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ABSTRACT . Too large a fracture treatment can be an
d unnecessary waste of conpletion funds, vhile too

Documented field results of vertical hydrauuc' small a treatment nay result in such inefficient

fracturing suggest that quite often the created drainage of thec reservoir as to make a well

fracture migrates vertically away from the: unprofitadle. Because of this econonmic doubdble-

formation of fnterest (the hydrocarbon-bearin31 edged swWord, a hydraulic fracturing treatzent npust

zone), theredy producing undesirable results. The be designed whicn best exploits the reservoir.

single set of infcrmazion needed to help answer

questions concerning fracture migration consists | Much research, both theoretical and applied,

primarily of in-situ stress, tensile strength, and has been conducted in recent years toward greater

elastic constants of the rock material in and understanding and control of fracturing

around the formation of interest. treatments. Although several general three-
\ dimensional computer~-based models have been

This paper describes the use of full waverormI developed, their application has often been limited ,

data from a sonic wireline tool to determine the | because of poor input data. Consequently, many

relative stress distribution and the resultant\ rule-of-thumb schemes are often employed for local

induced hydraulic fracture height. Compressional | areas, When the proper input data are available, :

and shear wave slowness, derived from the sonic' most of the more sophisticated models can predict |

waveforms, are used to ~calculate the dynamicxl the size and shape of &

elastic rock properties. A transversely isotropic
nodel is used to compute the in-situ stress from
the elastic properties. Advantages of the use of
wireline measured data are discussed, as are the
limitations of the technique. Final evaluation of
the technique 1is shown through the comparison of
predicted and poststimulation measured
fracture height.
j{llustrate the technique.

INTRODUCTION

With the recent advent of uncertain prices for oil

and gas, the limportance of efficiently develoging
hydrccarbon resources nas increased
sigmricantly. Many costs are relatively fixed and
cannot be greatly impacted by improved
technology. However, new technology can make
significant contributions in hydraulic fracturing
operations. Often, a hydraulic fracturing
trealment not only represents 23 large fraction of
{nitfal well costs, but also determines the

economic viabllity of a particular well or field.

vertical
Two field cases are presented to

Therefore, powerful tools exist {n the industry for
efficient fracture treatzent design but have been
underutilized for lack of sufficient field data.

The consensus anong investigators is that the
{nforpation most needed for making realistic
fracture geometry design decisions consists of the

elastic parameters of the rock, the in-situ stress
conditions, and the created fracture height.

In general, this information has been
unavailable except on a relatively few research
type operations. Therefore, data from a few wells
are being extrapolated for use over large regions
so that precictions from even the most
sophisticated models often have a large degree of
uncertainty. Usually, the greatest uncertainty
about the created fracture geomelry arises from the
estimation of the vertical migration or helght of
the fracture with changes in treatment pressure and
pumping conditions. A majority of hydraulic
fracturing models require a realistic fracture
height as an mput..'| Equations in fracture models
also require elastic constants

1
i
i

(Poisson's ratio and
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ooduli) i{n order to calculate fracture length and
width. With information from wireline logs
(compressional and shear wave travel time), it is
now possible to quantify the changes in vertical
fracture migration at the wellbore resulting from
changes {n treatment pressure, elastic values of
formation rock, and boundary lithology. This paper
shows the use of combining sonic waveform analysis

with bulk volume analysis and treatment fluidl
density (1) to yield an accurate picture of the in-
situ stress distridbution in and around the
hydrocarbon-bearing formation, and (2) to produce :
an  accurate prediction of fracture migration
behavior in relation to ©bottomhole treatment
pressure., :

