Geomechanics for Unconventional Series Vol XIII:

Hydraulic Fracturing in Unconventionals:
The Necessity of a New Geomechanics Paradigm

By Dr. Neal B. Nagel
Introduction

| had the pleasure of giving a presentation by thisdite wor kshop on @A Geomech
Unconventionals in Chinad held in associatio
University of Petroleum (Beijing) CUPB1 andthe Chinese Society for &k Mechanics and
Engineering CSRME). | have taken that presentation, expanded upon it, and drafted this paper.

| am more and more convinced that Unconventionals are potentially becoming the-gagsent
version of coalbed methane (CBM). If you recallthe late 1980s and early 1990s CBM was the
Anext big thingo in both the oil & gas busin
community in particular. Technical interesttime science of CBMstimulation and production

peaked somewherethneearly 2000s andodayi at least in the United Statesnuchfewerpapers

are written and feer presentations are given about CBM production. US CBM production peaked

in 2008 and, according to the US EIA, has seen a 50% decline since. Nonetheless,Bj\bbal C
production,is potentially increasing (data is very scarce) with increased CBM production from
Indonesia and Chinawhile global CBM resources remain abundant, the decline in CBM
production is likely attributable to several factors including: 1) mostetier 1 CBM resources

(at least in the US) have been developed and are on decline; and 2) the lack of interest means a
lack of financial support for development and research.

Like CBM, Unconventional developments, particularly in the US, haveare leginning to
exhaust tier 1 area€oupled with stagnant commaodity prices and rapid well production declines,
this has led many business analysts to become bearish on Unconventionhisiamdflected in
theincreased&A activities and articles suctsaPd&ak Shale: How U.S. Oil Output Went From
Explosive to Sluggisb publishedn Bloomberg Business in October 2019.

One potential means to address the declining production from new Unconventionabmestisat

is too often bandied about as the easy solution to declining production, is the application and
development of new approaches and technolodibs paper focuses on one such approach
regarding hydraulic fracturing in Unconventionals.

Background

If you are familiar with hydraulic fracturing the process of pumping high pressure fluid
containing a solid propping agent to first create a tensile crack in a rock formation and then fill it
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with the propping agent to keep it ogethen you are likelyamiliar with the history of hydraulic
fracturing. However, as a bgsief reminder, | 61

Oi I wel |l Ashootingo (with an explosive such as
States in the late ¥&entury to break and/or ruliie the rock around a well to increase production.

Also, while pumping acid for well stimulation was fairly well known during the early portion of
the2d'century and t he c onwas farmiliarad stinfulat@rr personngl, itgsr e s s u
widely accepted that hydraulic fracturing was birthedlD47,when Stanolind Oi) based upon
evaluations by Floyd Farrispnducted the first experimental frac in the Hugoton Field located in
Soutlwestern Kansad hat first hydraulic fracturingreatment utilizd Napalm @elled gasoline)

and sand from the Arkansas Rivé&ind in March 1949, after the process was licensed to
Halliburton, the first two commercial hydraulic fracturing stimulations were conducted in
Stephens County, Oklahoma and Archer County, Texas.

High
' Pressure

Fluid Mixing Pump GasolineTank

Gel BreakerTank

Figure 1: Photos from the experimental hydraulic fracture treatments conducted by Stanolind Oil in
1947 and 1948Courtesy C.T. Montgomery.

The early milestones for hydraulic fracturing included the early technical papers on the
fundamentalsof hydraulic fracturing(e.g., Hubbert and Willis iMechanics of Hydraulic
Fracturingo T.P. 4597, AIME Petroleum Transactions, Vol 210, 198&yelopment othe nitial

2D analytical frac model s Whths of Hydraulic Freceue® 0o f Per
JPT, 09/ 1961) and &RapidWMethodeof Paedictingd\Vedth End Extekt of(
Hydraulically Induced Fracture® , JPT, 12/ 196 9 of then fist Hydraalic p u b | i
fracturing monograph by Howard and Fastydraulic Fracturingo , SPE, Monograph

These milestones, independent of their great significance, are based upon critical but largely
overlooked assumptions. Consider this pasgageo m P e r k i nGonsiden an inKnger n : g

