Hydraulic Fracturing and the
Extraction of Minerals Through Wells

ABSTRACT

“Hydraulic Frecturing” 15 ¢ method used to
reate artificial fractures for the purpose of increas-
};ig flow capacity around & well or enhancing com-
unication between tweo adjacent wells. The pres-
t paper reports on some theoretical, laboratory
nd field studies aimed at improving the knowledge
“af hydraulic fracture orientation and initiating
gﬁresm?‘e. Only vertical fractures are considered in
Hetadl, as they are the most abundant {ype encoun-
sgered in the field.

The fraciures are theoretically assumed to be
wtensile ruptures extending in ¢ plane perpendicular
the direction of the smaller horizontal principal
ompressive stress. It is found that the pressures
Fequired to itinte and extend vertical fractures
depend on the principal tectonic stresses, the
vrous-elastic parameters of the rock and its tensile
frength.

Experimental work on simulated wells in labora-
“tory rock samples under triaxial loading is de-
ribed, Results confirm theoretical predictions of
fracture type, fracture mitiation pressure and frac-
re urieniation.

In the field, oriented smpression packers were
‘used to determine the fracture azimuth at the well-
ore. Results indscate that wells belonging to a
emmeon field vielded hydraulic fractures of ap-
roxtmately same orientation. This seems to sub-
antiate the theoretical and laboratory conclusion
at the smallest tectonic horizontal compressive
ress direction determines the fracture orieniation.
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INTRODUCTION

Mining through wells is 2 common method used
for the extraction of minerals like salt, potash, sul-
phur and especially petroleum. Sometimes the
entire mining process necessitates one well only.
Often it requires an injection well in addition to
the production well. Whether the purpose is to in-
crcase flow capacity around one well, or to en-
hance communication between the injection and
production wells, it is frequently necessary to in-
duce artificial fractures in the ore bearing forma-
tion. The method usually emploved is that of
“hydraunlic fracturing.” It consists of sealing off a
section of the well and pressurizing it by injecting
in a “fracturing fluid” like water, brine, oil, etc.
The pressure in the isolated interval is continuously
raised until fracture occurs. The pressure then
drops momentarily, but if pumping is continued
vigorously the fracture opens up and propagates.
Propping agents are sometimes introduced into the
fracture to keep it from closing back when pump-
ing is stopped. If the fracture is large enough and
extends in the right direction, it can vastly increase
production.

One of the unsolved problems of hydraulic frac-
turing is the ability to predict the inclination of the
fracture plane and the direction it will follow.
Knowledge of fracture orientation can be ex-
wremely valuable, for example, in the design of well
layout in a producing field. Another problem, re-
lated mainly to the design of a fracturing job is the
capability to forcsee the maximum pressure
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required to cause formation breskdown. The pres-
ent report concerns iscll mainky with these two
lattey problems, First it is shown that theoretically
there is a close relationship between the state of
stress in the carth and both the breakdown pres-
surc and fracture direction. Then some laboratory
tests on simulared wellbores are deseribed. These
tests seem to support the theoretical anulvsis, Fi-
nally a field method for detecting fracture direc-
tton 1s described, and a numhcr ol encouraging
feld resules presented.

THEORETICAL CONSIDERATIONS

The theery of elasticity of porous materials can
be used to estimate the pressures required 1o initi-
ate and extend hydraulic fractures and their orien-
tation and direetion. To do so, a theoretical model
is constructed based on sceme limniting assumptions
regarding the malerials involved. Tt is assumed that
the formation to be fractured is brittle elastic, po-
rous™, 1sotropic and homogeneous. The fluid flow
through the formation is laminar and follows
Darcy’s Law. The state of stress in the formation,
prior o drilling of wellbore, is general v non-
hydrostatic with one of the principal stresses (855)
assumed to be acting in the vertical divection. The
larter assumption Js justified especially in forma-
tions of gentle dip (Anderson, 1963, p. 12}, When
a vertical circular wellbore is drilled the iniiial hori-
zontal principal tectonic stresses (8,4, 8, ) redis-
tribuie around (e cylindrical cavity in a manuer
defined by Hirsch selution {Haimson, 1967, p.
3113

