (10) it can be seen that if
B > « then (K;) > (KI) 1mp1y1ng that the

and upward migration is most probable. Thus,
it is conceivable that vertical motion of the
crack could be controlled by using hydraulic
fracture fluids with various densities depending
on whether upward (o>8), downward {8>a) or both
upward and downward (equa] probability, B=u)
motion is desired.

An additional interesting observation ran
be made by furttier examination of Equation (10).
If the difference in stress intensity factors
(K1)o-{Ky),, was equd] to Kjc then crack extension
houlg be cértaln for K1)2 > (K1) > 0. Thus the
relationship between th1s difference and the
difference in B and a is given by

We consider two cases, both of which give t
_same value for is-ul =
the . pressure grad1ent is due to water pressure

‘which -implies (KI)

_l » » o l (]i)

Figure 11 shows a plot of this eguation for
various values of the fracture toughness klﬁ
e
.25, Case one assiimes
on the crack face (8 = 9.73 KPa/m (.43 psi/ft})
and case two assumes a 21.2 KN/m3 (18 1b/gal)

mud is pressurizing the crack (8 = 15.4 KPa/m
(.83 psx/ft)) For both cases, the tectonic

_.b.stress. ‘variation was taken.to be V5.:4:KPa/m. .. bo. .

(.06 psi/tL}. - Lase. one woitld correspond to
upward migration of the crack and Case two
corresponds t¢ downward migration. The crack
lengt for which !8-a] = .25 and Kpe = 1. 65
MN/m3/ 201500 1b 1n'3/2) is approximately 54.8 m
(1“0 ft). For crack Tengths less than this
value AK[ is less than Kj.. That is, (K1)2
closer . to (KI)‘ When the crack reaches
54.8 m (180 ft} total vertical height, aKy = Ki¢
= Kics (Kp)y =0 for
g-a < 0.  For crac 1enggh; excéedlng 54.8 m
(180 ft), (K1), = K[¢ and {Kp) Negative
values for Kp ?mpl1es the crac ‘xs c]osed and
the crack length must be reduced to the point
where Ki = 0. We, therefore, have the interest-
ing resu]t that the crack reaches a. critical
length at which point a crack of constant iength
propagates either upward or downward depénding
on the sign of ‘8-a. 1In the field case, this
result cannot occur to any great extent since
as the crack closes during upward or downward
m1orat10n, the source of pressurization
(perforation holes) would be "covered up" and
crack pressurization would not be pOSSIble
is conceivable, however, that as‘thp crack
aytonds abay fromithe well bare ¢ that 1t would
tend to propagate upward and downward at fixed
height since near the well bore the propping
agent might hold the crack open allowing fluid
to flow out into the fracture. The important
thing to note, however, is that preferred upward
or downward crack migration is entirely possible
and that by adjustment of the hydraulic fracture
fluid density, chances can be maximized to have
a horizontally pyropagating fracture. In order to
do this, information as to the variation in in
situ stress with depth must be determined.

It

CONCLUSIONS

Three cases of uyulaUllL fraciure contain-
cnt have baen discussed froim Lhe point uf view
of linear elastic fracture mechanics. Analyses
of fracture containment as a two dimensional
problem has yielded several fundamental results
which may be applied in general to the design of
massive hydraulic fractures. The following
conclusions were made.

e

Mo
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V. Hydraulic fractures in a pay zone
located between tvo a3diacent barrier
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tayers will tend to be contained
provided the stiffness of the pay 2one
is less than the stiffness of the
barrier layers, Furthermore, if the

opposite condition exicts, harrier

~penetration is most like}y.

“2:: Migrat1on -of & hydraulic fracture eitber

-an— :5ctuoa§r

'ﬂughdlu i uununufd in-a
homogeneous - medium may be controlled
by the density of the hydraulic
fracture fluid. If the fldid dens1ty
gradient is greater {less) than the

, ;n st*u stress gradlent downwarg,

R !'— ~ & T " R R
\uynulul -.«-3. SLilnio et “““k‘k‘“

3, If there exists a difference in in sttu
stress between the barrier layer and
the pay zone with greater in situ stress
-in the barrier layer, then it may be
possible to detect fracture propagation
into the barrier formation. A sudden
increase in pumping pressure wilil occur
as the fracture crosses the interface
and extends into the barvier layer.

The increase in pressure is a functxon
f the difference in in siiu stress
between the barrier and pay zone layers

and the height of the pay zone.

From these results, it can be seen that the
mechanical properties of the pay zone and the
barrier formation as well as in siiu stress
information play a very Important role in the
prediction of hvdrau]wc fracture conta1nment
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- Fig, 3 - SCHEMATIC DRAWING OF A HYDRAULIC FRACTURE EMBEDDED IN
A SAND LAYER BOUNDED BY UPPER AND LOWER BARRIER LAYERS,
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 BLACKEYE MESAVERDE -

(OiD)

" T.20N.,R. 9W;, NMPM
San Jusn County, New Mexico

GEOLOGY

Regional Sedting: South flank of the San Juan Basin
Suiface Formations: Cretaccous Menefce Formanon

o Explorauon Metbod _Leading 10 Discovery: Follow up to i ,
S - chowd nioted £in:Menéfee whxle'dnﬂmg ‘offset well o

Blackeve Dakota discovery
Type of Trap Stratigraphic
Producing Formation: Cretaceous, Menefee Formation

Gross T!nclmees and Lnlholm of Reservoir Rocks: 12 feet of
nonmarine channel sandstone

Geometry of Resérvoir Rock: Lenticular channel sandstone
Other Significant Shews: None

Oldest Stratigraphic Horizon Peneitraied: Cretaceous, Man-
cos Shale

DISCOVERY WELL
Name: Jaco, Inc. No. 5§5-4 Jaco Slaughter
Location: NW NWsec. 32, T.20N,, R.9W. =
Elevation (KB): 6,522 feet
Date of Completion: May 4, 1972
Total Dépth: 2,737 feet
Production Casing: 41 " at 1,170 feet
Perforations: 1,048 feet'to 1,056 feet
Stimulation: None; natural completion
Initial Potential: Pump 20 BOD

-Bottom Hole Pressure: 454 psi

DRILLING AND COMPLETION PRACTICES

Wells are drilled with natural water base mud through the
pay and perforated. Wells are acid washed and conipleted on
pump.

RESERVOIR DATA

Productive Area:
Proved (as determined geologically): 30 acres
Unproved: 80 acres
Approved Spacing: 10 acres
No. of Producing Wells: 3
Np. of Abandoned Wells: 0
No. of Dry Holes: 8

Average Net Pay: 10 feet
Porosity: 26 percent

BLACKEYE MESAVERDE

. By: Bruce A, Black

Colorado Platean Geblogicnl Sexvics' S
Incorporated

Gas Characteristics and Amalysis: Small amounts of methane
through pentane with méthane predominating

ol Charadensucs and’ Au!wis Dark brm\n 32° API grevity
crude

" Associated wmi_'cm;cterisu‘f«m Analysis: Fresh water
= Oiginal CaclOiliand Water Conisef Datumst Unkfown

Estimated Primary Recovery: 20,000 BO

Type of Secondary Recovery: Probable waterflood
Estimated Ultimate Recovery: 40,000 BO

Present Daily Average Production: 30 BOD
Market Outlets: Oil is trucked 10 Farmington

FIELD COMMENTARY

The Blackeve Mesaverde pool is locaisd in secs. 30 and 32
of T..20 N., R. 9 W, NMPM. The pool was originally dis-
covered in May of 1972 by the Jaco 55-4 Jaco Slaughter well.
This well was drillod as an immediate offset to the Youngand
Walters Jaco No. 2 Dakota test which cut 12 feet of oil sand-
stone at 1,050 feet while attempting to offset the indicated
new Dakota pocl discovery found by the Blackeye No. 1 weil
in sec. 29. The Jaco 55-4 initialed for 20 barrels of 32° APl
gravity oi} per day; with 10 barrels of water and very small
amounts of associated gas. The accumulation appears to be
localized in a small fluvial channel sandstone in the Menefee
Formation. Additional drilling has yielded two additionat oil
wells and 8 dry holes inan ancmpl 1o follow !hss channel.

Anather well, the Birdseye Federai 35-1, is aiso classified as
part of the Blackeye Mesaverde pool. This well was drilled to
test shows reported in the Beard Oil Company 8-30 Federal
No. 1 in section 30, T. 20 N., R. 9 W, The-Federal 30-1 was
drilled on the same location pad and 50 feet north of the
Beard well. The well was spuded on April 30, 1972 and cut 10
feet of saturated oil sandstone from 1,059 to 1,069 feet on
May 3, 1972. The well was put on pump on May 8th and made
an tnitial production of 12 barrels of oif and 30 barrels of
waler per day.

‘This well, also classified within the Blackeye Mesaverde
pool, is undovbtably producing from a separate and distinct
channel from the Jaco wells. Both the Jaco wells and the
Federal 30-1 produce from non-marine channel sandstone at
approximately 1,050 feet. The sandstones run approximately
26 percent porosity and 500 millidarcies permeability. Oil
gravity in the Beard well, however, is 36° API gravity, while
the oil gravity in the Jaco accumulation is 32° API gravity.
Additional development work to foilow up both of these
channels is expected in the future.

REFERENCES

Permeability: 400 millidarcies
Walter Saturation: 40 percent

O! NSQEn L,
-Initial Field Pressuse: 454 psi L CONSERVAT TFitexgt H, !S/fa;%?\j (deceagrd)
Type of Drive: Solution gas (?) — T \?(‘) 4,5 I
1.7,

Submitied Ly

L hEro 2459
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Hecring Daie

BEFORE EXAM PR L MEXIE Oit Conservison Commission Records

nSTRAWARIEQrs files
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CHACO WASH MESAYV ERDE
(Oil)

.20 N., R, oW vl  NMPM

McKinley County, New Mexico

| GEQLOGY
. Regiouat Setting: South flank of the San Juan Basin -
Surface Formations: Cretaceous, Menefee Formation

Explonlion Melhod Leading lo Discovery: Drilled on the

projection of a surface anticlinal nose
Type of Trap: Struuural~suangraph1c
Producing }orma!xon. Cretaceous, Mcnetee Formauon

- Gross; ‘I’“Inckne:s agé Litholog_\ of- Resenon- Rocks: 10 feet of

tluvial chanael sandsione
Geomelry of Resetvoir Rocks: Lenucular channel
Other Significant Shows: None

Oldest Stratigraphic Horizon Penetrated: 1,583 feet, Menefee
Formation (no shows)

DISCOVERY WELL

N:me' Scanlon-Shepard No. 3 SFP (Ol was originally found
in the pool in 1934, but avaiiable records do hot show
namé of well or specific date.)

Location: SESE sec. 21, T.20N,, R. 9W.

Elevation (KB): 6,423 feet o

Date of Completion: September 18, 1961

Total Dep}h: 320 feet

Production Casing: 4¥:” at 314 feet

Perforations: None, completed open hole

Stimulation: 1 barrel mud acid

Initial Potential: Pump 17-30D

Bottom Hole Pressure: 139 psi

DRILLING AND COMPLETION PRACTICES

Wells are drilled with natural water base mud through the
pay zane; 42 " casing is set on 1up of the pay using a cement
 basket and the well is completed o6pen-hole. Casing is
cemented to surface. Rods, tubing and pump are installed.
From spud to completion operations take three days. Wells
are pumped with small pumpjack.