Tat | NI Ay 32 NINGta MBI daNdh is hdierdiiologyddt widely used today, was the term given to rock
behavior wherein at reaching some high initial pressure level injection pressures were segtlitte (often
significantly) before stab#ling at, typically, a neazonstant level. This drop in pressure was believed to occur when
GKS NRO]l O6NR1S 2N aLJI NGSRé D
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elastic medium containing a plane crack bounded by a eagennyshaped crack. If fluid were

injected into this prexisting crack but at a pressure less than that necessary to extend the fracture
in_length,then the crack would be "inflated". For a perfectly elastic medium, the relationship
between crack shape and pressure within the crack has been calculated by Sné&thion.
reference to Sne dTtheDistribuson of Steess iIn9hé Beigpbabopas of a i

Crack in an Elastic Solid ( The Royal Society, vVi87, N1009,
slightly modified version of a figure from Sn
stress field (normalized stress) around a crack in ancefastlium.

Not e that Sinaesd dwenldls awso rFker ki ns andisbBaseduopors r ef ¢
what i s now commonly called Hookebs Law:

face

a/pe Normalized Stress
Increasing normalized
distance from fracture

Ficure 7. Thé variation of the normal component of stress, o, with p and {. The
broken curve shows the variation of o, in the plane of the crack (z = 0).

Figure 2: Figure from Sneddon (1946) capturing his evaluation of stress@sound a crack in an elastic medium.

., O T o

Which for hydraulic fracturing relates the stress change around the fracture to fracture width:

Y, 60 0L w )
Where s = Stress (or stress change)
E = Youngds modul us
e = strain

w(x) = fracture width as a function of distance X from the wellbore
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As an aside, note #hEq. 2 is the foundational equation for evaluating the changes in tbieuin
stresses imparted by a hydraulic fracture (which is colloquially called Stress Shadowsthehere
stress changes, both in time and place, are controlled by the fracture width.

Coming back to Per ki nsCraaknwitth i§ aot particularlip segsitive tos o wr
rock properties. Young's moduli of rocks have a range of aboustémentyfold. However, crack

width is inversely proportional to the fourtdt
twofold variation in crack width should be expected from this range of nduli

Later, Geertsma aThokeeptbe pblamnaciableva nomber oftsimplityingfi
assumptions have had to be made: 1. The formation is homogeneous and isotropic as regards
those of its properties that influence the fractprepagation process; 2. The deformations of the
formation during fracture pnpagation can be derived from linear elastic streggin relationso

In addition, they addediwith the design charts presented here, and nothing more elaborate than

a slide rule, it is possible to predict the dimensions of either a linearly or a ragiapagating,
hydraulically induced fracture around a wellbobe

In keeping with these comments from Perkins and Kern and Geertsma and de Klerk, as well as
from the fracturing monograph from Howard and Fast, the nomograph shown in Figure 3 was used
ontlocdion to evaluate and design hydraulic fractures.

| s I | (2.01) |
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Figure 3: Field nomograph for hydraulic fracture evaluation and design.

| would suggest thdbur critical factorsfrom these early works need to be remembered:
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1. All the early anaftical models (and later, most of the numerical models) are based upon the
creation of a crack in an infinithomogeneousglastic continuum;

2. This infinite elastic continuum has a constant stress;

3. As Geertsma and de Klerk highlighted, the mechanical ptiegeof the elastic medium have a
minimal impact on hydraulic fracture dimensions; and

4. With these assumptionsand reflected in the comments of Geertsma and de Klerk as well as the
field nomograph in Figure 3, the evaluation (and design) of hydraulic fractures is straightforward
and¢ my wordsg largely trivial.

The Golden Age of Hydraulic Fracturing

Through thel970s and early 1980s as field experiendé twdraulic fracturing grew, it became
obvious that the original 2D analytical frac models (PKN and GDK models after Perkins, Kern
and Nordgren and Geertma and de Kledspectively, while useful, were alsoasily misused.
Because in these models the height of the hydraulic fracture is an input to the model, one could
achieve any frac length by simply reducing the frac height for a given injection volume. This gave
rise to the development of what became knasiPseud@D frac models (or P3D models) that

frac height was an output of the model as opposed to an input.