The pressurization of the open hole in the well
generates two additional siress [iclds, one due 1o
the radial pressure on the well wall, and the other
due to fluid low Into the formation resulting from
the difference between the well pressure {P,)) and
the reservoir fluid pressure (P_ ). The complete dis-
tribution of horizontal siresses around the wellthore
is found by superposing the three mentioned stress
ticlds (Haimson, 1967, p. 3121 At the vertical wall
of the open hole, and away from the hole ends, the
most vulnerable siress is the tangential (Sgg).
Under normal m-sitw siress conditions, this stress is
the first to reach tensile values, as the wellbore
pressure I rises, finally causing u vertical 1ensile
rupture that ongmates at the well’s wall, Looking
ar a cross seciion of the well, the fracture is most
Lkely to mmvate at two damemrically opposed
points, whose connecting lne is perpendicular to
the larger tensile principal tectonic stress (b”},
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the tangential stress at these two pomts is given by
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where:
&« = parameter ol 2 porous clastic materialy can
be determined in the laboratory {Mann,
1960).
O axl
v = Poisson’s ratio of the rack.

Fatlure in tension occurs when P, reaches a criticat
value (PR}, also called breakdown pressure, al
which agg > oy, where o, iy the tensile strength of
the rock In ﬁle horizontal plane, Henee the mint-
mum critical PrUssure necessary 1o mduce & verls feul
fracture is {Haimson, 1967, p. 512):

pP . p . O o G0zt 00y o
c o {2ai
1 - 2w
- a-'
A i N i)
wiere:
O SO

If the formation permeability to the fraciumg fuid
is negligible, the third mentioned stress field s zow
and the critical pressure {p!} then becomes:

gy
~ 30z oy, (b

* This inchedes nonporous formations 2¢ a spocial case.
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From equations (2a) and (2b) it can be easily veri-
fied that P! > PP, or in other words, the break-
down pressure in a permeable formation is usually
lower than the pressure required Lo fracture an im-
permeable but otherwise identical zonc.

The rock parameters o, », @ can be measured in
the laboratory in rock cores corresponding to the
formation in quostion, and under conditions of
loading and pore pressure similar to the in-situ
Ones.

It is assumed that the vertical tensile fracture
initiated at the wellhore will extend aleng a plane
perpendicular to the dircction ol the larger hori-
zontal principal tectonic stress (8,5 ). This assump.
ton is based on the theory that a fracture follows
the path of least resistance. The downhole pressure
of the fracturing fluid necessary to keep the frac-
ture open (P is the instantaneous shut-in pressure,
and is given by:

P,-P, > 0a, (3)

It should be noted that the values of I', and T,
are usnally recorded by a pressure versus thne plot
taken during a fracturing joh.

The case of horizontal fracturing initiation will
not he considered here. Theoretical relationships
and experimental results related to honzontal frac-
tures can be found elsewhere (Haimson, 1968).
There is, however, the possibility that fracturcs
that arc initiated in the vertical plane, due to the
stress distribution at the wellbore, may change
orientation and become horizontal away from the
wellbore, 50 as to be perpendicular to the smallest
compressive stress. Under normal in-situ stress con-
ditions this possibility is rather remote, bul when it
oeeurs it is very hard to detect,

From cquations (2, 3) it is evident that if the
magnitudes of ¢;, and ¢;; are known, the break-
down pressure (P.) and the pressure required to
keep the fracture open (F,) can be predicted. More-
ovcr, it can be assumed that within a certain forma-
tion and depth, the tectonic stresses remain
constant mn an area which Is undistributed geologi-
cally. It is expected therelore that in the same
“neighborhood” of a preducing field, wells will
yield fractures oriented essentially parallel to each
other. The magnitudes of P_ and P, for these wells
should not vary considerably from one well to the
next.

In those locations where the two horizontal
principal tectonic stresses are approximately equal
{6vy = 034) there is no preferred direction for
the vertical {racture and z weakness in the rock
close 10 the wellbore can determine the fracture
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orientation. Such a weakness may be in the form
of a natural crack or an mduced one {vertical
notch}. The orientation of [ractures at the wellbore
can be detected as described elsewhere in this re-
port. I the fracture divections in & number of
neighbor wells secem to be oriented at random, the
horizontal state of stress is probably hydrosrartic
and by vertical notching fractare direction can
actually be conrolled.