COHPRESSIONAL AND SHEAR SLOWNESS

The heart of this procedure is
utilization of information
wavetrain of an acoustic wave traveling through a
section of the formation. 1In traveling through a
section of rock, an acoustic pulse deforms the rock
and, in turn, has its propagation characteristics
altered by the rock. Measurements of the slowness
of the conpressional wave yield information about
the reaction of the rock to a3 longitudinal
stress. Likewise, the slowness of the shear wave
is a measure of the reaction of the rock to a
stress in the transverse direction. By combdining

based on the proper
contained in the

this data with bulk density 1t s then a
straightforward process to calculate Poisson's
ratio and other elastic constants of the rock. The
dynanmic definition of Poisson's ratio is®
Y = (0.5 (v /v )2 - /Uy /v )2 = 1) (D)
c s c s
and the dynamic definition of Young's modulus is
£E=p v2 [(3v2- uvz)/(v2 - vz)] x 2.15 x 108 (2)
bs c s c s
where
Ve = compressional slowness
vy = shear slowness
o = bulk density of rock
Such measurements have been a standard
laboratory procedure for several years., However,

until recently it has been impossible outside the
laboratory to measure accurately and consistently
the slo~ness of the shear wave. Attempts to
estimate the shear slowness based on lithology and

compressional slowness have met with only limited’

success. The compressional wave travels through a
formation at higher velocity than the shear wave.
For proper detection of the shear arrival, the
travel path of the wave must be sufficiently long
to allow the earlier arriving compressional wave to
danpen before the first shear arrival. Many of the
8 Mark of Schlumberger

newer sonic logsing tools have receiver Spacings
Such that the compressional and shear waves are
sufficiently spread out fin time to make routine
detection of the shear wave possible (Fig, 1.
Sophisticated cozputer analysis of these digitized
wavetrains has provided the capability of rapidly
extracting a shear slowness curve.'0 After first
motion is detected, automatic windowing of the
waveforn allows frequency domain operations to
locate the shear wave arrival, This technique
eliminates the need for an analyst to continuously
decide visually what constitutes the first shear
arrival from the various other modes
propagation. Fig. 2 presents an example of a
Variable Densitys log display of a typical section
of openhole wavefornm data, showing the computer-
located first motion and estimated compressional
and shear arrivals before final processing. With
measured values of bulk density and compressional
and shear slowness available, 4§t {s then a
straightforward process to calculate the fn-situ
stress, S,» and the elastic constants which
characterize the pay zone and boundary 1lithology.

Appendix A details the derivation of the fn-situ
stress.,

FRACTURE HEIGHT

Recent develogments in the moceling of
hydraulic fracture geometry have shown that the
nigration of  hydraulic fractures 1{s primarily
dependent upon in-situ stress distridbution and
treatment pressure. Sinonson et al.2 has presented

fracture equations that relate wellbore injection
pressure to in-situ stress distribution, material
properties, and fracture height migration. The
successful use of the Simonson et al. concept to
calculate variable height at the wellbore has been
reported by Voegle et al.3 and Settari, ¥  AhgedS
has show<n how this concept can be applied to the

hydraulie fracturing models of Geertsma and De
Klerx§ and Perxins and Kern! for design of
optimized  hydraulic fracture treatments, As
depicted in fig. 3, this fracture migration mode)
has been podified to include fracturing fluid
gravity effects and can be summarized {in the

following equations:

1 1
Ty UK, (7h—u TR

- c3 pr + (hu = 0.5h) tiiiiinnnannadl(3)

& =p -p

w ™ Pg=c, K

1 1
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) cos™ (1)
- cos —
* c2 (oc o, B
d
- h = 0.5 h) coscascssecacas(l)
s o ( d 0.5 h)
ht. =hu¢hd -h................-.........(5)
where
8 : net pressure above initial fracture
extension pressure, p, - Pg
Pu < wellbore treatment pressure during
fracturing
po = pressure required for fracture
extension beyond initial breakdown
hy - fracture height migration into upper
barrier
hy - fracture height migration into lower
barrier
h = pay zone gross height
hy - total fracture height
kic . critical stress intensity factor
o = pay zone total matrix stress
3 (fracture gradient pressure)
o, = upper barrier total matrix stress
® (fracture gradient pressure)
¢ - lower barrier total matrix stress
¢ (fracture gradient pressure)
Pe = fracturing fluid density
Cye Cov c3 - numerical constants
As shown 1in Appendix A, fracture gradient

