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ABSTRACT

The subject of muny technical papers in the Jast 20 years
has been the prediction of the well-bore pressure gradients
that are required to induce or extend fractuves in subsur-
Jace formations. The subject merits attention because of
recurring problems that arise from an inability to predict
Jractire pressure gradients.

Lost cireulation s often a very troublesome and expen-
sive problem when wells are drilled in borh new and ofd oil
fields. Complere foss of civeulation can be disastrous. Such
disasters can be gvoided if techniques for calculating frac-
ture pressure gradients had been employed in the well plans
and followed accordingly. Fn areas of abnarmally prassured
Jarmations, the prediction of fracrure gradients duving the
well-planning stage Is extremely important,

There are several methods used 1o determine fracture
pressure gradients, however, none seem general encugh to
be used widely. In the paper by Hubert and Willis, overbur-
den pressure, formation pore pressure gradient, and Pois-
son’s ratic of rocks were independent variables that were
shown to control the fracture pressure gradient,

In arriving ar a new method of predicting formation
fracture gradients, it was found that overburden load. Pois-
san’s rario. and pressure gradients vary with depth. Al
though the method was developed for the Gulf Coast, it
should be highly reliable for all arcas. provided that the
variables reflect the conditions in the specific area under
exploration.

INTRODUCTION
“The subject of many discussions and technical papers
in the last 20 years has been the prediction of the well-bore
pressure gradients that are required to induce or extend
fractures in subsurface formations. The subject merits this
attention because of the frequently recurring problems

that arise from an inability to predict fracture pressure
gradients.

Encouniered in several common types of operations in
the oil industry are problems associated with the predic-
tion of formation fracture pressure gradients. When wells
are being drilled in both new and old fields, lost circulation
is often & very troublesome and expensive problem. Com-
plete loss of circulation has been disastrous in some cases.
Muny times, such disasters could have been avoided if
techniques for calculating fracture pressure gradient had
been employed in the well plans, and if casing strings had
been set, and mud weight plans had been follawed accord-
ingly. In areas of abnormally pressured formations, the
prediction of fracture gradients during the well-planning
stage is extremely important. In fact, it is as important as
the prediction of formation pressure gradients, which has
received & great deal of aftention in recent years.

Not all predictions of fracture pressure gradients are
made {o avoid disasiers such as complete loss of circula-
tior: and blowouts, In fact, many fracture gradient predic-
tions are made in the process of designing hydranhc
fracturing stimulation of producing wells, a technique that
has proven to be one of the greatest petrolenm engineering
accomplishments. This process was introduced in 1948 by
Clark.! Since then, over 500,000 hydraulic fracturing jobs
have been completed in the US. alone. The physical
breakdown of subterranean formations during induced
hydraulic fracturing is related to that which occurs during
cach of the following ailfield operations:

1. Hydraulic fracturing or fracture acidizing
2. Pressure parting in injection wells in secondary re-

covery operations

b Original matenad for s artcle wes published and copyrighted by
Society of Petroleum Engineers, AIME
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3. Lost circulation during drilling

4. The brezkdown of formations during squeeze ce-
menting

5. The breakdown of formations during plastic sand
conschdation when well-bore pressures become too preat.

All of these phenomena involve the creation of open
fractures by appiied pressure in wellbores. Such opera-
tions have provided the field data that have led to the
partial understanding of formation fracturing phenomena.
256 Such data are not always consistent, cspecially when
many geographical areas are considered. These inconsis-
tencies have led to many arguments concerning fracture
orientation and fracture gradient prediction methods.’

There are several published methods used to determine
fracture pressure gradients. However, none of these meth-
ods appears 10 be general enough to be used with much
reliability in all areas. In 1957, Hubbert and Willis pub-
lished a classical paper that included the development of
an equation used to predict the fracture extension pressure
gradient in areas of incipient normal faulting.! Overbur-
den stress gradient, formation pore pressure gradient, and
the horizontal-to-vertical stress ratio of rocks were the
independent variables that were shown to control fracture
pressure gradient, the dependent variable.