RESERVOIR DATA

Productive Area:
Proved {as determined geologically): 40 acres
Unproved: 40 acres
Approved Spacing: S acres
No. of Producing Wells: 5
No. of Abandoned Wells: 32
No. of Dry Holes: 10

Aioenn s Mot Wuay 143 Foae
FAYTIAFL WL S Ay AV aLLL

Porosity: 28 percent
Permesbility: 344 millidarcies

(?H ACO WASH MESAVERDE

~By: Bruce A.iBlack

Colerado Plateau Geological Services

Waier Saturation: 50 percent

Initial Field Pressare: 140 psi

Type of Drive: Low pressure water drive

Gas Characteristics and Analysis: No methane or ethane,

‘smiall ‘amounts of propane. butane, and pentane with
butane and pentane dominatit

Oll Char:ctensncs and Anah’sxs. ‘Oil is light brown, low
sutfur; tow parafﬁn 46° ravity

—Asénciited Wam? Characierictios andw\nzlvsks- Rrech. water—

R

Onguul Gas, Oil, and Water Contact Datums: + 6,075 feet

Estimated Primary Recovery: Récovery to date (January
1978) estimated at 5,000 bbls of oit

Type of Seconrdary Recovery: A pllot water flood was in-
stigated in eatly 1974 with an invert § spot. The pilot
demonstrated the feasibility of flooding and would be
comparable with the Red Mountain flood. No flood has
yet beén’ msugaxcd however.

Estimated Ultimite Recou-r;. In excess of 100,000: BO if .

properly fiooded
Present Daily Average Productior: 6 BOD

Market Qutlets: Oil is trucked to Farmington by Plateau Cor-
poration .

FIELD COMMENTARY

The Chato Wash Mesaverde oil poo! is tocated in sections
21, 22, 27 and 28 of T. 20 N; R. 9 W., McKinley County,
New Mexico. It is S0 miles "lO"lh of Grams and 55 miles west
of Cuba, New Mexico. The Chaco Wash oi} pcol was dis-
covered in the late 1930°s dunng the flurry of exploration
dnlhng that foliowed dlSCO\Cl’)‘ of the Red Mouniain oil field
a milc 1o the wost. Forty-six degree AP gravity ofl was dis-
covered at 340 feet in sandstores of the Menefee Formation.
Early attempts to develop the Chaco Wash Pool werz unsuc-
cessful due primarily to lack of reservoir energy. Production
from the field was very minor and sporadic until 1967 when
the Santa Fe Pacific Railroad Company leased the area to
Henry S. Birdseye.

Mr. Birdscye began orderly development of the pool in
1958 by drilling additional shallow holes to delineate the pay
2one in preparation for instigating a water flood in the pool.
The intended water injection well was spudded in February
1968 and encountered oil sandstone from 324 feet 10 332 feet.
The well was pump tested at 34 barrels of 43° API gravity oil
per day and this and subsequent wells were put on primary
production. The water flood plans were postponed indefin-
itely. Beiween 1968 and 1971, the field produced approx-
imately 4,000 barrels of oil from an average of four wells with
most of the oil being produced in the fiist two years, In June
1972, the operator was tragically killed in an aircraft crash,
following which operations in the field were delegated to (zl-
orado Plaieau Geological Services, inc. (CPGS) 1n 1973,

In May 1973, a single invert five-spot pilot water flood was
initiated by CPGS, for the estate. This small pilot Nood in-

[Four Corners Geological Society
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CHACO WASH MESAVERDE 261}

creased production sinteen fold and demonsirated the flood:
abitity of the Chace Wash sandsione in this area. In late 1975,
‘CPGS ohizined ihie leases from tlie Birdseye Iistate.

Both the Red Mouttain oil field and Chaco Wash oil 200!
lie atone the same anticlinal asis.on the Chaca Sloje, ai the
south flank of the San Juan Basin. A major northeast-
wrending nonmal Fault, dowathrown (o the west, pmbabl)
crosses tiwe saddle between the two areas and may have anim-
portant bcarins: on oil accumulations at Chaco Wash. No cil-
WElTT Coniaci hias” \u ‘Cun duuu-u-l‘d. ana-int

area may expand to the cast, north, ‘and west, -

“The shallow 0il pay at Chaco Wash is a lenticutar sandstone

of the Mcnefee Formanon. Mesaverde Group, of Upper Cre-
laccom age, occurrmg ata deplh of appmmmatclv 340 feet.
) dstones, shales, and
L. or.swamp envi-

ronment. In the Chaco Wash area, it extends to a depih ot
about 1,600 feet. The 340-foot pay at Chace Wash is a fluvial
channel sandstone, from 9 feet to 19 feet inthickness, drapped
over a siructaral hose.

The core analysis of 10 feet of net pay in the No. 10 well at
Chaco Wazth shows average porosity in excess of 28 percent,
and permeability in excess of 340 millidarcies; a reservoir

7

~ 1,710 [ez2t. {(Photo from ¥/alt Osterhoud!)

Oil and Gas Fields of the Four Corners Areal

ok bl hw\d»ml‘-g,

volume factor of 108 is assumed, and since the core was
flushad corsiderably during coring, connate water saturation
of 50 percent is assumed. Despite she relatively low oit salsra- -
tions in the core, this well had an initial preduction of 34 bar-
relssof ‘oil_per day, with no water. The reservoir factors at
Chiaco Wash are slight!y better than those at Red Mountain,
where water flooding has recovered more oil per acre than in
any other flood in northwest New Menico. Recovery {rom the
.$S-acre pilot flood a1 Red Mourtain already exceeds 343 bar-

-rels-ner acre.foat,-ahout. half of the_total original reserves,

fmrn 4n average pay thickness of 15 feet. At Chaco Wash,
with an average pay thickness of 13 feet and original reserves
of 701 barrels per acre-foot, a primary-plus- secondary recov-
erv factor of S0 percem may eventually vield 4;50Q bariels per
acre from the 340 foot Zone.

» artesian water from the mass)
lup, bancstonc\ oiween &,vuy cuu &,nu uky
the Red Mountain flood and the pilot fiood ar Chaco Wash.

REFERENCES

" ‘Hospah -Gal-

SUPPILY vue

New Mexico Oil Conservations Commission Records.
Personal and operator’s files.
Files of H. S. Birdséye {deceased).

Butler No. 2 Crowley well diilling in the East Chromo Field, Colorado in 1951. The weli boltomed in metamarphic boulders at
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AR U

RED MOUNTAIN MESAVERDE:
1 ‘

T. 20 N., R. ¢ W, NMPM

MeKintey County, NewMexlecs —

GEQLOGY

Reglonal Setting: South’ilank of thé Sar Juan Basin
‘Surface Formsiloas: Cretaceous, Menefee Formation
'Exploration Method Leading to Discovery: Sur face mapping
T}pe of Trap: Sxmciural-strangraphxc

Ptoduclng Formation: Cretaceous Mencfce Formauén

oo Gross Thickness and Litbology of Reseivole. Rocks: 15.0eet, ..

Huvial caaiines sanasione

Geometry of Reservoir Roci: Lenticular channel sandsione

which pinches out both east and west
Other blgmﬁcan: Shows: None

" Otdest Strafigraphic Horfizon Penetrated: Cretaceous,
"Menefee Formation (973 feet)

DISCOVERY WELL

Name: Siacy, Weber, et al. No. 1 SFP
Locstion: NE NEsec. 29, T.20N., R. 9 W.
Elevation (KB): 6,480 feet
Date of Completion: June, 1934
Total Depth: 495 feet
“Production Casing: 478 feetof 412"
Perforations: Completed open hole
Stimulation: None
Initial Potential: Pump 5 BOD
Bottom Hole Pressure: 195 psi

DRILLING AND COMPLET]ON PRACTICES

through the pay zone. 4% " casing is set on top of the pay and
cemented to surface. Rods, tubing and pump are insalled.
Wells are pumped with smatl pump jacks. From spud to com-
pletion, operation takes three days.

RESERVOIR DATA

Produclive Area: '

Proved (as determined geologically): 40 acres

Unproved: 20 acres

Approved Spacing: 5 acres

No. of Producing Wells: 4 (14 injectors)

No. of Abandoned Wells: 25

No. of Dry Holes: 10

Average Net Pay: 15 feet

Porosity: 28 percent
Permeability: 400 miilidarcies
Water Saturation: SO percent
Initial Field Pressure: 195 psi

: Odalnnl Gad PUGEN “‘

474 : RED MOUNTAIN MESAVERDE

FBy Bruce A. Black

Colorado Piateau Grological ! Services.

Type of Drive: Low pressure water drive

méthane, ethane; propa_ﬂe_,‘buiane, and pentane with
butane'and pemane dammam gas is too small 1o measure,
Oi} Characteristics and Analysis: Oil is light lu-ca\wn. low
sulfur, low paraffm42 API gravity
Assocmed “'ater Charactensucs and Analys:s. Fresh water
5;(‘:»-0“%0 T\-me—- ﬁ‘ i

~ Gas Chumlerisxics and_ - Analysis: Small _amounts of

1act approx:malely ¥ 6,025 feet

Estimated anar) Rumer). 173 BO: per acte (15 percem
estimated primary recovery factor). Prior to water flood,
the field had produced 25 290 BO

Type of Qecondnn Recmen Under water-flood the field
produ;ed an additional 225,000 BO from 40 acres (as of
January, 1978)

* Estimated Ultunater Recovery: ‘Assuming -no .. additional

decper pavys; the ulumate is established at 300,000 bbls of
oil

Present Duily Average Production: 4 BOD (Januarv 1978)

Market Outlets: Oil trucked 10 Farmington by Plateau Cor-
- poration. No gas producuon

FIELD COMMENTARY

The Red Moiintain, m! field is located in sections 20 and 29,
T. 20 N., R 9 W., in northem McKmley Coumy. New Mex-
ico. The f eld is 55 miles north of Grants, 50 air miles west of
Cuba, 57 air miles south-southeast of Farmmgton and 93 ; air
miles northwest of ‘Albiquerque. The Red Mountain structure
is situated in a broad strike valley in shale members of the
Mesaverde Group some iwo miles south of the escarpment
known as Chacra Mesa, which is capped by the uppermost
member of the Mesavcrde Group. the Cliff House Sandstone.
Topographic relief in this portion of the San Juan Basin is
generaltly slight, inerrupted by occasional buttes capped by
erosion-resistant sandstone beds. In a ‘regional sense, the Red
Mountain field is on the Chaco Slope on'the south flank of the

San Juan Basin between the Zuni Uplift to the south and the

deeper partis of the San Juan Basin 1o the north. Reglonal dip
is to the northeast at an average of about 100 feet per mile.

The Red Mountain pay zone is a fluvial channel sandstone
and is the only pay horizon in the field. It ranges from 5 to 25
feet in thickness with an average of 15 feet of net pay. Porosi-
ties average 28 percent in this channel sandstone. The channel
sandstone and the Red Mountain anticline combine to form a
combination stratigraphic-structural trap with a low pressure
water drive.

Qil was originally discovered in the Menefee Formation at
Red Mountain by the Stacey, Weber et al., No. 1 Santa Fe well
insec.29, T, 20 N., R.9 W _ in June of 1914, The discovery
well, completed near the crest of a small but obvious surface
anticline, produced at a rate of S BOD from a depth of 478 to
495 feet. In the next three vears, 25 additional wells were
drilled on the structure. Seven of these wells were completed
as producers. Sporadic shallow primary development con-

[Four Corners Geological Society

er Y2

.1,.,- A e e e
-~




tinued |hmuph the next two decades. Avaitable state records
indicate a cumulative production in excess of 22,000 barrcls
3 daring this penod of time.