pressure at any particular depth can be expressed
as a function of overburden pressure, pore
pressure, Poisson's ratic, Biot's constant, and any
unbalanced tectonic stress. Overburden pressure
can be calculated by a simple integration of the
bulk density; pore pressure can be measured bY
wireline tools or obtained by other (formaticn-
pressure measuring methods. In tectonically
relaxed areas, unbalanced tectonic stress will
normally produce only an offset to calculated
stress values and, because of the technique of
using differences in minimum horizontal stress,
will not be an important consideration. Therefore,
all the data needed to use the above model to
relate net treatment pressure to fracture height
migration 1is available. This procedure has been

¢

implemented in a computer-generated product called
the FracHite® log. An example of the log output is
shown in Fig. 4. The following is a description of
the data in each track.

Depth - Depth is labeled every 100 ft (30 m).
Perforations are flwmgged.

Frac Height vs. Pressure - Two presentations are
presented of how fracture height migrates at the
wellbore with increase in treatment pressuré above
the fracture gradient pressure of the perforated

zone. On the left i3 a step profile illustration !
of fracture height migration at discrete net ®
pressures. '

The step profile is a realistic way of .
presenting the information. The step increase
conforms with the ability of the fracture treatment
service company to control pressure within S0 to
100 psi. The curve on the right presents increase
in fracture height with continuous increase in net
pressure. This curve is presented specifically to
allow the user to see what 1is happening between
steps and between zones and, also, to calculate
fracture height for pressures within the specified
steps as illustrated to the left, For this
exa~ple, an Increzeat of 350 psi was chosen. The
first bdar marks the height migration for a pressure
increase of 350 psi; the second bar the
migration for a 7Cl-psi increase, etc.

mars

Qualitative
georetry is
conditicns

Fracture GCeometry - Fracture
related to treatment volume and
directly related to (fracture costs.
This two-dimensional format shows qualitatively how
the fracture geozetry changes with fracture height
and treatment voluze. It also allows the user to
see where the treatment volume will go (boundary !

1ithology or the hydrocarbon zone) ~ and what
relative volumes will ©be required to attain
adequate fracture.

allow the user to easily recognize the important
considerations rejuired in preparing an optimized
hydraulie fracture treatment design. If problem
areas are revealed, then a quantitative fracture
design model should be used to "fine detail" the
design. Such models are available the
fracture service coopanies.

This display is designed tol

from

Bulk Volume Analysis - The bulk
presentation  consists of the rock and its-
constituents (minerals, clays, porosity, and fluid
saturations). There are two specific uses for this
column: first, the selection of compatible
fracturing fluic and secend, identification of
possible nearby ajuifers.

volume

Therefore, for a particular bottomhole
treatment pressure, it 1s possible to determine the
resulting upward and downward migration of the
fracture. Conversely, for a particular height
growth, it is possible to determine the maximum net
treatment pressure (pressure above the average
fracture gradient pressure of the perforated zone) |
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that can be applied and still remain within those
bounds. This information is immediately useful in

to only the pay intervals, give no {nformation
about the location and qQuality of the bdarriers.

defining where barriers are located and quantifies Economically, the cost of routinely coring long
the containment potential of each barrier. It is sections is usually prohibitive. Likewise, to gain
possible to quickly determine if sufficient minifacture {nformation about the prospective
containment exists for a particular fracturing barriers would rejuire perforating, testing, and

treatment or to assess the risk of fracturing into
nearby water zones. The application of this
technique to wells containing multiple perforated
intervals is described in another paper.

In-situ stress i{n the perforated {nterval is
treated as a single, lumped value, For the
boundary 1ithologies, in-situ stress values are
used every 2 ft (0.6 m) as they are encountered in
moving up and down from the perforated {nterval.
The contridbution of hydrostatic pressure as the
fracture migrates out of zone 1s included in the
calculation by using an input value of borehole
fluid density.