LABORATORY EXPERIMENTAL PROGRAM

In an attempt to verify the relationships out-
lined in Lhe theoretical section between the orien-
tation and breakdown pressure of vertical fractures
and the magnitude and direction of the honzontal
principal tectonic stresses, 4 series of lests were run
on simulated wellbores in laboratory samples,

Rectangular rock specimens (5.0 inches X 5.0
inches X 5.5 mches), with a vertical central hole
{.30 inch in diameter), were loaded triaxically in a
specially built steel frame. By use of four Hatjacks
mounted between the sides of the sample and the
internal walls of the frame, two unequal and inde-
pendent horizontal compression loadings were ap-
plied. The vertical loading was Lransmitied,
through a specially built upper platen by a hy-
draulic compression tester. The upper platen also

provided the lracturing tluid channeling into the

internal hole of the samples (Haimson, 1968). The
unequal external triaxial loading on the samplc
closely simulated the most general state of tectonic
stresses i the carth. In those tests where no hori-
zontal loading was applied, cylindrical samples
were used {usually 6.0 inches high, 3.5—5.0 inches
in dizmeter).

The simulated wellbore in the sample was an
open hole, 2.0 inches long, tevminated by the rock
itself 2t one end and by a hollow metal plug at the
other, Through this hollow plug, pressurized frac-
ruring fluid was forced into the open hole.

To run a test, the predetermined external i
axial loading was first applied and kept constant
throughout the rest of the experiment. Then the
fracturing il was introduced into the internal hole,
pressurizing it al 1 consiant rate {usually 6-15
psifsec.). The pressurc versus fime curve was re-
corded in an X.Y plotter. At some critical {break-
down) pressure {P_), a sudden drop in prossure was
obscrved, indicating fracture. The test was then
stopped, the external loading removed and the
sample observed, sectioned and photographed. The
experimental data was recorded and checked
against the theoretical predictions.
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Different tvpes of impermealde and permeable
rock were tested, The natural rock was obtained
from quarries throughout the country. The artifi-
cial rock was a mixwure of water and gypsum ce-
ment (hvdrosione), which when allowed to set
formed 2 sohd material ol rock-like properues
(Haimson, 1969).

The resulis of the laboratory tests can be sum-
marized as fellows:

i, All the hbydraulic fractures obtained were
tensile ruptures oriented either in the vertical
or the horizenial planc, depending on the
leading conditions.

2. In those cases whoere vertical fractures were
obtained they were always perpendicular to
the smaller horizontal compressive loading,
notwithstanding the amount of oil penewa-
tion into the rock. Figure 2 shows a rypical

Figure 2, Vertical fracturs in Tennessee Marble,

vertical fracture In impermeable Tennessee
Marble. Igure 3 shows that the occurrence of
a precrack 1o the impermeable chareoal gran-
ite sample did not interfere with the direction
of the fracture normal w the smaller hori-
zontal locad. Tn permeable rock, like hydro-
stone and Berea Sandstone, shown i Figures
4, 3, fracturing luid (bydraulic oil) leak-off

Mydraulic Fracturing and the Extraction of Minvrat

Figure 3, Vertical fructure in Chureoal Granite with precrack.

Hydrein.

Figure 4, Vertical fracture in bydeostone, also shawing the amonnd
af [hijd peretraiion.

inlo the sample did not affect the pr{rdicT.L"fi
direction of the fracture.

3. When the horizontal loading was hydrostatic,
the direction of the vertical fracture wus ul

i
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Figure 5. Vertical fracture in highly permezble Berea Sandstane,

random (Fig. 6) and sometiimes more than
two fractures were observed (Figs. 7 and 8).
In a number of samples, vertical notches were
induced in the simulated wellbores prior to
the fracturing tests, by use of a hydraulic

Figure 6 Vertical fracture at randem i hydrostone under hon-
‘zontal hydrastalic soess condition
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jetting technique. With no horizontal loading,
the tips of these notches provided the weakes:
points arcund the hole and all fractures initi-
ated there and extended in the general

Figure 7. Three evenly distributed verlical {ractures in Indiana Eime-
stone under no herizontal [oading,

Figure 5. Three menly distributed vertical fractures in Cordova
Cream under 0o horizoatsl loading.