E : Hawever, since the field was discovered prior o the estab-
. lishment of the Ol Conservation Commission, ‘production
3 and technical data now available are incomplete and un-
reliable. The productive ared of the field; now covered by a
E' lease from the Santa Fe. Pauf' ¢ Railroad Compan), on the
’ souliy itaif of sct.uuu L\‘ c.uu itie notil llal ux bc\.uon ..7. has
= changed hands mtermmcnlly since the field discovery. In
] 1937, this, Icase was assigned to Ben and Celia Sapir. In
- -November 6{:1957, operalion of this lease was assumed by
i Chaco Qil Company, a joint venture cf Ben Sapir and Henry

S, erdsc>c In November 1958, Chaco oil Compan) assumed
operations of the field. At this time, the fieid had four: pro-
ducers and was. making appm;uma.xely '300 barrels of oil per
month. Chaco Ol Qompany"dr |
10 shallon\sxranzraphncmiihrﬂ ‘
danies and the structural configuration.
In Juty 1958 Chaco Qil Company drilled a Momson testin
the southeast Guarter of section 20. This well bottomied at a
1otal depth of 3,936 feet. The well was pluggcd and aban-
doned after encountering. gas-cut salt water in the Dakota
Sandstone. While this test did not “fing’ oxl in the Dakom, oil
1 and gas shows were logged in the samples and seen on the gas
detector in the basal Menefee Fom\anon, Point Lookout
E Sandsione, ‘‘Hospah” sandstone, "Gallup” sandstone, and

ed and loggcd an addmonal

Dakota Sandstone. Selected intervals; in the. “Hospah,”
“Gallup" and Dakola were drill-stem tested thh negative
3 hydrocarbon results The well was pluggcd back 10 900 feet
and eventually completed as a water supply well in July of
1960 in preparation for ﬂoodmg the norih half of the Red
Mouintain field.

Chaco Oil Companx began its ﬁrst regular water injection
into the Red Mountain fie!d in January 1961. Between
December of 1960 and March 1961, prodiiction was’ doubled

boe .

BBLS OiL

RED MOUNTAIN MESAVERDE

»hlgh

o delineate thifield. hmm-v ERE &
‘prior to beglnmng any addmonal water flood operations on

475

to 1,080 barrels per month and by August of 1963, the Neld
was making 5,440 bairels of oil per month. The water flood
oil production peaked a1 5,552 barrels per month in Augusl
1963 and produciion gradually deslm:d 10 its eConomic limit
by September, 1969. Between 1960 and Jinuary 197, the Red
Mountain water flood had produced more than 24], 156 bar-
rels of 43° API gravity oil from apprommalely 58 acres of the
i"cld at, an av craoc depth of 450 feet, using a maximum of 15

uubss Gh ang .0 prc:}uc:.., \‘-\.“5 Th!ﬁ 1S an. av “'"““ “? an-

prommalely 293 barrels of oil recovered per net. acre foof of .
reservoir floodéd, or a cumulative oil recovery of 4,385 bar
rels per acre, Ninety, percent of this. ol was -ecoxered in the
six-year period from 196} through 1966, This recovery is the
“flood recovery per acre in the San Juan Basin and is
mai¢ than iwjce the per agre recovery of Guif Oil’s Wcst B:s.x_
Unit flch shich is thc next highest. R
1971, a partnership. \\as.for'ned o bU)
qu-le nf ik I‘)u\aa Nl /‘—.-«:-.- P o PR R

.. .. - - ...u, Aot amy MRS

the undeveloped and uiiflooded portions of the Red Mountain
field, the general pariner and operator were lragically killed in
a small plane-accident in soulhwcs!cm New Mexico. The sub-
sequent settierent of the general. pa"rmers estaie and resulling
problems ncccssnatcd the termination of. the partncrshxp

Monback Assoua!cs acquired a 75.percent interess in the Red
Mountain field in August 1973 and Comradq Plateau Geolog

ical Servxces Inc. acqulrcd lhc remaining 25 percent in 1975,

A possible micellar flood is now being plansied for.the field in
late 1979,

REFERENCES

Filesof H. S. Birdseye (deceased).
New ‘Mexico Oit Conscnalmn Commiission records. -
Personal and operator's fites.
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476 RED MOUNTAIN MESAVERDE
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Dockst No, 8482

Docketa Nos, 9-82 and 10-82 are tentativaly set for March 31, and April 14, 1982, Applications for hearing must
be filad at least 22 days in advance of hearing date,

DOCKET: KXAMINER HEARING - TUESDAY =~ MARCH 16, 1982

9 AM. - OIL CONSERVATION DIVISION CONFERENCE ROOM
STATE LAND OFFICE BUILDING, SANTA FE, NEW MEXICO

w0 following casre wil) he haavd hfdéQ Richard L. Stamets, Examiner, or Daniel S. Nutter, Alterrnate Examiner:

[T T ALAOWABLE it Conaideravicnof ‘thae ‘silcwable production-of ‘g3z for April. 1982, from fifteen ... ]
proxated pools in lea, Bddy, and Chaves Counties, Rew Mexico. ;
(2) Conaideration of the allowable production of gas for April, 1982, from tour
prorated pools in San Juan, Rio Arriba, and Sandaval Counties, New Mexico,
1
:
1

T RS Yiuis  mppraenliln” u: SEEI Chgay o s AT LRI ::Il‘l‘“*“ﬂ“ SARA - AARSEARAARA GARBFATAESOR. Sia b
unit, Lea County, New Mexico. Applicant, in the above-styled cause, seeks approval for the urorthodox
location of a well to be drilled 760 feet from the South line and 360 feet from the East line of
Section 6, Townshxp 24 South, Range 37 Fast, Jalmat Gas Pool, and a lso-acre non-standard proration
unit comprising the SE/4 of said Section 6.

ASE 7503: Application of Sun 0il Co.pany for an unorthodox gas well location and non-standard gas proration unit,
Lea County, New Mexico. Applicant, in the above-styled cause, seeks approval for the unorthodox location
of a well to be drilled 1980 feet from the North line and 1400 feet from the East line of Section 22,
Township 22 South, Range 36 Easat, Jalmat Gas Pool, and a 120-acre non-standaid proration unit comprising
the W/2 NE/4 and SE/4 NE/4 of caid Section 22.

CASE 7504: Applxcation of Cities Serv;ce Company for the extenaion of vertical 1xuits of the Langlie Mattix Pool,
L2a County, Kew Mexico. \pplxcant. in the above-styled cause, saeks the cont:ac ion of the vertical
limits of the Jalmat Fool ‘and the upward extension of the vertical limits of the Langlie Mattix Pool
to a subsurface depth of 3416 feet underlying the NW/4 of Section 19, Township 24 South, Range 37 East.

CASE 7505: 39911cat10n of BCO, Inc. for downhole comsingling. Rio Arriba County. New Hexico.
Applicant, in the above-styled cause, seeks approval for the downhole commingling of Lybxoo?-callup
and Basin-Dakota production in the wellbores of wells drilled and to be drilled in Section 2, 3, 4, 9
and 10, Township 23 North, Range 7 West.

1%

CASE 7506: Application of Getty Oil Company for salt water disposal, Lea County, New Mexico.
 Applicant, in the above-styled cause, seeks authority to dispose of salt water into the Abo formation
in the perforated interval from 8900 feet to 9300 feet in its State "P"™ Well No. 1, located in Unit P,
Section 32, Township 16 South, Range 37 East, Lovington~Abo Pool.

CASE 7507: Application of Sonny's Oilfield Service, Inc. for an oil treating plant.permit. Lea CQunty. New ﬁexico.
Applicant, in the above-styled cause, seeks authority for the constructicn and operation of an oil
treating plant for the purpose of treating and reclaiming sediment oil at a site in the NW/4 NE/4 of
Section 29, Township 18 South, Range 38 East.

CASE 1508: Application of P & 0 Oilficld Sexrvices, Inc. for an oil treating plant permit, Lea County, MNew Maxico.
Applicant, in the above-styled cause, seeks authority for the construction and cperation of an oil
treating plant for the purpose of treating and reclaiming sediment oil at a site in the SW/4 NE/4

- ~_ of section 10, Township 25 South, Range 36 East.

<://”CASE 7453: (Continued from February 17, 1982, Examiner Heé!ing)

. " Application of Red Mountain Associates for the Amendment of Order No. R-6538, McKinley County, New Mexico.
Applicant, in the abova-styled cause, seeks the amendment of Order No. R-6538, which authorized applicant
to conduct waterflood operations in the Chaco Wash-Mesa Verde 0il Pool. Applicant seeks approval for
the injection of water through various other wells than those originally approved, seeks deletion of
the requirement for packers in injecticn wells, and seeks an increase in the previously authorized 68-
pound limitaticn on injection pressure,

CASZ ?457: (Continued from February 17, 1982, Examiner Hearing)
{(This Case will be continued ro April 28, 1932)

application of E. T. Ross for nine non-standard gas proration units, Harding County, New Mexico.
Applicart, in the above-styled cause, secks approval for nine 40-acre non-standard gas proration
uzits in the Bravo Dowe Carbon DNDioxide Arvea. In Towaship 19 North, Range 30 East: Section 12,
the NW/4 N/4 and NE/4 NW/4; Section 14, the NW/4 NE/4, SW/4 NE/4, and SE/4 NE/4&. 1In Township 20
Nocth, Range 30 East: Section 11, the NE/4 SW/4, SW/4 S£/4, SE/4 SW/4, and NW/4 SE/4.
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Docket No. 8-82 .

Examingr Hearing
TUESDAY -~ MARCH 16, 1982

_ case_750%:

CASE 7510:

CASE 7511:

CASE 7496:

CASE_7512:

CASE 7476:

CASE 7513:

CASE 751¢:

Appucatim of Supron Energy Coxporation for a non-standard proration unit or compulsory pooling,
San Juan County, New Mexico. Applicant, in the above-styled causa, seeks approval of a 160-acre
non-standard proration unit for the Dakota and Mesaverde formations comprising the SW/4 of Section
2, Township 21 North, Range 8 Weat, or in the alternative, an order pooling all mineral interests
from the surface down through the Dakota formation underlying the S/2 of said Section 2, to be
dedicated to a well to be drilled at a standard location ciwieun. A sc £5 e considersd will ¥s

_the cost ot drilling and c'mpleunq said well and the anocation of the cost thereof as well as accual

operating costs ana TERAEQER IOk suUPeivisivn, designaticn of-applicane asmrmm well, aad
a charge for risk involved in drilling said well. ‘ o

Appncation of Union ou Company of California for cocpulso:y poolinq. Lea Lounty. New Mexico.
Applicant, in the above-styled cause, seeks an order pooling all mineral interests in the volfcanp
and Penn formations underlyinq the N/2 of Section 10. Township 22 South, Range 32 East; to be dedicated

..ta s well to be drilled at a__st_andard location’ thexeoy. Also to be considered will be the cost of

drilling ana compreriny saiq ueu PYare R uu;w.;...‘:,f R R N A RR S LR Y Y N e b A ) TRRR

na el

“costs and charges for supervision, desigration of applicant as operator of the well, and a charge’ for

risk involved in drilling said well.

(This Case will be continued to March 31, 1982}

Application of Buffton 0il & Gas Inc. for compulsory pooling, Lea County, New Mexico.