FIELD EXAMPLES

The example illustrated in Fig. 4 shows the results :

of the use of this technique on a section of the
Cotton Valley formation in east Texas. In this
20ne, the calculations indicate that there is very
good containment for net treatment pressures up to
about 900 psi. By the time the pressure rises to

then squeezing off each tested interval. Such 2
procedure of actually fracturing the barriers would
be an expensive and unwise method. This analysis
is based on dynamically determined elastic
constants, while hydraulic fracturing is considered
a quasistatic process. The dynamic constants tend
to be consistently higher than static measured
values, Therefore, there should be a consistent
offset to the calculations if static values are
used 1{nstead of dyanmic data. However, the
fracture height prediction model uses only stress
differences and not absolute values —. with the
result that any consistent shift has little effect
on the calculations. Should core or minifracture
data be availadle, it is a simple
include this {nformation, in effect, to calidrate
the output to yield accurate absolute pressures.

CONCLUSIONS

The use of wireline acoustic data in conjunction

with proper computer modeling provides an accurate

- and cost-effective means of obtaining important
1050 psi, the height will have alrost doubled, with information neeced for designing a hydraulie
much of the fracture treatment going into the side fracture treatcest; 4. e., fracture height,
beds. For net pressures greater than abouf. 1200 Poisson's ratio, and Young's modulus. Such data
psi, the situation worsens an.d most ~additional can be readily used by operators and service
fracture fluid goes into the adjacent shales. The

perforated interval was 12021 to 12016 ft (3665 to .
3662 m) and the maximum net treatment pressure was

approximately 900 psi. For this net pressure, the

éompanies as input to their computerized fracture
design prograas.

predicted total height of the created fracture was NOMENCLATURE
11 ft (3.5 m) from 12024 to 12013 ft (3665 to : _
3661.5 m). After—fracture monitor logs indicated ! Ve = c:-pres:ional slowness
the fracture extended from 12024 to 12012 ft (3665 /| s . s s
to 3661.3 m) for a total height of 12 ft (3.7 m). = Toung’s mo
ob = bulx density of rock

The second example (Fig. 5) demonstrates this

tehnique on a section of the Blanco forration in | & = net pressure above initial fracture
, ¢ perforations were f ]' extension pressure
Ojito County, New Mexico. erfor o re rom‘ P, = wellbore treatment pressure during
8068 to BO81 ft (2459 to 2U63 m) and from 8110 to : fracturing ;
. For this well the - .
B Zhuaxo mt), atment pressure was Po = pressure required for fracture '
maximum nelt bogggm o : reTh: prepdicted total extension beyond initial breakdown
approxinately 1 psi. h = fracture height migration int
= ; ou
fracture height was 118 ft (35 m) from 8040 to 8158 u bareier & & pper
ft (2451 to 2487 m). The after-fracture gamma ray h fracture heizht migrati
=z < ¥ m on int
log indicated the created fracture extended from d berrier & g n into lower
. ) hei I

8039 to 8159 ft (2450 to 2487 m) for a total height h . e 2ome gross height
of 120 ft (37 =). hy = tctal fracture height
COMPARISON OF METHODS ie = critical stress intensity factor

P a = pay zone total matrix stress
The primary benefit, from a scientific and fracture gradient pressure) :
practical viewpoint, of using wireline data for % = upper barrier total matrix stress
such an analysis {s that continuous data are (fracture gradient pressure) \
obtained. Measurements of cores or minifracture % = lower barrier total matrix stress ’
results normally yield only isolated, sporadic (fracture gradient pressure) .
values., Also, minifracture data, normally confined Cyr Co c3 = nuzerical constants

p = fracturing fluid density

procedure to
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APPENDIX A

When pressure is increased in the borehole, rupture
occurs in the plane that is perpendicular to the
direction of 1least compressive stress. The
pressure required to induce this fracture is called
the initiation or breakdown pressure. Once a
fracture has been started, the pressure necessary
to hold the fracture open will be equal to the
minimum total horizontal stress. This stress 1s
often referred to as fracture gradient pressure and
also as closure stress.