3

:
i
H
t



426 Hydraustic Fracturing and the Extraction of Minsrgis

divection of the notch, Figures 9 and 10 show exhibit vertical fractures that were affecied
typical fractures in notched wollbores, The by the presence of noiches, The latter no:
horizontally sectioned samples of Ohio Sand- only controiled the direction of induced frac.
sione znd Cordove CUream, respectively, tures, but also lowered censiderably  ¢he

breakdown pressure. For example, in Ohio
Sandstone the P, decreased from 1800 psito
1100 psi, and in Cordova Cream from 1050
psi to 400 psi.

4. In unnotched samples, the pressure required

to inittate vortical fractures was close to that
predicted by equations (2}, Figure 11 shows

VERTICAL FRACTURES
HYDROSTONE 38/10C

50001
4000
= 30001
o
5 :
& 2000+
Figure 9. Hydraulic fracture in vertically pre-notched Ohio Sand
stone,. 1000

1 -
~a i1 psi

" 6 Figure 11. Relationship between theorctically predicted P‘E el ex-
: MR”V* CRram ) . perimenial valies of hreakdown pressure in impermeabie Charcoal

Ciranile.

the refationship between the experimental
points and the theoretical curve in the case of
the impermeable Charcoal Granite. 6pg 1
given by ogg = 3055 - 0y, Figure 12 showy
the same relationship in the case of permt‘abit‘
hydrostone, The experimental points are uot
as close to the theoretical curve for P as the
granile points are to PL {Fig. L1}, but n
should he remembered that wo more yock
parameters ave involved in the permeable case.
Hence the predictions are not as accurate.

.In a number ol iesis, two vertical holes were
Figure 10 Hydraulic fracture in vertically pre-notched Cordova deilted in 5.0 inch  diameter C?vh;ydz‘!ml
Cream.

[+
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YERTICAL. FRACTURES
CHARCOAL. GRANITE .

6000

o - EXPERIMENTAL P,

0 1000 2000 3000 4000 5000
-o'éailipsi

Figure F2. Relationship hetween theoretically predicted P(i: and Pg
and experimental vatues of hreakdown pressure in hydrostonc
38100 (35 parts hydrostone to 100 parts waier by weight).

samples, to simulate an injection-production
set of wells. The disrance between the holes
was eight umes the hole diameter. In these
tests no horizontal loading was applied, and
the average vertical load was 500 psi. The si-
multaneous pressurization of both holes re-
sulted in a vertical fracture that emanated Figure 18, Vertical fracture in Carthage Murble caused by simuitanc-
from one hole and did not necessarily extend ous pressurization of both wells

it the direction of the other (Fig. 13). The
separate pressurization of each hole yielded
fractures that extended at random (Kig. 14).
However when vertical notches were induced
in the simulated wellbores, the chances of
connecting the holes through fracturing were
vastly increased. Figure 15 shows a horizontal
section of an Indiana Limestone sample in
which one of the holes had been vertically
notched prior to its fracturing. The notch, as
ohserved, had been dirccied towards the other
well and its direction was [oHowed by the
fracture. When the other well was then pres-
surized, the resulting [racture casily linked to
the former, Note the lower breakdown pres-
sure required it the notched hole. Figure 16
depicts another method designed to climinate
guesswork from communicating. Here both
wells had been vertically notched in mutually
perpendicular planes. The hydrawic fractures
joined at some short distance from the pro-
duction well. This method of double-notching
is especially recommended for the ficld where
one cannot expect a hydraulic fracture to ex- Figure {4, Vertical fractures in Tndiana Limestone obtained by sepa-
tend in a perfect straight line. With two rate fracturing of hoth welfs,
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perpendicular  {ractures, they are always
bound to meet at some distance from the tar
get well,

Figere 15, Vertica! fractures in Indiana Limesione, obtained by sep-
aratc fracturing of the wels, with one well being vertically pre-
notched in the dircction of the other.