In 1967, Matthews and Kelly published anather frac-
ture pressure gradient equation that is different from that
of Hubbert and Willis, in that a variable “matrix stress
coefficient™ concept was utilized * Later the same year,
Costley wrote about a similar idea.’

Goldsmith and Wilson used z least-squares curve-
fitting techaigue and field data from the Gulf Coast arca
to correlate fracture pressure gradient with formation
pore pressure gradient and formation depth.® They noted
thar the fracture pressure gradient increased with increas-
ing depth while the pore pressure gradient remained con-
stant.

In each of these cases, the problem for which a solution
was sought was to determine the bottom-hale pressure
gradient required to initiate or extend & fracture. Resuits
of the previous work show that fracture pressure gradient
is a function primarily of overburden stress gradient, pore
pressure gradient, and the ratic of horizonial to vertical
stress. There is argument for a fourth variable in that in
many cases breakdown fracture pressure gradient is
greater than the fracture exiension pressure gradient,
However, if the fracturing fluid is able to penetrate the
formation through the pores or existing cracks, there is
very Hrtle difference in the two fracturing pressure gradi-
ents.

Throughout the remainder of this chapter, no distinc-
rion i3 made between hreakdown fracture gradients and
extension fracture gradients. The extension gradient will
be the lower gradient of the two and is the gradient used
in most design sitpstions.

ROCK MECHANICS

Since any study of fracture gradient prediction must
involve an analysis of data derived from operations that
create or induce fracturing, some knowledge of under-
ground stresses is reguired. MNaturally occurring ander-
ground stresses resist wellbore fracturing. I effective
stresses are defined as those stresses which are normal to
planes in which there is no shear, the general stress condi-
tion can be defined in terms of the effectives stresses, o,
along the vertical Z axis, and o, and oy along the hori-
zontal X and Y axes.’ In the absence of external forces,
the stress state is caused by the sediments above the point
in question, or the overburden load. Figure 1 ilustrates
the stress state of an element of rock buried in the earth’s
crust.

Overburden load, S, al a given point is sapporied by
both the vertical bearing stress of rock particles and the
fluid pressure in the pore spaces. This equilibrium of
forces on an element of subterranean rock may be ex-
pressed in equation form as:

S=ea,+p (1}
where:

p = pore pressure of formation fluid, psi
T, vartical stress in the sock matrix grains, psi
§ == gverburden pressure or load, psi

i
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The physical relationship thar exists in rock formations
between grain stress, pore pressure, and overburden load
is simulated very simply in Figure 2 for both normal pres-

sured and abnormal pressured formarions. In both cases,

S equals 10,000 psi (zhe piston)} and the counter-acting
stresses are 1) the fluid pressure (pore pressure), and 2} the
spring (the vertical stress in rock grains). 1t can easily be
seen that if the fluid is not free to escape, as in case B, the
pore pressure must become larger as more and more over-
burden load is applied. When this happens, the grain stress
supports a less proportionate part of the overburden, 8.

Equation | may be selved for the mairix stress as fol-
lows:

o, =8 -p (2}

In this light, o, is normally known as the *net effective
vertiecal rock stress”, or “net effective overburden stress.™

Under influence of vertical stress, the rock element
tends to expand laterally-but is prevented from doing so
by the surrounding rock. This tendency creates a horizon-
tal stress, oy, which under ideal conditions is equal in all
horizontal directons. In this case,

Ty = Oy = @y {3}

According to Hooke's law, the horizontal siruin, €, 1s
expressed as:
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where:
€, = strain in the horizontal x direction

== Ey - fh
E = Young’s modulus
v = Poisson’s ratio

In the elastic zones of the earth's crust, since no hori-
zontal motion can oceur due to surrounding rock, &, is
essentially zero. Therefore, when
ex = 0in Equation 4 and o, = o, = oy,

1 R L <

O=% "¢ B )
Or I

oy = ) o ©

If the expression for o, from equation 2 is substituted
into equation 8, the following is obtained:

oy = ) (5-p) )