Applicant, in the above-styled cause, seeks an order pooling-all mineral interests in the Holfcamp
through Devonian formations underlying the W/2 of Section 35, Township 16 South, Range 35 East, to
be dedicated to a well to be drilled at a standard location thereon. Also to be congidered will be

. the cost of drilling and couplel::inq said well and the allocation of the cost theresf as well as actt_-al

operating costs and charges for supervision, designation of applicant as operator of the well, and a
charge for risk involved in drilling said well.

{Continued from March '3, 1982, Examiner Hearing)

Applicaemn of Vi.k.uxg Petroleum, Inc. for an unorthodox location, Chaves County, Hew Mexico.
Applicant,” in the above-stya.ed cduse, seeks approval for the unorthcdox location of an Abo gas well
to be drilled 62 feet from the South line and 1984 feet from the fast line of Section 29, Township -
5 South, Hange 24 East, the SE/4 of said Sectién to be dedicated to the well.

Application of Viking Petroleum, Inc. for an unorthodox lacation, Lea County, New Mexico.

Applicant, in the above-styled cause, seeks approval for the unhorthodox location of a well located
in Unit H of Section 31, Township 13 South, Range 34 East, Nonombre-fenn Pool, said well being a
recompleted Morrow test and located in the SE/4 of the quarter section whereas the pool rules require
wells to be located in the NE/4 or SW/4 of the quarter ssction.

{Continued from March 3, 1982, Examiner Hearing)

Application of Jack J. Grynberg for compulsory pooling, Chaves County, New Mexico.

Applicant, in the above-styled cause, seeks an order pooling all mineral interests down through

and including the Abo formation, underlying two lé0-acre gas spacing units, being the NE/4 and
SE/4, respectively, of Section 12, Township 5 South, Range 24 East, each to be dedicated to a well
to be drilled at a standard location thereon. Also to be considered will be the cost of drilling
and completing said wells and the allocation of the cost thereof as well as actual operating costs
and charges for supervision, designation of applicant as operator of the wells and a charge for risk
involved in drilling said wells.

aApplication of Mesa Petroleum Company for compulsory pooling, Chaves County, New Mexico.

hpplicant, in the above-styled cause, seeks an order pooling all mineral interests in the Abo
formation underlying the SE/4 of Section 12, Township 5 South, Range 24 East, to be dedicated to a
well to be drilled at a standard locatiosn thereon. Also to be considered will be the cost of drilling
and completing said well and the allocation of the cost thereof as well as actual operating costs and
charges for supervision, designation of applicant as operator of the well, and a charge for risk
involved in drilling said well.

Application of Santa Fe Explorstion Co. for compulsory pooling, or in the alternative a non-standard
proration unit, Eddy County, New Mexico. Applicant, in the above-styled cause, seeks an order pooling
all mineral interests in the Permo-Penn, Strawn, Atoka and Morrow formations undeclying the W/ 2 of
Section 2, Township 20 South, Range 25 East to be dedicated to a well to be drilled at a standard
location thereon. Also to be considered will be the cost of drilling and completing said weil and
the allocation of the cost thereof as well as actual operating costs and charges for supervision,

designation of applicant as operator of the well, and a 200 percent charge for risk involved in drilling

said well. 1In the event said 200 percent risk factor is not approved, applicant seeks a non-standard
unit excluding the lands of owners not participating in the well.
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CASE 7492:

CASE 7500:
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casE 7815

N N aaoltc&tinn of: ﬁtivcy B )’gm M fm an m taxninatiou. sﬂy County, Mew ;hxico.

Docket Ro. 8-82

Application of Pour Corners Ges ms u-ocuunn for mwmuu. of e Lighi farmacisa,

San Juan mq. Mew Mexnico. Appltmt. in zhe abows-styled cause, seeks theé designation cf the
Dakota formation undarlying all or portions of Townships 26 and 27 Morth, Ranges 12, and 11 Nest,
—_Township 29 North, Ranges 13 through 15 West, and Township 30 Morth, Ranges 14 and 15 West, contain-

$0g 164,120 acres, wore or leas, as & Cighl [ormaiioh pirsuant o Stctiss IST-of t.‘:;*....::::.ﬁ e e
Policy At and 18 CFrR S‘ction 271. 701-705. )

(Conzumd fxa Pebruary 17, 1982, Examiner uu:i.ng)
U rhis Cm vill be continn‘d to April 28, 1982) -

54-., Sy g

Applicant, in theabove-styled cause; séexs a ucw unm‘ ;m.w.‘.‘” B eA R T O AR R A AR e

all or portions of Townships 7, 8, and 3 South, Ranges 25, 29, 30 and 31 Zast, centaining 161,280
acres, more or less, as a tight formation pursuant to Sect;on 107 of the Natural Gas Pol;c'y Act and
18 CfR Section 271. 701- 705.

(Cofitinued from mrch 3, 1982, Examiner Bearing)

Application of Read & Stevens, Inc. for an exception to the maximum allowable basg price provisions
of the New Mexico Natural Gas Pricing Act, Eddy County, New Mexico. Applicant, in the above-styled
cause, seeks an order of the Division prescribing’ the price allowed for p:oductxon enhancesent gas
under Section 107 of the Natural Gas Policy Act as the paximum allowable base price if p:oduction )
enhancement work which qualifies under the NGPA is performed on its Hackberry Hills Unit Well No.

formation for its Fultan CQ}.liez wall No. 1 Ln tnit G of SQction 1, Mshxp 16 Soith, Range 28 East.
{Continuad and Readvertised)

Application of !utvey E. Yates Company for a tight formation, Chames Coun"y. Now nexu:o. ]
Applicant, in the above-styled csuse, seeks the glesiqnatxm of the Atcka-Morrow formation mdetlymg

located in Section 22, Township 22 South, Range 26 East, Eddy County, New Mexico.
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Dockets Nos. 7-82 and 3-82 are tentatively set t‘or March ) and Ruch H,, 1782, Agplications for hearing mist be
fund at least 22 days in advance of hearing date. :

Dockat No. &6-82

DOCXET:  EXAMINER HEARING - WEDNESDAY = FECAUARY 17, 1982

9 AN, « CIL CONSERVATTON DIVILION CONFERENCE ROON
STATE LAND OFFICE BUILDING, SANTA FE, NEW MEXICO

CASE 7480:

CASE 7459:

The following cases uill be heu:d beforc Rich.lrd L. &m:s. m-uu:. or Dariei 3. Nuiter, Alternate Examiner:

{1) Consideration of the allowadle groduction of gas Eot March, 1982, from fiftean proratsd pools
0 inGea, BAdy, and Chaves Oountiss, New Marico. :

{2) Consideration of the allowable production of gas for Narch, 1982, frow four proxatad pools in'
San Juan, Ric Arriba, and Sandoval Counties, Mew Maxico.

{3} Consideration of putdnu: s nominations Eo:monmrmod beginning April l. 1982. tox
bothotﬁaahonatm .

{Continuad from Decesber 16, 1981, Examiner Eeaxring)
(THIS CASE WILL BE CONTINUED 70 THE EXAMINER HEARING OM MARCH 17, 19€2)

Application of Harvey E. Yates Company for an NGPA detemmination, Eddy County, New Mexico.
Applicant, in the abowve~styled cause, seeks 2 new onshore reservoir determination in the San Andres
formation For ite Fulton Collier Well No. 1 in Unit G of Section 1, Township 18 South, Range 28 l’-:ast.

Appucauon of Northwest Pipeline Coxpo:ation for amendment of Order No. R-2046, Rio Aznba County,
Meu Mavico.  Applicant, in the above-styled cause, seeks the Amendment of Division Order No. R-2046,
which authérized Wl of six OGa-standard nroration units, Basxn—nakota Gas Pool.

The »mendment sougnt is for the creation of the following non-standard pmation u;\its,.to be drilled -
at standard locations therecn: Township 31 Noxth, Range 6 West, Section 25: N/2 (272.16 acres} and
§/2 {273.3 acres); Section 36: N/2 (272.56 acres} and S$/2° {272.88 acres); Township 30 North, Range
6 West; Section l: N/2 (272.8) acres) and §/2 {273.49 acras).

Apphcatxon of arco 0i) & Gas Campany fot pool creation, Lea County, New. Nexico,

Applicant; in the a.bove-styled cause, seeks the creation of a new Upper Devohian gas pool for its
Custer Well No. 1 located 1810 feet from the North line and 2164 feet from the West line of Section
%, Township 25 South, Range+<37 East, Custer Field.

Aoplication of Arco 0il & Gas Company ‘for amendment of Order No. R-6792, Lea County, New Hexico.
Applicant,” in the above-styled cause, seeks the amendment of Division Order No. R-6792, which authorired
the directicnal drilling of applicant’s Custer Wells Well No. 1 to an unorthodox lecation in: the Devonian
ard Ellenburger formations and imposed a penalty in the Devonian. By stipulation applicant a4 ‘he
offset operator have agreed that the subject well is nct affecting the offsetting property and applicant
nerein seens -.cruc-.:.: of tho pen2lty imposed for so long as the well pxodnces only from the present
parfcrated interval in the L'pger Dew\nlan.

(Continued from Jaruary 20, 1982,Examiner Hearing)

e

CASE T410:

Application of Red Mountain Associates for the Amendment of Oxrder No. R-6538, McKinley County, New Mexico.
Applicant, in the above-~styled cause, seeks the amendment of Oxder No. R-6538, which authorized applicant
to conduct waterflood operations in the Chato Wash-Mesa Verde Oil Pcol. Applicant seeks approval for

¢ injection of water through various other wells than those onqmally ‘approved, seeks deletion of
the requirement for packers in injection wells, and sesks an increase in the previously authorized 68-
pound limitatien on injection pressure.

{Continued from January 20, 1982, Examiner Hearing)

Application of B.O.A. '0il & Gas Company for two unorthodox oil well leccations, San Juan County, New Hexico.
Applicant, in the above-~styled cause, seeks approval for the unorthodox location of a well to be drilled
2035 feet from the South line and 2455 feet from the East line and one to be drilled 2455 feet from the
North lire and 1344 feet from the East line, both in Section 31, Township 31 North, Range 15 West, Verde-~
Gallup 0il Pool, the KW/4 SE/4 and §W/4 NE/4, respectively, of said Section 31 to be dedicated to said
wells.
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Docket No. 6-02

OANINER umma WEDNESDAY - F‘%RulﬁY 17. 1982

CASE 7457:

CASE 7482:

CASE 7483:

CASE 7474:

CASE 7464:

CASE_7485:

CASE 7486:

CASE 7487:

(Conunuedfm January 20; 1982, Examiner Hearing)

A(vplmatwn af E. T, Ross for uite non-standird gag pm:atxon uu'cs. Harqu C\mnty New Mexico.
Applicant, in the above-styled cause, seeks approval for nine 4dG-acre non-standaxd gas proration
units in the Bravo Dome Carbon Dicxide Area. In Township 19 North, Range 30 Bast: Section 12,
the Nv/4 MM/L and NE/4 NW/3; Secticn 14, .the NW/Q NEZ74, SW/a NE/4, and SE/4 NE/J._ In Tawmship 10
North, Range 30 East: 3Section L1, the NE/4 SW/4, SW/A SE/Q, SE/4 SW/4, ard \H’4 SE/L

Application of lhsor oil ca-pany for an unorthodox ‘oil wall lbcation'«ha: r«.n».. (Pt ‘L.;-..-;

APDLICARELY §R bha M emen s 2oy IV S L caeks ‘approval of an unorthodox location. 1’55 teet from the

South. line and 345 feet fram the MWest line oE Section 32; Township 21 South, Range 37 East, Penrose-
Skelly Pool.