Figure 16, Vertice Tructoyes in Garthage Marble where both wells
were pre-notehed in mateally perpercdicular planes.
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FIELD TESTS

One of the main obstacles to a betier under
standing of the hydraulic fracturing phenomenon is
the great difficulties encountered in conducting sci-
entific testing in the field. A fracturing job is con-
ducted by remote control, from the surface, and
there 15 no access to the pay formation for the
purpose of verifying the direction and size of the
fracture. Many researchers have suggested the use
of different geological phenomenon as an ndica-
tion of vortical fracture orientation. Qcourrence of
normal faults {Hubbert, 1957), regional dip in for
mations (Frazer, 1962), strike of surface jouints
(Overby, 1968) have all been theoretcally corre-
lated to orientation of vertical {ractures. In areas
where strong evidence of faulting exists or where a
surface joint survey is done, the approximate divec-
tion of hyvdrawlic fracturing can possibly be pre.
dicted. However, # proven lesting tool for verifving
fracture azimuth ar the wellbore, notwithstanding
the availability of geological data, is the oriented
impression packer.

Such packers were used in the lield iests de-
sciibed below. They consisted of a replaceable rub-
ber sleeve, 10 or 20 feet long, mounted on an
aluminum mandrel. The sleeve was made of cured
reinforced rubber coated on the outside with 2
layer of uncured rubber. The lower portion of the
mandrel contzined a pressure relief valve and a
landing scat for orientation of a compass running
case. The packer was lowered on tubing into the
well to the interval under investigation and then
the rubber sleeve was hydraulically inflated. Per-
forations in the mandrel permitted an even distri-
butien ol pressure within the packer. The packer
was inflated until full contact with the wellbore
wall was achieved. The pressure in the packer was
maintained for ahout one how at a maximum of
300 psi above the reservoir pressure. This allowed
the uncured rubber of the sleeve to expand and
conform to the wellbore wall, while a magneiic
compass was used to determine the ovientation of
the tool. The compass was lowered into the well
after the packer was inflated and fixed in its tand-
ing seat at the bottom of the mandrel. Multipie
compass pictures were taken from a camera located
in the running case, and where possible twe sepd-
rate compasses were used on each test. At the con-
clusion of the test the pressure relicl valve was
opened and the impression packer removed from
the well. From the location of the machined
groove on the compass landing scai and the photo-
graphs during the test, the magnetic port on Lh¢

i A1V, Wi A L AR b i B b




Mydraalic Fracturing and the Exrraction of Minerals

packer was cstablished. Thus, the orientation of
‘any fractures or other irregularities, recorded per-
manently on the impression packer, could be easily
determined.

Studies using impression packers were con-
ducted in New York, Ohio and llinois. The pur-
pose of these studies was to determine the type
and oricntation of hydraulically induced fractures
“in oil producing formations. The breakdown and
‘instantancous shut-in pressures were also recorded,
The reservoir studied in New York was the Rich-
~burg il Sand in Alma Township, Allegany
-County. In Ohio, the study included the Clinton
Sandstone in Falls Township, Hocking County, and
in Illinois, a carbonate reservoir was investigated.
‘Locations of the tested wells in two of the areas
_are shown in Figures 17 and 18,

LOT 9
ALMA TOWNSHIP
ALLEGAKRY COUNTY, NEW YORK

Figure 17, The distribution of the treated wells, and the direction of
vertical fractures it the New York Beld

The impression packer results show that frac-
tures created in each of the wells were vertical over
the major portion of the treatment interval (Fig.
19}, The average azimuth of these fractures in each
well is given in Table 1 and shown diagrammati-
cally (except for Ilinois) m Figures 17 and 18,
Table 2 enumecrates some of the physical properties
{ the formatons. Tt can be eastly verified that in
sach of the three fields the induced fractures were
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SECTION 13

FALLS TOWNSHIP
HOCKING COUNTY | QHIO

Figure 18. The distribistion of the treated wells, and the direction of
vertical fractures in the Ohio ficld,

Figure 19, Packer with typival vertical fraciure impression from well
N 5 in New York,
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TABLE 1. Hydraulic Fracturing Results in Three Field Tests

Eritical instanta_neous Eratture
. Vel Depth Breakdown Shut-in .
Location Na. Feet Pressure Prassurs Azimuth
P psi P. osi East of True North
e &
Neaw York i 1607-18 h264* 1864 9%°
2 1677.82 hB48* 2013 £5°
3 1671-79 3266 2187 YES
Bhio 1 2622-32 2938 2238 62"
2 263452 - - 58"
3 2671-81 2834 2259 57°
4 26B2-1 30404 2154 88"
[Hinais i 314.332 539 - 49"
2 321238 B4.3 3493 BT
3 314323 588 338 72°
4 310-327 738 338 LY
5 288-318 733 333 B6°

= Recently completed celile dno! hals, The mod, s0ll lining the hale, acemants foe the unistally high values of breakdown pressure.