If one examines equation §, it becomes abvious that o,
is always greater than, or at least equal to oy, where
tectonic forces are negligible. Only when ¥ = 0.50 does
oy = o, Poisson’s ratio, ¥, for rocks has been measured
and uvsually ranges between 0.20 and 0.35.7 However, #
becomes equal to 0.5 for incompressihle materials in the
plastic failure stress state. Therefore, it is quite possible for
values of Poisson's ratio for rocks burted at 20,000" to be
much greater than measured values in the laboratory for
the same rocks,

Example problem

A rock element is buried at a depth of 11,000". The
overburden load is 10,000 psi, while the pore pressure in
the element is 5,200 psi. Poisson’s ratio for this rock in this
stress state 1s 0.25. Determine:

1. o, the effective overburden stress in the element.
2. oy, the effective horizontal stress in the clement.

Solution:
1. Using equation 2

o, = 10,000 ~ 5,200
= 4,800 psi
2. Using eguation 6

(025
Ty = ipasy ¢ B0

= {/3 . 4,800
= 1,600 psi

The preceding brief section on simple rock mechanics
illostrates the variables that relate the vertical and hori-
zontal stresses in a rock element buried in the elagtic zones

R A Ve s 1 i R Vet gt 1
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of the earth's crust. These are important in fracture gradi-
ent prediction work.

FRACTURE PRESSURE GRADIENT
PREDICTION

In order for a fracture to be extended in a rock forma-
tion from 2 wellbore, the pressure in the welthore must be
great enough to first overcome the least principle stress,
whether that be o, o, or oy. The wellbore pressure must
also be greater than the formation pressure to cause Juid
10 fow back in the fracture. Hubbert and Willis analyzed
this behavior in classic fashion. Their equation describing
fracture extension pressure is:

Pw = o + p {(8)

They fusther assumed that oy = /30, (equivalent to
¥ == 0,25) and in this manner equation 8 becomes

pe = 13, + p
= 1/3 {(8p) + p
Pe = W3 (S + 2p) (93

After dividing both sides of equation 9 by the vertical
depth, I, of the formation, the “pressure gradient” form
is produced.

Pw S 2 .
W oy 2, =P
D “1’3(D+ D (10)

Equation 10 is what is known as the Hubbert and Willis
egaation for fracture pressure gradient prediction. Hub-
bert and Willis assumed that the overburden stress gradi-
ent 3/D, was constant and equal to 1.0 psi/ft. Under these
conditions, the fracture gradient s calculated to be a con-
stant with increasing depth for ail normally pressured
formatipns. Using this latter assumption, equation 3.10
becomes:

Pw EE
5 = 1/3 (10 + D} {11)

Example problem 3.2

{a) Calculate the fracture pressure gradient of a forma-
tion at 10,000" whose formation pore pressure gradient is
0.485 psi/ft. (4,650 psi at a depth of 10,000"). (b} Calcu-
late the fracture gradient at 5,000' when the pore pressure
gradient is 0.465 psi/ft. In both cases, use equation (I1)
{c) What is the fracture pressure in each case?

Solution:

In both cases (a) and (b}, equation 3.11 gives the same
result. When dealing with pressure gradients, not pres-
sures, equation 3.11 is independent of depth,

(@ %‘5 = 1/3 [LO + 2 (0.465))
= 065 psi/ft at 10,000
(b) EDE‘-‘ = 1/3 [1.0 + 2 (0.465)]

= 065 psi/ft. at 5000

{c) for case (a)

Pw .
0000 0.65 p,, =6,500 psi
for case (b)

P 065 = 3,250 psi
5,000 . Pw RPEAE )

It can zasily be seen from the preceding example that
the simplified Hubbert and Willis method of fracture
gracient prediction resulis in values that are equivalent for
any well depth provided the pore pressure gradients are
the same. This is known to be uatrue for many cases in the
Gulf Coast. Actually, Equation 11 predicts values that are
usually too low, compared with values from field data.