Application of"‘h’du‘u Exploration Coupany for salt water disposal, Chaves County, New Mexico.
Applicant; in the abave-styled cause, seeks authority to dispose of produced salt water into the
San Andres formation in the perforated interval from 4176 feet to 4293 feel in its Griffin Well Mo,
4 located in Unit A, of Section 10, Tosmnship 8 Scuth, Rangs 32 East, Chaveroco~-San Andres Pool.

{Continued from February 3, 1982, Examiner Hearing)

Application of Marathon Qil Compary for d_ovtmolc comingling Laa County, 2ot Yolilu, o
Bppliemt.’ in tha ahaes: 313163 Cause, seeks approval for the dawmbole commingling of the Drinkard
and Blinebry production in the wellbore of its C. J. Saunders Well No. 3, located in unit C of
Section 1, Towmship 22 South, Range 36 East.

(Continued froe February 3, 1982, Examiner Hearing)

Application of Unior 0il Cowpany Gf California for compulsory pooling, Lea County, New Mexico.

aApplicant, in tlz above~-styled cause, seeks an ordsr pooling all mineral interests in the Strawn,
Atoka and Morrow formations undeclyirg the E/2 of Section 25, Township 19 South, Range 33 East,
to be dedicated to a well to be drilled at a standard location therecn. Alsc to be considered
vwill be the cost of drilling and completing said well and the allocation of the cost thereof as
well as actual operating costs and charges for supervision, designation of applicant as operator
of the well, and a charge for risk involved in drilling said well.

aApplication of Anadarko Production Company for compulsory pooling, Eddy County, New Mexico.
Applicant, in the above-styled cause, seeks an order pooling all mineral interests in tha Akoka
ard Morrow formations undexlying the F/2:2f Szotion 1, Township 19 Scuth, Range 25 East, to be

“atdicated to 2 well to be drilled at a standard location thereon. Also to be considexed will be

the cost of drilling and completing said well and the allocation of the cost thereof as’well as
actual operating costs and charges for supervision, designation of applicant as operator of the
the well, and a charge for risk involvad in drilling said well,

Applicaticn of Berge Exploration for comgpulsory pooling, Chaves County, New Mexico.

‘Applicant, in the above-styled cause, seeks an order poeling all mineral interests in the abo

E)

formation underlying two l60-acre proration units, the first being tha ¥W/1 ani ihe second being
the SW/4 of Sectizn 27, Tuwnship 7 South, Range 26 East, each to be dedicated to a well to be
drilled at a standard location thereon. 2also to be considered will be the cost of drilling and
completing said wells and the allocation of the cost thereof as well as actual operating costs
and charges for supervision, designation of applicant as operator of the wells and a charge for
risk involved in drilling s3id wells.

Application of MGF Qil Corporation for compulsory pooling, Lea County, Hew Mexico.

Applicant, in the above-styled cause, seeks an order pooling all mineral interests down through
and including the Abo fornmation underlving the NE/4 NE/4 of Section 6, Township 20 South, Range
39 East, to be dedicated to a well to be drilled at a standard location therecn., Alse o be
considered will bz thie cost of drilling and completing said well and the allocation of the cost
thereof as well as actual operating costs and charges for supervision, designation of applicant
as operator of the well and a charge for risk involved in drilling said:well.

Application of MGF Oil Corporation for compulsery pouling, Lea County, New Mexico.

Applicant, in the above-styled cause, seeks an order pcoling all mineral interests down through
and including the Abo formation underlying the SE/4 SE/4 of Section 31, Tewnship 19 South, Range
3% East, to be dedicated to a well to be drilled at a standard location thereorn. Also to be
considered will be the cost of drilling and corpleting said well and the alleocation of the cost
thereof as well as actual operating costs and charges for supervision, designation of applicant
as cperator of the well and a charge for risk invclved in drilling said well,
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CASE 7489:

CASE 7071:

Application of Burkhart Petroleum Company ‘for compulsory pooling, Roosevelt County, New Mexico.
Applxcant. in the aboverstyled cause, seeks an order pooling all mineral interests in the San
Andres formation uhderlyina the SW/4 NW/4 of Section 13, Township 8 South, Range 37 East, to be
dedicated to a well to he drilled at a standard location thereon. Also to be considered will be
the cost of drilling and completing said wall and the aliccation of the cost thereof as well as
actual operatitng costs and charges for supervisicn, designation of applicant as operatox of the
well and a charge for risk involved in drilling said well,

(M\A'\.‘A and Boidvertised)

enec &

In the matter of Case 707 being renpened pursuant to the provisions of Order No. R-6553,
which order promulgated special rules for the South Elkins-Fusselman Pool in Chaves County

CASE 6373:

CASE 7491:

CASE 7492:

CASE 7493:

inclwding provisions for 80-acre spacing units and a limitine gas-eil-watie of 2000-togmgy 7T s
All intsrested parties may appe2r and show cause why said pool should not be developed on 10-acre ‘
sphcing units with a limiting gas-oil ratio of 2000 to one.

(Recpened and Readvertised)
In the matter of cAa‘rO‘Mb‘mg vatmﬂnpmismnsotom:sm R-6565 and =
R-6565-0, ubich created. the Scuth ElKinseFossalman: Gas Banlisn’ Phavme’ omie AV e e ST T
may appear and present evidence as to the exact nature of the veservoir, and wore particularly, as

to the proper rate of withdrawal from the reservoir if it is determined that said pool is producing
from a retrograde gas condeasate reservoir.

{Recpened and Readvertised)

In the matter of Casa 63?3 being reopened pursuant to the provisions of Orders Nos. R-5875 and R-S875-a,
which created the East High Hope ~ Abo Gas pool in Eddy County, and presmlgated special rules therefor,
including a provision for 320-acre spacmq dnits. All interested parties may appear and show cause

why said pool should not be dovelcpod on lso-acre spacing units. . .

Agplxcaucm ot Curtis J. I..u:ue for degignation of a tight formation, Rio Arriba Coum:y, New Mexico.
Applicant,” in the above—styled cause, seeks the designation of the Chacra formation underlying

portions of Township 25 Rorth, Range 6 West, containing 6,720 acres, more or less, as a tight formation
pursvant to Section 107 of the Natural Gas Policy Act and 18 CFR Section 271. 701-705.

Application of Barvey E. Yates Company for compulsory pooling,  Chaves County, New Mexico.

Applicant, in the above-styled cause, seeks an orxder pooling all mineral interests dcwm through and
including the Atoka-Morrow formation, underlyirg the N/2 of Section 19, Township 8 South; Range 30
East, to be dedicated to a well to be drilled at a standard location thereon. BAlso to be considered
will be the cost of dx:.lh.ng and coxpleting said well and the allocation of the cost thereof as well
as actual operating costs and charges”for supervision, designation of applicant as operater of the
well and a charge for risk involved in drillirg said well.

Application of Harvey E. Yates Company for designation of a tight foimahon, Lea County, New Mexico.
Applicant, in the above—st]led cause, seeks the desigration of the Atoka formation underlying portions
of Townchips 12,°12; and 14 Souch, Ranges 35 and 36 East, contammg 46, 720 acres, mare or less,

as a t).ght formation pursuant to Secticn 107 of the Natural Gas Pelicy Act and 1S CFR Section z7il.

701-705, said area being an eastward and westward extension of previously approved tight formatioa
area.

Application of Harvey E. Yates Company for designation of a tight formation, Chaves County, New Mexico.
Applicant, in the above-styled cause, seeks the designation of the Atoka-Morrow fotmat:.on underlymg
all or portions of Townships 7, 8, and 9 South, Ranges 29,30,.and 31 Rast, c¢ontaining

more or less, 2z 2 tight foiwation pursuant to Section 107 of the Natural
Gas Poli
Section 271.701-705. — Aok 2nd 18 cFR

In the matter of the hearing called by the Gil Coaservatjon Division on its own motion for an order
creating and extending certain pools in Chaves, Eddy, Lea, and Rooseveit Counties, New Mexico.

(2} CREATE a new pool in Lea County, New Mexico, classified as a gas pool for Morrow production

and designated as the East 8cctleg Ridge-Morrow Gas Pool. The discovery well is Getty 0il Company

Getty 15 Federal Well No. 1 lgcated in Unit J of Section 15, Township 22 South, Range 33 East,

NMPM. Said Pool would corprise:

TOWNSHIP 21 SOUTH, RANGE 33 EAST, NMeM

Section 15: §/2
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. and desiqnated ag the Teague - Drinkard Pool. - The discm'u'y well is Alpha Mnty-One Froducticn-

~{n}._CREATE a_hew. poal in. Eddy County, New Mexico, classified as a gas pool for Atoka production

Docket No. 6-82«

(b) CREATE a new pool in Lea f‘ountv. New Nexlco, classified as an oil poal for Devoaian production
and designated as the North King-Devonian Pool. The discovery wall is Samedan Oil Corporation Speight
Well Ho. 1 locued in Unit B of Section 3, Towaship 13 “South, Range 3?7 East, NNPM. Said pool would
commed was

\.w.n,..u.. e

. TOWNSHIP 13 SOUTH, RANIL 37 LAST, hMpM
gection 31 RE/Y

and dcugmud as the North Lovlnq-Atbka Gas Pool.  The discovery well is Gulf Oil Corporation
Eddy GR State Well No. 1 located in Unit E of Section 16, Township 23 South, Range 28 East, NMPM.
Said pool would comprise:

TOMMSHIP 23 SOUTH, RANGE 27 EAST, NNPM
Scctlon 12: 812

musuxp 23 sou-m, mzams-r.
Section 41 S/2

Section-7: All

Section 8: All

Section 9: All

Section 16:  All

Section 17: All

Section 18: E/2

(d) CREATE a new pool in Lea County, New Mexico,: clazoif £iad aw.an’ oil’ pool for Drinkard production

Company -Lea Well No. ‘1 located in Unit B of Section 17, Township .22 South, Rangs 37 East, NMPM.
said pool would. car.pusg. .

TOWNSHIP 23 SOUTH, RANGE 37 EAST, NMPM
Section 17: WE/4

{e) EXTEND the West Atoka-Morrow Gas Pool in Eddy County, New Mexico, to include
therein:

TOWNSHIP 18 SOUTR, RANGE 25 EAST, NMPM
Section 23: ALl
Section 24: W/2

(f) EXTEND the Atoka—Pennsylvanxan Gas Fool in E3dy County, New Mexico, to include
therein: :

TOWNSHIP 18 SOUTH, RANGE 26 EAST, NMPM |
Section 16: W/2 ‘ '

(Q) EXTEND the Avalon-Morrow Gas Pool in Eddy County, New Mexico, “to include
therein:

TOWNSHIP 21 SOUTH, RANGE 26 EAST, NMPN |
Section 2: Lots 1 through 8 |

(k) EXTEND the Brunson-fFusselman Pool in Lea. County, New Mexico, to include

- therain:

TOWNSHIP 22 SOUTH, RANGE 37 EAST, NMPM
Section 5: SE/%

(i) EXTEND the BrushyDraw-Delaware Pool in Eddy County, New Mexico, 1o include
therein:

TONHISHIP 26 SOUTH, RANGE 29 EAST, NMPM
Section 25; E/f2

{3) EXTEND the Buffalo Valley-Peansylvanian Gas Pool in Chaves County, Hew hexlt.u.
to include tharein:

TOWNSHIP 15 SOUTH, RANGE 27 EAST, HMPM
Section 23: All
Section 26: All
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‘(k) - EXTEMD the Cary-Montoya Pool in Lsa County, “New hxsco. to include
‘therein:

TOWMSUYN. 22 SO ......J.‘:.J?
Section 4: W/2 sw/4
Section 5: SE/4
Section 9: W/2 W/2

:'(1) zxmw the Crow Flats-Morrow Gas Pool in Bddy County, New Maexico to include
-therein:

RIP 16 SOUTH, RANGE 27 sas'r. RMPM
Section 35%: B/2
Section 36: W/2

(m) mnm the Soutb Culcbza Bln!t-&one Sptinq Pool in, Eddy Cmntx. lhu Hexieo. e e L

e EN e e B H .v-.n;»:\‘ P L

e 2Ry S T msimmeaien  Wmatuh habhe

TOMMSHIP 23 SOUTH,” RANGE 28 EAST, _NMPM
Section 25: S/2 sW/4
Section 27: SW/4

{n) BEXTEND the Elkins-San Andres Pool in Chaves County, New Mexico, to
include therein:

TOWNSHIP 7 SOUTH, RANGE 28 EAST, NMPM
Section 21: NE/4 .