While perhaps notloing justice to the actual mathematics involved, the core of the P3D frac
models, essentiallyis the solution of the original 2D analytical equations for both length and
height.Consequentlythe P3D models, some of which are in use today, carry alletinefits and
limitations of the original 2D models plus additional assumptions and limitations to allow for a
numerical solution (one common assumption/limitai®hat the hydraulic fractuiie elliptical

in shape in both horizontal and vertical cresstions).

Once frac height was no longer an input value to the frac model, but was, in fact, a calculated
output, thdield evaluation and consideration of witaintrolledhydraulic fracture height became
paramount. As it was largely understood that frasuwould propagate in a patlfileast
resistance procesthen it became obvious that variations of thesitn stresses in reservoir
formations would impact fracture propagatigarticularly frac height growthrhis is where the
AFrac L ogo IcalltheGolden Age of Wiydeadlic Fracturing.

A primary (likely the primary) input into P3D frac models is the vertical profile of Shmin.
Specifically, the difference in the minimum horizontal stress (based on the assumption that the
stress field was dier normal faulting: Sv > SHmax > Shmin or strike slip: SHmax > Sv > Shmin
such that a vertical hydraulic fracture was created that opened against the least principal stress,
Shmin) between flalying formations both above and below the well perforatidh® challenge,
however, was where to get this stress daith.e ¢ | a & giaac 0A miercihni que had
to directly evaluate Shmin (by evaluating the closure of created hydraulic fractures) but these were
often costly and timeonsuming. More impdantly, it was not practical to perform a minac in

both the reservoir and the overlying and underlying bounding formations in order to develop a
profile of Shmin for input to a P3D frac model.
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While acoustic logging tools were first developed in thBOK) it was the development of digital

array sonic tools in the 1980thatled to a true loghased evaluation of the vertical profile of

Shmin. Unlike the early acoustic logging tools that only provided an evaluation of the
compressional wave velocity iformations of interest, the development of array sonic tools
ushered in the era of the independent log evaluation of both compressional and shear wave
velocities. From the determination of compressional and shear velocities, and based upon elastic
theooy dynami ¢ values of Youngdés modulus and Poi s
data.

Usinglogder i ved Poi ssonds ratio and assuming el as
an estimation of Shmin solely from log data could be developedsing what is often called
Eatonds equation:

5 \ 5 )
. — » on |l un o
Where Shmin = Minimum horizontal gess
n=Poi ssonds ratio (from the Afrac | ogod)
sv = Vertical stress (estimated from rock density)
a= Biotds coefficient (often assumed eq!

P, = Formation pore pressure (measured or estimated)
Figure 4 shows an example of AFrac Logo dat a

With the availability of the Afrac | ogo, the
means to generate the main data input for a P3D frac middeled toafigolden agéwhere thee

was aconsensuthat the physics of hydraulic fracturing were largely understood, numerical tools
existed for hydraulic fracture design, and, w
were readily available.

2 éstate of the Art on EVA Data Processing: An Improvement in Subsurface Infaging t ditty, &t all, $EG
Technical Program Exp. Abstract, 1982
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Figure 4: Array or dipole sonic output for a P3D frac model. Colloquially called a "frac log".

Figure 5 shows a graph of fiyeea total publications (sum over 5 years plotted at the erabof

year period) referencing hydraulic fracturing in the SPE One Petro system through the early 2000s.
The constant slope from 1980 to 2002 suggests an evolutionary increase in hydrauliodracturi
publications likely associated with an increasing wavlide application of the technology as
opposed to eevolutionary change in the technology.

SPE One Petro "Hydraulic Fracturing"
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Figure 5: References to 'hydraulic fracturing” in SPE One Petro.
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The More Things Changei The More They Stay the Same

The lack of revolutionary changes in hydraulic fractuiachnologyhas been noted throughout

its history. In a paper in the Journal of Canadian Petroleum Technology (JCPT, 04/04/1963) titled
fiThe Engineering Desigrof Well Stimulation Treatments by D. FI'ickinger an
aut hor sThewunusualey higih (80%) success ratio achieved using this process (HF) is
probably the major reason that many operators devote little thought and planning to the hydraulic

and mechanical factors involved in a successful treatnéldte that this, again, was written only

14 years after the first commercial application of hydraulic fracturing.