Several authors have questioned the foregoing assump-
tions. > Hance, it seems worthwhile to review and com-
pare the various techniques used to calculate fracture
pressure gradients. Ta do so, the pressure data given in
Figure 3 and 4 were used to caleulate the fracture pressure
gradient by several methods.

Equation 11 was ssed for comparative purposes to cal-
culate Curve 2 of Figure 4, using the pressure gradient
curve data (Curve 1 of Fig. 5} as determiaed from the log
data of Figures 3 and 4. Note that py/T) increases ounly
when p/b Increases. Similarly, the log data for Well 8
were psed with Figure 4 to determine the pressure gradi-
ent of Well B. The resuits make up Curve 1 of Figure 6.
Curve 2 of Figure 6 shows the {racture gradient computed
by the Hubberr and Willis equation. The same bebavior is
to be gbserved as in the frst example. However, experience
has shown that p../D inereases with depth, regardless of
the pressure behavior, until the abnormal pressure section
is traversed. Then p,/D may decrease as shown by the
other curves in Figurex § and 6.

Matthews and Kelly presented z fracture gradient
equation similar to Equanion |, However, they intro-
duced the concept of a varable horizontal-to-vertical
stress ratio. Figure 7 is a reproduction of their curves
showing the variable stress ratio as a function of depth for
two areas. Again one must assume that the overburden
load is 1.0 psi/ft. To calculate a fracture gradient by this
method one must use the following procedure.

. Obtain the formation pore pressure,

2. Determine the effective stress, = 10D -~ p.

3. Determine the depth D; for which the matrix stress
would be the normal value:

e,
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4, Use the value of D, from the preceding step with
Figure 7 to determine XK.

3. With the resulting data, caleulate the fracture gradi-
ent using the Matthews and Kelly fracrure gradient equa-
tion, which follows:

D =

Pe o Gy o 2
5=K@+p (12)

(Note: Matthews and Kelly call this the breakdown
gradient and say that it is higher than the fracture exten-

sion gradient.}

6. Plot the fracture gradient as a function of depth,
In this manner, Curve 4 of Figure § and Curve 3 of
Figure 6 were generated. The effect of depth and forma-
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tion pressure is readily evident. However, there appear to
be two weaknesses in the approach, one of which is the
assumption that the overburden stress is equal to 1.0 psi/ft
of depth. The ather weakness is that the stress ratio, K;,
used in calculating the fracture gradient in abnormally
pressured formations is that of the deepest normally pres-
sured formation. The Matthews and Kelly approach rep-
resents a significant advancement in fracture gradient
technology, and the variable stress ratio concept is quite
valid when compared with field data analysis.

Recently, Goldsmnith and Wilson found that the pres-
ently existing techniques for calculating fracture gradients
were inadequate, Using a great deal of data on lost circula-
tion and squeeze pressure, they developed empirical equa-
tions, using least-squares curve-fitting, that appear to
predict very well the fracture gradients for a localized
area. The equations are long and somewhat difficult to use,
but this technigue was employed in calculating Curve 5 of
Figure 5. The vast disagreement of these techniques is well
illustrated.

Costley recently published yet ancther technique that
is similar to the Matthews and Kelly method. The same
basic assumptions are involved, therefore, the method will
not be discussed further. Nevertheless, the data published
by Costley were used with other data o develop the Eaton®
method that follows.

Throughout the remainder of this chapter it is postu-
lated that the assumptions leading 1o equattons 6, 7, and
& are valid. If the value of oy, from equation 7 is then
inserted into equazion 8, the result is:

Pu = () S-p) + p (13)

and by dividing through by formation depth. 1), we ab-
tain:

Pu _ ¥ 50, B
7~ IR (14}

Equalion 14 is known as “Eaton's Fracture Gradient
Equation”. Note that the units are in psi/ft. for all terms.
It can be seen that fracture pressure gradient is a function
of Poisson’s ratio, formation pore pressure, and overbur-
den load pressure. The problem then boils down to deter-
mining the function of cach variable with formation
depth.