TABLE 2. Physical Properties of Three Formations Tested

Tensila . - L, Hasarvoir

Location Strength an:my Permeability Palsspn s Pressure
. %, mal. Ratio .
asi psi
Now York 575 13.5 4.5 0.1 530
Ohio 1040 15.0 330 0.2 600
{{nois 725 220 HRE 8.2 g
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nearly parallel tu each other. Table 1 also gives the
breakdown {critical) pressures and the instantane-
ous shutan pressures in the fractured wells. Again,
z striking closeness between the values of the frace
turing pressures in each of the fclds can be ob-
served. Based on our hyporhests relating in situ
stresses 1o hydrauhic fracturing pressures and direc-
tions, it appears that in each of the studied forma-
tions there was one constant tectonic siress {ield.
By hydraulically fracturing a sample of wells like
any ol the three samples mentioned in this paper,
one could get cnough information to help design
more scientifically the lavout of a newly pros-
pected field, or determine whether hydraualic frac-
turing may be feasible in an established producing
field.

CONCLUSIONS

The present report is merely an attempt to im-
prove the existing knowledge of vertical hydrawlic
fractures. Theoretically it is shown that the hreak-
down and shutin pressures, usually recorded dur-
ing a [racturing job, as well as the direction of
fracture, are directly related to the principal
tectonic stresses that exist in the formation. In-
deed, laboratory tests on simulated wellbores indi-
cate that the theoretically predicied breakdown
pressures, in both porous and non-porous rock,
were close to the experimental results, Moreover,
as theoretically expected, vertical fractures were al-
ways tensile ruptures thai initiated and extended in
a2 planc perpendicular to the dircction of the
smaller simulated horizontal compressive principal
tectonic stress. In samples where the simulated hor-
izontal m situ stress condition was hydrostatic ver-
tical fractures extended at random and sometimes
three rather than two ruptures were obtained.
Notching appeared io be a helpful tool i con-
trolling direction of fractures in such hydrostatic
cases and was msirumental in achieving communi-
cation between two wells. The three field tests re-
ported here merely recorded the breakdown and
shut-in pressures during hydraulic fracturing opera-
tions, and the azimuth at the wellbores of resulting
vertical fractures from impression packer readings.
The closeness between the pressures and directions
in each of the fields leaves little doubt as to the
relationship between [racturing and tectonic
stresses. Each of the three groups of wells belong
to the same production field in a rather uniform
geological system. Hence there is no reason to ex-
pect that tectonic stresses would vary considerably
from one well to another. The field results verify
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this assumption. H seems that a sample of wells,
intelligently picked and hydraulically ruptured,
could provide with the neeessary  information
about direction of fractures, breakdown pressurcs,
and communication possibilities in an entire field.
H results in the saraple are hardly uniform as lar as
fracture direction, it is probably because of the
tectonic stresses in the horizontal plane being
hydrostatic, Tn such a case, vertical notching of
wells may prove very heneticial.

NOMENCLATURE
= flaid pressure

= reservoir pore fluid pres-

o

sure

P, = breakdown (critical)
pn:ss&urc

| = breakdown pressure in
impermeable rock

pE = breakdown pressure in
permeable rock

P, = welibore mstanianeous
shut-in pressure

P = wellbore  pressure prior
to {racturing

S = Stress tensor

5., = smaller horizontal pringi-
pal tectonic stress {ten-
sion taken as positive)

52> = targer horizontal princ-
pal tectonic stress

B3 = vertical principal tec-
tonic siress

! = parameter of a porous
material

v = Poisson’s ratio

95 = effective stress tensor

Gij = efiective stress tensor
around the wellbore due
to tectonic stresses

Oyy Uy, 0, = compressive loads ap-

plied to speeimens

tensile  strength in the
horizontal plane as ap-
plied to hydraulic frac-
turing.
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