In tectonically relaxed areas, such as the Gulf
Coast, the

least principal stress {is probably
horizontal. In these areas, fracturing should
occur along vertical planes. In tectonically

compressed areas, the horizontal stresses may be
greater than the overburden stress. In these areas
where the least principal stress is vertical,
horizontal fractures should be expected.

The following
stress
area.

derivation illustrates these
relatioaships in a tectonically relaxed
In addition, an equation will be developed
which can be used to estipate fracture gradients in
areas where no prior data have been accumulated.

From Biot's theory of poroelastic deformation

S 2 04 QAP seveccccsscsassasscrsccssans(A=l)

where
s = total stress gradient, psi/ft
o matrix stress gradient, psi/ft
P pore pressure gradient, psi/ft
a = Biot elastic constant
The Biot constant, & , can be expressed in

terms of bulk compressibility and grain
conpressibility (the compressibilities of the rock
with and without porosity).

In the vertical direction

Sz = o+ ap =1 psi/sft PR . B

Tne hcerizontal matrix stress gradient (o ) can

be related to the vertical matrix stress gradient
(o))
2

- Y
0y = T () wrrerunenineenennneeneelhed)

where
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vy = Poisson's ratio For such a transversely lsotropic model, £q. A-$§

would become
In the horizontal direction

! A-
S 2 0 4 AP sesesccsecsersssscccnsesse(Aal) NPTy (s, - ap) +p tessresanscees(A=9)
x X
Substituting A-3 in A-4 This nodel has provided results which are in close
agreement with actual field data.

3 3 : 7 % ¢ °P cesersesensaciaaens (AS5) The calculation of fracture gradient in an area
that cannot be classified as a tectonically relaxed
basin is not straightforward. In basins containing

Rearranging Eq. A-2 and substituting the .1 ., ..0.s thrust faults, in areas near nountain
vertical matrix stress gradient (UZ) into Eg. A-5, . ranges, or in basins which have been uplifted over
the equation would become : geologic time, externally generated horizontal

! stresses can affect fracturing pressures. Eq. A-9
. should be rewritten to include such cases
s 2T (S - QP) + AP eeecencesss(A=B) ,
X 1 -9 z 1

Eq. A-6 shows the minimum horizontal stress s, = ‘——Z-—T- (:z - ap) + P + Prec ceneee(A=10)
relationship for a homogeneous, isotropic, elastic
material. In hard-rock areas, this model does not

seem to adequately describe existing stress Eq. A-10 i3 a rore Se“"a} form of th fracture
conditions. Another model of in-situ conditions is gradient equation.  The f“fs" two terns of the
to assume the presence of microcracks in the equation express the portion of the fracture
rock. Such microcracks would tend to be aligned gradx_cnt that i3 cause.d by Lhe, vertical st.re‘ss
perpendicular to the least principal strcss.: gradient and the elastic properties of the rock.

Physically, the result of using such a model Is
that in the direction of least principal stress, it

The third ternm, Ptec® includes the effects of
externally generated horizontal forces. Normally,

fs appropriate to use Ptec is determined empirically by using field data.
) In tectonically relaxed and geologically simple -
a=z1 cveressraciraaainaiieeeeeeen (RT) | areas, Eq. A-9 can be used to predict the fracture :
) gradient. In the more complex geologic area, Eq. -
and EQ. A-U would become A-10 must be used and empirically calibrated bdy
using field data from the specific geological :
sx o, ¢+ P eecssesseccosassnsssssscases(A=B) region of interest.
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Figure 1—Typical Long-Spaced Sonic waveform pairs.



Figure 2—Variable density display
of digitized waveform data.
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Figure 4—Typical FracHite log presentation.
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Figure 5—FracHite log on an examgpie well from Ojito County, New Mexico.
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