Since it is accepted here that abnormal formation pres-
sure gradients may be determined from logs®, that aspect
of the problem is solved. The next steps are to assume that
the overburden stress gradient is 1.0 psi/ft., then to solve
Equation 14 for the stress ratio group:

o
{1 A

(15)

it
O oo

and to evaluate Eguation 15 with field data.
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A great deal of data from the analysis of hydraulic
fracturing treatments in West Texas was published by
Crittendon?. These data were used to develop the left
curve of Figure 8 It can be seen that for the producing
formations of the West Texas area, the assumptions /D

= 1.0 and ¥ = (.25 are vald.

Data given by Costley were used o back-calculate the
middle Poisson ratio curve of Figure 8. Note the curvamre
of the trend of Poisson ratio vs. depth for the Gulf Coast
area. This is caused by the sediments being younger and
more compressible near the surface, buat less compressible
and more plastic with depth. For this reason, the curve
approaches 0.5 as an upper limit. This limit is the Poisson
ratio of an incompressible matertal in the plastic failure
environmant.

Example resuits of fracture pressure gradient caleula-
tions using the middle Poisson ratio curve of Figure 8 and
Equation 14 are included for comparative purposes, These
are shown by Curve 6 of Figure 5 and Curve 4 of Figure
6.

From the preceding calculations, it becomes evident
that the variation of overburden stress with well depth
must be determined where formations are compressible,
such as in the Gulf Coast area. A composile group of
density logs from manv Gulf Coast wells are available.
These lngs were used 1o plot bulk density vs. depth, which
is shown in Figure 9. The values for bulk density were read
at the mid-point of each 1,000-ft, interval and averaged
step by step downward to 20,000 ft, of depth. In this
manner, the overbirden stress curve of Figure 10 was
produced. The value of overburden stress read from the
curve at any depth represents the real average overhurden
gradient at that specific depth. Further averaging need not
he done.

The same procedure was used for similar data from
wells in the Santa Barbara Channel. Bulk densities from
logs and the resulting overburden stress gradient curve are
shown in Figures 11 and 12, respectively, with the results
heing similar {0 those given in Figures 9 and 10. Tt was
concluded that variable overburden stress gradient curves,
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as determined from density logs of good quality, are far
superior to any assamed consiant number,

Based on Equation 13, the same feld data, and Figure
10, the Poisson ratio trend for the Guif Coast area was
hack-cajculated and plotted on the right side of Figure 8.
MNote that this curve approaches the puddle curve at
greater depths where the overburden stress gradient does
approach 1.0 psi/ft. It was concluded that Figures & and
10 could be used with formation pressure data and Equa-
tion 14 to predict accurately the fracture gradients in the
Guif Coast. The same method will apply in other areas,
provided that the overburden stress gradient and Poisson
ratio curves are determined from geod data,

Figures 8 and 10 and eguation 14 were combimed 1o
calculate the lines on Figure 13 for the Gulf Coast area.
Such an easy to use chart could be developed for any area.
A nomograph for solving equation 14 is given in Figure
14

FExample problem 3

Calculate the fracture pressure gradient of a formation
at 3,000 in the Gulf Coast where the pore pressure gradi-
ent is 0.50 psi/ft. (1) Use equation 14; (b) use Figure 13;
(¢} use Figure 14; (d) what is the equivalent mud weigh¢?

Sotution:
(a) First determine the overburden gradient trom Fig-
ure 10 and Poissons™s ratio from Figure 8

§/D = D8R, v = .37

then,
P, 037 . )
N (1_0'37} « (0.88-0.301 + 0.30
= 0.923 psi/fi.

From Figure 1}

Pw

{b) 5= 0.72 psi/f
{c) 8/D = 0.88, = 0.37
EL_I)’! = 0.72 psi/ft (From Figure 14)

(d} equivalent 1o the head of 3,000" of 13.9 ppg mud

To demonstrate better how o apply this method of
predicting fracture gradients, an example follows, show-
ing how the technique should be employed in drifling well
plans,

1. Figore 15 shows a plot of resistivities for a well in
the Bast Cameron area. Data from Figure 15 are used with
Figure 4 1o produce the formation pressure curve of Fig-
ure 16. Mud weights for this area should be determined
in this manner during the well planning stage. The mud
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weight scale at the botlom of Figure 16 and the formation
pressure gradicat curve dictate the minimum mud weight
program.