_{o)  EXTEND the Erpire-Abo Pool in Eddy County, New Mexico, to include
tharain:

TOWMSHIP 17 SOUTH, RANGE 29 EAST, NMPM
Section 19: S/2 SW/4 :

Ap) ;BXTEND{'the Hanshaw—Queen Grayburg-San Andres Pool in Eddy County, New Mexico,
to include therein:

TOWNSHIP 16 SOUTH, RANGE 31 EAST, NMPM

Section 19: NE/4 Nw/4

(q) EXTEND the Indian Flats-Morre« Gas Pool in dey County, Hew Mexico, to in‘ciuaé
therein: ‘

"'OHNSHIP 21 SOUTH, RANGE 28 EAST, NMPM
Section 26: W/2

ir) EXTEND the West Nadme-mmebty 'Pool “in Lea County, New ‘lexu:o, to include
therein:

TOWNSHIP 20 SCUTH, RANGE 38 EAST, NMPM
Section 8; NwW/4

{3) EXTEND the Petersoq-Hxssxssxppxan Poo). in Roosevelt County, New Mexico, to include
therein:

TCWNSHIP 4 SOUTH, RANGE 33 EAST, NMPM
Section 28: NW/4

{t) EXTEND the Race Track-San Andres Pool in Chaves County, New Mexico, to include
therein:

TOWNSHIP 10 SOUTH, RANGE 28 EAST, NMPM

. Section 7: S/2 sw/4

Cmmalan VO, sms s Pt mpr e
Scotizn 12 WSS and W/Z SW/E end $WEFY Shw
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{u) EXTEND the Ran:oad Mountain-San Andres Pool in Chaves County, New Hexico. to
include theroinx

- ey ani
AVI!!‘M‘I.P 3 -

-S_O-C\:lon 21 N

i BAUSE da r\m NMDR

By araiia

E./-l and £/2 Nw/3

i(v) EXTEND the Red ..axe-Quecn-Graybuzq-Sux Andres Pool in Eddy County, lew Mexico,
to include therein:

ACWRCRIF A7 SUULR, RAWiok <€ EhoL, s
Section 7: s/2

Section B: SW/4

_ Section 18: E/2 MN/4

TCAMNSHIP 10 SOUTH, RANGE 37 EAST, NMPM
Section 5: SwW/4

(x) EXTEMD tho Turkey Track-Atoka Gas Pool in Eddy County, Rew Mexico, to include
therein:

TOWNSHIP 19 SOUTH, RANGE 29 EAST, NMPM
Section 15: ALl

iy) EXTE'D thé Twin Lakes-San Andres Associated Pool in Chaves County, New Mexico, to
include therein:

TOWNSHIP 8 SOUTH, RANGE 28 EAST, NMPM

Section 13: SE/4

Section 24: NE/4

" TOMNSHIP 9 SOUTH, RANGE 28 EAST, NMPM
Section 12: S§/2 NE/4

TOWNSHIP 9 SOUTH, RANGE 29 EAST, NMPM
] . Section 7: $/2
Saction 8: NW/4




Dockets Nos, 4-82 and 5-82 are tentstively st for February 3 and Fabruary 17, 1982. Applicatiods for hearing
wmst be filed at least 22 days in advance of hearing date.

DOCXET: EXAMIMER HEARING - WEDMESDAY - JANUARY 20, 1982

9 A.R. = OIL CONSERVATION DXVISION CONFERENCE . ROOH_ ' o et e
abntn LAk utrLLs BUILDING, SANTA FE, NEW MEXICO

T e

‘!ho fonauing casgs will ba haard befora h chard L:-Siamsts; EAABINGT, oF ¥ Daniel S. "Nutter, Alternate Examiner:

CASE 7463:

b

—y

CASE 7465:

s ¥

CASE 7072:

CASE 7460:

" CASE 7462

CASE 7464:
) Applicant, in the above—styled cause, seeks approval for two unorthodox oxl well locations in

(1) Consideration of tha allowable production of gas for February, 1982, from fifteen
" prorated pools in Lea, Bddy, and Chaves Counties, New Mexico.

{2) Cmsideration c! the anovabh producum or gas for Fehruuy. 1982, from four
Sandqv

Application oE Hanthon 0oil. Company for dounhole commglinq. Lea County; New, Mexito.

Applicant, in the above-styled cause, seeks approval for the downhole commingling of the Drinkard
and Blinebry production in the wellbore of its C. J. Saunders Well No. 3, located in Unit C of
Section 1, Township 22 South, Range 36 East.

Application of Texaco Inc. for a dual coopletion, Tea County, New Mexico.

Applicant, in the above-styled cause, seeks approval for the dual completion of its C. H. Weir
"A" Well No. 12 located in Unit G of Section 12, Township 20 South, Range 37 kast, to produce
oil from the Skaggs-Drinkard aid an undesignated Abo pool.

Application of Exxon Corporation for two unorthodox oil well locations, Lea County, New Mexico.

Seétion 4, Township 19 Scuth, Range 35 East, Scharb-Hone Sprzng Pool, as ‘follows: State DD Well
Bo. 1 to be drilled in the center of the SE/4 SW/4 and State DD Well No. 3 to be drilled in the
canter of the NW/4 NE/4. Pool tules require wells to be d:;lled in the NE/4 or sW/4 of a quarter
saction.

Applxcatxon of Superior 0il Cowmpany for an unorthodox gas well locatxon, Eddy County, New Mexico.
A@plzcant, in the above-styled cuuse, seeks approval for the unorthodox location of a well #S be.
drilied 1980 feet from the South liné and 660 feet from the East line of Section 26, Tosmship 24
South, Range 29 East, Wolfcamp-Pennsylvanian formations, the S/2 of said Section 26 to be dedicated
to the well.

Arplication of Conoco Inc. for a waterflood project; Lea County, New Mexico.

Applicant, ‘in the above-styled cause, seceks: duthorlty for it and Southland Royalty Company to each
institute a ccoperative waterflood project in the Bilinebry 0il and Gas Pool by the injection of
water into the .Blinebry formatinn throuah nins injaciidiv welis located on Conoco’s Warren Unit and
Hawk B-3 Leases and Southland's’State Lease in Sectionz 33 and 34 of Township 20 SOuth, Range 38
East, and Sections 2 and 3 of Township 21 South, Range 17 East.

In the matter of Case No. 7072 being reopened on the motion of *he Oil Conservation Division and
pursuant to the provisions of Order No. R-6554 which order promulgated temporary special rules and
regulations for the North Peterson-Peansylvanian Pool in Roosevelt County, New Mexico, including

a provision for 80-acre spacing units. Opeietors'in said pool may appear and show cause why said
pool should not be developed on 40-acre proration units.

(Continued from Januarxy 6, 1982, Examiner Hearing)

Application of Northwest Pipeline Corporation for 13 non-standard gas proration units, San Juan
County, New Mexico. Applicant, in the above-styled cause, seeks approval for 13 non-standard
Pictured Cliffs gas proration units ranging in size from 142.39 acres to 176.77 acres and each
comprised of various contiguous lots or tracts in Sections 4,5,6,7, and 18 of T~ ship 31 North,
Range 7 West. Said proration units result from corrections in the survey line: - - ~he North and
West sides of Township 31 Horth, Range 7 West and overlap seven non-standard li: :de proration
units previously approved by Order No. R-1086.

O, MBXI 0L o i o T e i
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CASE 7451:

CASE 7453:

CASE 7457:

CASE _7468:

" RXAMINER HEARING - WEDNESDAY - JANUARY 20, 1982

CASR 7467:

“\‘lppucation_ of Red Mountain Associates for tha Asendment of Order No. R-6538, NcKinley County, .

- -seeks deletion of the’

Docket 3-82 o e

applicarion of Inexco ©il Company for pool creation. special pool xules, and 2 discovery allowable,
Lea County, New Mexice. Applicant, in the above-stylad Cause, faeks creatinn of a naw Strawn oil pool
_for its Latkia ¥nrk Well No.. l:located i Unit P of Section 14, Township 17 South, Range 37 East, .

and ths pxmi@tion of special rules therefor, including a provisich for 80-acre spacina. Applicant
. further seeks the assignment of 57,150 barrels of oil discovery allowable to said wall.

January- 6, 1982, Examiner Hearing) -

Newm Mexico. - Applicant, in the above-styled cause, seeks the amendment of Order No. R-65138, which‘- ’
authorized applicant to cbnduct waterflood operaticns in the Chaco Wash-Mesa Verde Oil Pool. Applicant
sesks approval for the injection of water through various other wells than those originally approved,
mek ' ' irement for packers in injection wells, and seeks an increase in the

-pound, Linitation on injection pressure.

SRtV o

riously. autd

(Continved from January 6, 1982, Examiner Hearing}

application of 3.0.A. 0il & Gas Company for two unorthodox oil well locations, San Jua?_County, New
Mexico. Applicant, in the above-styled cause, seeks approval for the unorthodox location of & well
to be drilled 2035 feet from the South tine and 2455 feet from the East line and one to be drillecd
2455 feet from the North line and 1944 feet from the East line, both in Section 31, Township 31 Noxth,
Range 15 West, Verde-Gallup 0il Pool, the NW/4 SE/4 and SW/4 NE/4, respectively, of said Section 31
to be dedicated to said wells.

(Continued from January 6,'1982, Examiner Hearing).

Application of Yates Petroleum Corporation for cqmpu.lson'gogl‘inq, Chaves County,- New Mexico.
Applicant, in the above-styled cause, seeks an order pooling all mineral interests down through the
Abo formation underlying the SE/4 of Section 11, Township & South, Range 25 East, to te dedicatel to
a well to be drilled at a standard locatioh'thezeon. Also to be considered will be the cost of )
drilling and completing said welil and the allocation of the cost thereof as well as actual operating
costs and. ch’atgesv for_ supervision, designation of applicant as operator of the well and a charge for
risk involyed in Arilline said well. ‘

(Continued from January 6, 1982, Examiner Kearing)

Application of T. D. Skeiton for compulsory pooling, Lea County, tlew Mexico.

Applicant, in the above-styled cause, seeks an order pooling all} mineral interests in the Devonian
and Mississippian formations underlying the NE/4 ¥W/4 of Section 7, Township 12 South, Range 38
East, to be dedicated to the re-eatry of an old vell at a standard location thereon. Also to be
considered will be the cost of re-entering and completing said well and the allocation of the cost
thereof as well as actual operating costs and charges for supervision, designation uf applicant as
operator of the well and a charge for risk involved in re-catry of caid well.