2. The next step is to determine and plot fracrure
gradient vs. depth. {This is itlustrated in Figure 16, which
shows five fracture gradient curves.} [t is assumed that the
overburden gradient averages C.8 psi/ft all the way down.
The graphic solation of Equation 14 shown by Figure 14
i3 used with the variable Poisson’s ratio curve (right-hand
curve of Figure 8) to find the fracture gradient vs. depth.
The pracess is repeated for assumed overburden stress
gradients of 0.9, 1.0, and £.1 psi/ft. These four fracture
gradient curves are not correct, because the overburden
gradient vartes with depth according to the curve of Fig-
ure 10. However, all that must be done to arrive ar the
correct fracture gradient curve is to use Figure 1€ and
Interpolate hetween the various gradients of Figure 14,
The interpolation is shown as the correct fracture gradient
curve on Figure 16. Note that near surface, the curve is
between the 0.8 and 0.9 curves, and at the 4,000 ft. mark
it crosses the 0.9 corve and approaches the 1.0 curve with
depth. This iliustrates somewhat elaborately the effect of
overburden stress gradient on fracture pressure gradient.
However, in actusl practice, only the true fracture gradi-
ent should be used.

3. The casing peints can be selected by making use of
the formation pressure gradient curve (minimum mud
weight curve) and the true fracture gradient curve, In the
example of Figure 186, surface pipe was set at 3,100 ft. If
we assume that minimum mud weights were used during
drilling, a protective string of pipe must be set at no deeper
than 10,400 ft. A vertical line from the pressure gradient
curve at 10,400 f1. extends upward to a point slightly
above that representing the surface pipe shoe. In this case,
breakdown and lost circulation would not occur. How-
ever, if drilling were to continue to 11,000 ft. before a
protective string is sel, breakdown would ocour., A vertical
line from the pressure gradient curve at the 11,000 £
mark extends up and intersects the fracture gradient corve
al the 5,000 fr. mark. Breakdown would occur anywhere
between
5,000 and 3,100 fi. of depth. This is simply to say that
casing points shouid be selected by using both the forma-
ton pressure and the fracture gradient plots. All of the
foregoing serves to illustrate the application of fraclure
gradient prediction fechniques in drilling well plans.

OTHER APPLICATIONS

A knowledge of fracture gradicat prediction methods
is extromely useful in such evervday operations as cement-
ing, sand consolidating, matrix and fracture acidizing, and
hydraulic fracturing, '

Another important application is in secondary recov-
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erv. In most injection operations, 1t 1$ desirable to stay
below the fracturing pressufes to prevent channeling from
injector to producer. Of course, in the event that such
vertical fractures all line up parallel with lines of injectors,
good linear sweep patterns resuit. In such cases, the gen-
eral direction of the fractures should be determined and
injection and producing weils should be lined up to take
advantage of induced fractures.

In many cases, injection is started in old wells that have
been producers for years. Here the formation pressures are
usually very low in the surrounding formation. Low for-
mation pressures cause low fracture pressures, much the
same as high formarion pressures cause high fracture pres-
sures. Equation 14 predicts this behavior. However, more
vivid proof is given in Figure 17, in which the resuits of
a pressure-rate test are shown. Fracturing oceurred when
a gradient of 0.57 psi/ft. was reached, as shown by the
sudden change in slope at about 700 B/D injection. New
in-fill wells in the same ares are hydraulically fractured
with gradients of 0.68 10 0.70 psi/ft. The relatively low
fracture gradients of old producers are due to low forma-
tion pressures. Many old producing wells are fractured

uniatentionally when converied io injection welis, The
pressure in the producing formation is so low that it can-
not withstand even the gradient of fresh water.

One more exampie of the effect of formation pressure
on fracture gradient is that three pressure-rate tests were
run on a California injector on December 13, 1961; June
11, 1962; and December 3, 1962. Fracture pressure gradi-
ents were determined at sudden changes in slope of pres-
sure-rate plots. These gradients were 0.748, 0.864, and
0.993 psi/ft. on their respective dates. These data illustrate
how the fracture pressure gradient is affected by changes
in formation pressure around a wetlbore.

Filsenthal and Ferrell illustrated the pore pressure
effect on the fracturing gradients in low permeability res-
ervoirs. '8 They also showed that a back-caleulated value
of Poisson’s ratio equal to 0.30 most usually fits these
tvpes of rocks. Their data are shown in Figures 18-21, and
these data agree with the experience of this author.

Example problem 4
What is the expected value of Poisson's ratie of a for-
mation that fractured under the following condstions:
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pressure: depth ratios for three low-permeahility reservoirs. Poisson
ratio curves weve derived from formation fracturing thaary.

OTHER AREAS

The data necessary to develop this method for other
tectonicaily relaxed areas of the earth are as follows:
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1. Overburden stress gradient vs, depth. Such data can
be derived from bulk densities taken from logs, seismic
data or shale density measuremenis. A plot of buik density
vs. depth can then be converted to a plot of average over-
burden stress gradient vs. depth. {See Figs. 11-12 for such
data developed.)

2. Actual fracture pressure gradients for several
depths. These can be lost-circulation or squeeze data or
actual fracturing data.

3. Formation pressures that apply to the data in Trem
2, (In Trems 2 and 3, the depths must correspond.}

7ith these data and Equation 15, the Poisson’s ratio
curve for the arca can be back-calculated and plotted vs.
depih. The result will be a curve similar to those of Figure
8. With these curves and Figure 14, fracture gradients can
be predicted quite casily and quickly. These values can be
plotted as a function of depth and the resulting curves can
be used in all the operations previously described.

FRACTURE ORIENTATION

The orientation of the planes of hydraulically induced
fractures has been the subject of many healed discussions.

One should read the discussion at the end of the paper by
Hubbert and Willis and the author’s reply te the discus-
ston to fully appreciate the nature of the coniroversy.
If one examines the complete development of Equation
14, it will become clear that horizonal fractures are not
likely to be produced by applied wellbore pressure. It has
been shown repeatedly that the planes of the induced
fractures are perpendicular to the least principle stress.
Figure 1 shows a rock element subjected to the three
principie stresses, Since in most cases the entire siress state
is caused by the overburden load, o, is usually greater
than o, or oy However, if a formation is subjected or
pressures and temperatures that produce plastic failure,
then the Poisson’s ratio can become as great as 0.5. Also,
in some cases, the pore pressure approaches the overbur-
den pressure in magnitude. If either of these situations
exist in a formation, the horizontal stress could be equal
to the vertical stress. Let’s examine equation 14 under
each of these condittans. First asswme that v = (.50

P A5 PP
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Now from eguation 3.6
1
Ty = (T) 7,
Oy = Uy
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Next, assume that “g“ equals B Using eguation 14, we find
that

Py 2.8 8§ .8
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So, in cither case, it is very difficult to guess which is
the feast principal stress. However, these two cases are
very rare and the normal situation is that o, is much
greater than o, Hence, it is the normal situation that the
planes of fractures are perpendicular to the direction of
the least principal stress and are vertical or nearly so.
Fractures propogate away from a wellbore in two direc-
tions 1807 apart. This behavior has been photographed
with borehole cameras and recorded with impression
packers. There is little raom for doubt that vertical frac-
tures are normally created.

The azimuth of vertical fracture planes is of consider-
able interest in all cilfield operations. In a given ares, it has
been found that fracture planes have a preferred artenta-
tion with respect to North. Such is presumed 10 be the case
for any localized area and most engineers involved in
production and secondary recovery operations appieciate
the effect of the fracture pattern on produection and injec-
lion rates, sweep efficiencies, and profitability. A large
volume of literature exists on this aspect of fracture orien-
tation, and it is suggested for further study."’
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