< Caic

. (Continued from Januvary 6, 1982, Examiner Heazing)>

Appi?cation'of E. T. Ross for nine non-standard 9as proration units, Harding County, New Mexico.
Ap? 1c§nt, in the above-styled cause, seeks approval for nine 40-acre non-standard gas proration

.units in the Bravo Dome Carbon Dinxide Avrea  In Tounchip 12 North, Range 30 East: Section iz

;hetgwld NW/4 and NE/4 NW/4{ Section 14, the NW/4 NE/4, Sw/d NE/4, and SE/4 NE/4. 1In Tcwnship’zo
orth, Range 30 East: Section 11, the NE/4 SW/4,SW/4 SEF4, SE/4 SH/4, and Ne/4 SE/4.

In the matter of the hearing called by ‘the Cil Conservation Division on i

€ ° ts own motion for an order
creating and extending certain pools in Chaves, i

Eddy, and Lea Counties, MNew Mexico.

(2) CREATE a new pool in Lea County, New Mexic if3 il poo
; L o, classified as an oil 1 for Paddock i
and designated as the East Monument-Paddock Pool. et apstion

The discos ery well is Morris R. Antweil State SX
Well No. 1 located in Unit J of Section 36 Townsh )24 g
1 19 South Range 37 East, NMp Said pO()l
’ v st, M.

TOWNSHIP 19 SOUTH, RANGE 37 EAST, NMPYM
Section 36: SE/4

(b} CREATE a new pool in Eddy County, New
and designated as the Ross Draw-Morrow Gas
Ross Draw Unit Well No. 10 located in Unit
Said pool would comprise:

Mexico, classified as a gas pool for Morrow production
Pcol. The discovery well is Florida Exploraticn Company
E of Section 27, Township 26 South, Range 30 East, NMPM.

TOWNSHIP 26 SOUTH, RANGE 30 EAST, NMPM
Section 27: N/2
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« {c) CREATE a new Pool in Lea County, Mew Mexico, classified as an oil pool for Norrow production.
ard desigaated as the Scwell-Morrow Pool. The discovery well s Santa Fe Energy Company State NM2
Well No. 1 located in Unit M of Section 2, Township 1S South, Range 32 East, NMMPN. Said pool would

1~! ] - - . - . - . s " - . .

TOMMSUIP 15 SOUTH, BANGE 32 BAST, WNPN
Section 2: SW/4

(d) EXTEND the Angell Ranch-Atoka-Norrow Gas Pool im Eddy County, New Mexico, to include therein:
19 SOUTM, RANGE 27 TAST, WMPM

Section 12: ALl
Section 13: N/2

(8) EXTEND tNHe ANTELOPE IQGR-ATOKY LA3 FUVL Lu LS Gvwily s P (waives o duviuwce cuesean:

TOWNSHIP 23 SOUTH, BANGE 34 EAST, NMPM
Section 27: N/2
Section 28: B/2

9 (£) BXTEND the Atoka-Yeso Pool in Eddy County, New Mexico, to include therein:

"TOWNSHIP 18 SOUTH, RANGE 26 EAST, NMPM
Section 23: S/2 s/2
Section 26: ¥/2 N¥/4

(g) EXTEND the Bunker Hill-Penrose Pool in Eddy County, New Mexico, to include therein:

TCURSHIP 16 SOUTH, RANGE 31 EAST, NMPM
b Section 14: SW/4 SE/4

(h) BXTEND the Burton Flat-Morrow Gas Pool in Eddy County, New Mexico, to include therein:

TOMNSHIP 20 SOUTH, RANGE 27 EAST, NMPM
Section 25: W/2
Section 26: S/2

AR 1

TOWNSHKIP 20 SOUTH, RANGE 28 EAST, NMPM
- Saction 17: W/2

TOWNSHIP 21 SOUTH, RANGE 27 EAST, NMPM
i Section 14: s/2
Section 23: W/2

{i) EXTEND the Cinta Roja-Morrow Gas Pool in Lea Conty, New Nexico, to include therein:

TOWNSHIP 24 SOUTH, RANGE 35 EAST, NMPM
Section 8: All

: {3} BXIEND the South Culebra Biuff-Atoka Pool in Eddy County, New Mexico, to include therein:

TOWNSHIP 23 SOUTH, RANGE 28 EAST, NMPM
Section 36: W/2

(X} EXTEND the South Empire-Morrow Gas Pool in Eddy County, New Mexico, to include therein:

TOWNSHIP 17 SOUTH, RANGE 29 EAST, NMPM
Section 7: S/2

{1} EXTEND the Gem-Morrow Gas Pool in Lea County, New Mexico, to inciude therein:

TOWNSHIP 19 SOUTH, RANGE 33 EAST, NMFM
Section 30: E/2
Section 32: S/2
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(W) EXTEND the Mat Wema-Morrow Gas Pool in Lea County, New Nexico, to iRclude thereint

TomsSuIP 21 so:m,mmnm,m -
.- M%M 12, RS2 L

- -

TOMMSHIP 21 SOUTH, RANGE 33 EAST, M
Bection 11 W/2

(n) EXTEMD the Hertadura Bend-Delaware Pool in Eddy County, Mew Mexico, to include therein:

TOMMSHIP 22 SOUTH, RANGE 28 EAST, KMPM
Section 29: RB/2 85/4

(o) EXTEND the Southwest Indian Flats-nox:ou Gas Pool in Eddy cQunty. New Hexu:o, to include

therein:

TOWNSHIP 22 SOUTH, RANGE 28 EAST, NMPM
Section 10: E/2

{p) EXTEND the Leo~Queen-Grayburg Pool in Eddy County, New Hekico. to include therein:

TOWNSHIP )8 SOUTH,.RANGE 30 EAST, NMPK
Section 23: N/2 NE/4 g

{qQ) EXTEND the West Lynch-Morrow Gas Pool in Lea County, New Mexico; to include therein:

TOWNSHIP 20 SOUTH, RANGE 34 EAST, NMPM
Section 32: N/2
Section 33: NW/4

(r} EXTEND tha North San Simon-Yates Pool in Lea Céunty. New Mexiceo, to include therein:

TOMNSHIP 21 SGUTH, RANGE 35 EAST, NMPM
Section 33: EB/2 NW/4

(s} EXTEND the South Sauvnders-Permo Fennsylvanian Pool in Lea County, New Mexico, to include
tharein:

TOWNSHIP 15 SOUTH, RANGE 32 EAST, NMPM
Section 25: N/2

(t) EXTEND the Scharb-Bone Spring Pool in Lea County, New Mexico, to include therein:

TOWNSHIP 19 SOUTH, RANGE 35 EAST, NMPM
Section 9: WNW/4

{u) EXTEND the Tom~Tom-San Andres Pool in Chaves County, New Mexico, t¢o include therein:

TOWNSHIP 8 SOUTH, RANGE 31 EAST, NMPM
Section 8: S/2 NW/4 and SW/4

(v) EXTEND the Winchester-Atoka Gas Pool in Eddy County, New Mexico, to include therein:

TOWNSHIP 20 SOUTH, RANGE 28 EAST., WMPM
Section 3: W/2
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Dockets Nos. 3-82 and 4-82 are tei\tatlvaly set for January 20 and l?obr'uary 3, 1982, applications for hearing must
be filed at loaar. 22 days in advance of hearing date. .
DOCKE?: E!AHINSR HEARING HEDNESDAY - JA”DARY 6, 1982

‘9AM. - OIL ‘ONSERVATION DIVISION CORFERENCE ROOM
STATE LAND OFFICE BUILDING, SANTA FE, NEW MEXICO

m‘foilouing cases will be haard Lefore Daniel S. Nutter, Examiner, or Richard L. Stamets, Alternate Examiner:

CASE 7410: (Continued from December 16, 19 81, Examiner Hearing) » -
. - < 5 —t
B R 17 7 -t 22 -2% Sor] W LI e e:: CTopRity Lol tWa unoxuxooox 0il vell locations, Sah JuaR County, orew HEXicO.

Applicant, in the abave—styled cause, seeks approval for the unorthodox location of a wall to be drilled
2035 feet from the South ‘line and 2455 feet from the East line and one to be dttlled 2455 feet from the
Horth line and 194“ ‘feet from the East line, both in Section 31, 'rounshx.p 31 No¥th, Ranqe 15 west, 'J'erde—
Gallup 0il Pool, the /4 SE/4 and SW/4 NE/4, respectively, of said Sectich 31 to bs dedicated to said
wells,

S Amee 2AA0 - IAARREain A and BARIGATE Epye i i
Application of Energy Reserves Group Inc. for creation of a new gas pool and an unorthodox location;
Roosevelt County, New Mexico. Apfpli.cant, in the above-styled cause, seeks the creaticn of a new gas
pool for Cisco production comprising the S/2 of Section 12 and the R/2 of Section 13, Township 6 South,
Range 33 East; applicant further seeks approval of the ‘unorthodox location of its Miller Com .Well No. 1-¥
located 660 feet from the South and West lires of said Section 12.

CASE 7451: Application of Yates Petroleum Corporation for compulsory pooling, Chaves County, New Mexico.
Applxcant, in the above-styled cause, seeks an order pooling all mineral interests down thrcugh the
be formation underlying "the SE/4 of Séction 11, Township 6 South; Range 25 East, 'to be dedicated to
a vell to be drilled at a standard location thereon. Also'to be considered will be the .cost of drilling
and cmletmg said well and the allodation of the cost thersof as well as actual operating ¢dsts and
charges for supervision, designation of applicant as operator of the well and a charge for risk involved
in drilling said well.

CASE 7452: Application of Superior 0il Company for an \morthodox well location, lea Coufity, New Mexico.
Applicant, in the above-styled cause, seeks approval for the unorthodox locaticn of a Wolfcamp-Penn
well to be drilled 1280 feet from the South line and 2480 feet from the East line of Sectien 14, Township
23 South, Range 32 East, the S/2 of said Section 14, to be dedicated to the well.

CASE 7453: Application of T. D. Skelton for compulsory poeling, Lea Cou.r\t_{, Hew Hex:'co
Applicant, in the above-styled cause, seeks an orxder pooling all’ mineral interests in the Devonian and
and Mississippian formations underlying the NE/4 NW/4 of Section 7, Township 12 Sotuth, Range 38 East,
to be dedicated to the re-entry of an old well at a standard locanon thereon. also to be considered
will be the cost of re-entering and conmpleting said well and the allocation of ﬂze cost thereof as well
as actual operating costs and charges for svpervision, designation of applicant as operator of the well
and a charge for risk involved in re-entry of said well.

454: applicatiun of Uriah Exploration, inc., for approval of an unorthdox gas well location, Eddy County,
New Mexico. Applicant, in the above-styled cause, seeks approval for the unorthodox location of
a well to be drilled 1090 feet from the North line and 560 feet from the East line of Section 20,
Township 22 South, Range 25 East, Wolfcamp-Pernsylvanian formations, the N/2 of said Section to be
dedicated to the well.

CASE 7455: Application of H. L. Brown, Jr. for compulsory pooling at an uiporthodox location, Roosevelt Cotniy: New
Mexico. Applicant, in the abova-styled cause, seeks an order pooling all mireral interests from the
top of the Wolfcamp formation to the base of the Granite Wash formation underlying the S/2 of Secticn
11, Townshxp 6 South, Range 33 East, to be dedicated to a well to be drilled at an unorthodox location
1300 feet from the South line and 660 feet from the East line of said Section 1l. Aiso to be considered
will be the cost of drilling and completing said well and the allocation of the cost thereof as well as
actual operating costs and charges for supervision, designation of applicant as operator of the well,
and a charge for risk involved in drilling said well.
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Auplication of Colonxal froduction Coapany for qas well conuinqllnq. Rio Arx!ba County, New Mexico.
Applicant, in the abave-styled cause, seeks approval for the commingling of Ballard-Pictured Cliffs

- production frox its Jicarilla apache Wells Nos. 9 snd 10, located in Units A and C of s«:tion 15
Township 23 North, ‘Range 4 West, pricr to seterinq.

Applicatien ot E. T. Ross for nine ron-standard gas pmraucn units, Harding County, New Mexice.

Applicant, in the above-styled cause, 3eeks ‘approval’ for nins 40~acre non~-standard gas proratien

units in the Bravo Dome Carbon Dioxide Area. In Township 19 Worth, Range -3¢ Sast: Saction 12,

Agho_ﬂﬂ/‘ NW/4 apd NE/4 wW/4; Section 14, the NW/4 NE/4, SW/4 NE/4, and SE/4 NE/4. I Township 20
" North, Range 30 East: Section 11, the NE/4 SW/3, SW/4 SEf4, SE/4 SW/4, and NV/‘ SE/4d.

CASE 7458: Applxcatxon of Hazks & Garmer Procduction coapanv for salt water disposal, Lea County, New Mexico.
: Applicant, in the above-styled cause, seeks. authot;ty to dispose of salt water ifito the Bough €

Vfornatxon in the perforated ;nterval from 9596 feet to 9616 feet in {ts Betenbough Weli No. 2, located
in Unit M of Sectxon 12, Tcwnshlp 9 South, Range 35 East.

R e ; \,_“,‘ . .
( “CRSE, 7459:; Appucau:mn of Red %untain .\sso..mu« Ll LN InsRdnonkiaf Gvdar No.. R-6538,. Bc!lnley Coun"' New Mekico.
i e l1icant, in the above-stvled cause, seéks the amendment of Order No. R-6538, which autnoxnze& Tapprilant
to conduct waterfledd operations in the Chico Wash-Mesa Verde Oil Pool. Applicant seeks approval for
the injection of water through various cther wells than those eoriginally approved; seeks deletion of
the requirerment for packers in injection wells, and seeks an increase in the previcusly authorized 65-
pound limitation on injection pressure. ’ , :

CASE 7460: Application of Northwest Pipeline Corporation for 13 non-standard gas proration units, San Juan County,
New Mexico. Applicant, in the above-styled cause, seeks approval! for 13 non-standard Pictured Cliffs
gas proration units ranging in size from 142.39 acres to 176.77 acres and each comprised of various
contiguous lots ox tracts ia Sections 4,5,6,7, and 18 of Township- 3l North, Range.7 West.  Said proration
units result from corrections in the survey lines on the North and West sides of Township 31 North,
-Range 7 West and overlap seven non-staindard Mesaverde proration units previously approved by Grder No.
R-1066.

CASE 7461: Application of Wainsco 0il & Gas Company for an unorthodox location, Lea County, New Mexico.
Applicant, in the above-styled cause, seeks appraval for a well to be drilled at an unorthodox location
660 feet from the South and West lines of Section 18, Township 16 South, Range 37 East, Northeast
Lovington Penn Pool, said location being 177.7 feet west of the center of Lot 4 whereas the pool rules
specify that well be drilled within 150 feet of the center of the lot. Lots 3 and 4 of said Section
18 would be dedicated to the well,

CASE 7421: (Readvertised)
Application of Doyle Hartman for compulsory pooling, unorthodox well location and non+standard spacing
unit, Lea County, ¥ew Mexico. Applicant, in the above-styled cause, seeks an order pooling all mineral
_interests in the Eumont Gas Pool.underlying a 120-acre non-standard spacing unit consisting of the
§/2 SW/4 and the WW/4 SW/4 of Section 3, Township 20 Scuth, Range 37 East, to be dedicated to a well
to be drilled at an unorthodox location 660 feet from the Scuth line and 330 feet from the West lire
of Section 3. Also to be considered will be the cost of drilling and completing said well and the
allocation of the cost thereof as well as actual operating costs and charges for supexvision, designation
of applicant as operator of the well and a charge for risk involved in drilling said well.
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CASE 7393: (DE NOVO}

Application of Uriah Exploration Incorporated for compulsory pooling, Eddy County, New Mexico.
applicant, in the above-styled cause, seeks an order pooling all mineral interests in the Cisco,
Canyon and liorrow formations underlying the W/2 of Section 13, Township 22 South, Range 24 East,
to be dedicated to a well to be drilled at a standard location thereon. Also to be considered
will be the cost of drilling and completing said well and the allocation of the cost thereof as
well as actual operating costs and charges for supervision, designation of applicant as operator
of the well, and a charge for risk involved in drilling said well.

Upcn application of Suprea Encrgy Corperation, this case wili e heard De Novo purswant to
the provisions of Rule 1220.
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CASE 7394

COMMISSION HEARING - MONDAY - JANUARY 11. 1962

Docket No., 2-82

{DE NOVO)

Application of Supron Energy Corporation for an unorthodox gas well locatlon, Eddy County, Mew Mevics,'
Applicant, in the above-stylsd cause, - saabe snnvzezl £33 the wiortirodox location of a Pénnsylvanian well
to be drillud 467 feet frcm the North line and 1650 feet from the West line of Section 13, Township 22
South; Range 24 East, Uue N/2 of said aecnon 131 to be dedicated to the .eeu.

Upon a;.)li.cauoa of Supron Emzqy cOrporation. thxs case uxll be heard be Novo puzsn&nt to the
provisions of Rule 1220.
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STATE OF NEW HEXICO SANTA FE

"ENERGY AND MINERALS DEPARTNENT

OIL CONSERVATION DIVISION

IN THE MA TER ‘OF THE HEARING
CALLED BY THE OIL CONQERVATION
- DIVISION FOR THE PURPOSE OF

CONSIDERING
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CASE No.’?ﬁS@

APPLICATION OF RED MOUNTAIN ASSOCIATES

ENTRY OF APPEARANCE

e

%" ’ COMES NOW Alex J. Armijo, Commissioner of Public
Lands for the State of New Mexicc, by and through the'ﬁnder-
signed counsei, andpreqqests of the 0il Conservation DiViéiOn
that he be allowed to enter this Appearance as a party of

record in the aforesaid proceeding.

The Commissioner states further that oil and gas
iands owneéd by the State of few Mexico are involved in this
proceeding that may or may not be adversely affected by the

order or decision of the Division in this matter.

Respectfully submitted,

5 QC\?&QQ

J. SCOTT HALL

Attorney for Alex J. Armijo

Commissioner of Public Lands
for the State of New tiexico

.o, Bux 1148

Santa Fe, New Mexico 87501

505/827-2743

CERTIFICATE

I hereby certify that a true
and correct copy of the fore-
going pleading was mailed to
opposing counsel of record

this 171k day of Mg, 1982.




RED MOUNTAIN ASSOCIATES

1517 REISTERSTOWN ROQAD, SUITE 205

BALTIMORE, MARYLAND 21208 ——
{301) 8s3-3080
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Janvary 3, 19%2 M / ” | 3 wtr

waooo Mo Dan Nutker - L nn
i New Mexico ULl UOnServavion vommissiva s R M
| . 0. Box 2088 W
; Santa Fe, New Mexico 87501

Dear Mr. Nutter:

We have just been advised by our petroleum engineer, Mr. Mohamed Zenati
that he has reguested a delayed date for the hearing originally scheduled
for January 6, 1982. The reason for the postponement is that conflicting
schedules preclude his attendance at the hearing on behalf of Red Mountain
Associates.

It is my understanding that the hearing before the Commission will take
place ‘on January 20, 1982, two weeks after the original date of January
. 6, 1982. Ve womld aoprec1ate your confirming the new date of Januzry 20
as soon as practicable. May I remain,

VA

Sincerely.

BED MOINTATN AQSOCTATES ()

By:

General Partner

cc: Mr. Mohamed Zena’ci/2626 Holly Street/Denver, Colorado 80207 ;

b
B




RED MOUNTAIN ASSOCIATES
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Hovember 30, 1981

Mr. Dan Nutter

c/o The 0il Conservatlon D1v151on
n N- Pas OhQQ e - P A SN

Santa Fe, New Mexico 87501

Dear Dan:

As you reguesied dar¢ng our ccnversation several days ago, I would
appreciate our partnership being put on the docket for hearing at your
earliest convenience in January, 1932. We have made several adjustments
to our water flood operation and wish to change several of the cxisting
producing wells to injectors and vice versa. ﬁdditibhal1y, I Xnow you
have talked to Mohamed Zenati concerning an increase in Dr°s<ur9 cn a

'graduated scale from the existing, approved 65- pounds up to such a pressure

that will provide us with a Vat;sFaotory 1n3evt10n snd resultant  production,
Mohamed has also mentionéd to you, T .dow, that there are many reasons why
we feel that produgtlon packers are not necessary on this particular field.
and the added expense, coupled with the overall operational problems are
posing a financial burdesn on the overall program.

T know the above matters have been discussed in some detail with you
and that you and the Corimissioner are in need of further detailed infor-
mation which we certainly are prepared to provide at the hearing.

Everyone concerned with this project is most appreciative of your kind
cooperation and that of Mr. Frank Chavez and Jeff Edmister and Aztec, without
whose cooperation would make our mission most gifficult.

- N N

= ,,"' QS) C RS

Stephen ¥. Meszaros

¢
ce:  Mohamed Zenati Y.

< oDty 1Az 430747 T PAREY
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~ STATE OF NEW MEXICO
. ENERGY AND MINERALS DEPARTMENT

FAMTAN. DTVTSTON..

B e ala oot o)

IN THE MATTER OF THE HEARING.

mer e ATY_ AAMOSODIIAMTYAN
U Dl ARG Vel Vit Viia AN ) T

DIVISION FOR THE PURPOSE OF

CONSIDERING:
‘CASEiNO. »;2?f5~5

L SRR SIS S

Application of Red Mountain Associates for the Amendment of Order No

N S

ORDER OF THE DIVISION

e

This cause came on for-hearing at 9 a.m. onfﬁéﬁw

R-6528, Hk:_l(.@n;cr County, New Mexico

BY THE-DIVISION: . ‘ C%gﬁgﬁgép L |
I o Pk

19 Z/"/: at Santa Fe, New Mexico, before Examiner LS

NOW, on this day of s 19 _r the

Division Director, having ccvia’hlsvi"d‘ered thekv-tesi:‘"i’mbny} ‘the rec‘ord,
and the recommendations of the Examiner, and being fully advised
‘in the premises,

(1) That due public notice having been given as required
by lav;, the Division has jurisdiction of this cause and the

subject matter thereof.

/o L. VA
Ozcg ;¢%Lym/v~t /gzsﬁcfé«if,

oo \d//} /, g
Q} Yo I~ Ve 0/7/9/W1 'f)

seeks the amendment of Order MNo. R-6538, whick aurhorized applicant

to conduct waterflood operations in the Chaco Wash-M

. : ~Mesa Verde 0il Pool. Applicant seeks approval for
z: :xg:;xnszwater ;.hrou?h various other wells thaa those originally approved, seeks delation of

x or packers in injection wells, and seeks an increase in i -
pound limitation on injection pressure. ’ ° the previousiy suthorized 68
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70N POR 13 NON-STANDARD CAS PRORATION Lo
UNITS, SAN JUAN COUNTY, NEW MEXICO
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