Unfortunately, if anything Flickinger and Fast were prescient. As part airidji@al draft of their

article fiHydraulic Fracturing: History of an Enduring Technologyp written by
Montgomery and M.B. Smith with NSI Technologies (and later published by SPE in 2010), the
authors wrotdiAt times it appears that hydraulic fracturing as a @At echnol ogyo,
own success in that Alt works!o, so well that
drilling technology which has made huge improvements in the technology over the last decade,
fracturing technoloy still resides in the arena of technologies that were, for the most part,
devel oped in ohe 506s and 600s.

| would argue that not only are the early comments of Flickinger and Fast, as well as the comments
from nearly 50 years later Bfontgomery and Smith, accurate but they also portent the significant
challenges hydraulic fracturing in Unconventionals has faced and continue to face today.

The Conventional Hydraulic Fracturing Paradigm (CHFP)

Through the late 1990s and into the ear0@) some basic assumptions about hydraulic
fracturingi supported by 50 years of empirical knowledgeere taken for granted:

1. Hydraulic fractures wereilwing, symmetricaland planar around a wellboreand elliptical in
shape.

2. FRacture propagationwvas doninated by the vertical differences in formation minimum horizontal
stress (Shmin). Where Shmin was higher in bounding formations, long hydraulic fractures could
be developed. Where there was no contrast in Shmin, radial or large kgighth fractures wee
created.

3. Formation stress and pressure were laterally homogeneous.

4. Reservoir and bounding formatiomgere laterally homogeneou# all rock propertiesand flat
lying (with vertical layering)

5. Reservoir and bounding formations exhéuitelastic behaviorand, largely,y SA G KSNJ |, 2 dzy 3
modulus or fracture toughness were sensitive parameters

Otheri mportant assumptions or fAconventional wi s d

1 Leakoff was avoideds this reduced fracture length, antbO meshproppant was almost
exclusively used fdeakoff control
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1 Pump ates were typically less tha@0 bpm as the cost of the stimulation was tied directly to
requiredhorsepower(and higher pump rates simply drove friction pressures and wasted cost).

9 Viscositywas typically eound 500cp or higher via a crosknked fluid for proppant transport.

1 The ley desigrpoints werea) fracture haliength, X,in pay, and b) proper proppant conductivity
via dimensionless fracture conductivity, FCD.

1 a{ (NS aa eifhér biRrbtesist odid not matter.

9 Fracture design variations (like changing proppant to optimize FCD) weralrogst and
evaluated by comparing a numerical production forecast against the cost of the design changes.

1 Fracture dimension evaluations were conducgimnarily for height growth with neawellbore
evaluations like temperature logs or radioactive tracers.

1 Itwas known that surface pressures could not be used to infer bottomhole pressures-ioeal
monitoring, when it was performed, employed bottomhgbeessure(from gauges or a dead
string) with a NolteSmith plot analysis.

Most critically, the elemental basis of the CHFP was, essentially, that the rock did not matter for
frac design. Different formations had different levels of stress or, perhafesedifvalues for

leakoff, but it was assumed that the rock was homogeneous and exhibited elastic behavior that had
very little impact on a hydraulic fracture. The key for proper design was to obtain or improve the
vertical profile of Shmin.

With the devedpment of Unconventionals, the industry discovered, at great cost, that the CHFP
was fatally flawed. This is reflected in Figure 6, which, like Figure 5, looks at the references to
hydraulic fracturingwitmn SPE 6 s On e Preetgreat uptugn intreéences to hydraulic
fracturing after 2005 suggest a revolutionary change in either or both the interest in hydraulic
fracturing or the underlying technology.

Flawsin The Conventional Hydraulic Fracturing Paradigm (CHFP)

The chief flavg in the CHFParethe assumptiomthat the mechanical behavior of the reservoir
formations and bounding layers do not matter to hydraulic fractandghat major design inputs,
like Shmin, pore pressure and rock properties, are laterally homogeneous around a wellbore.
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Figure 6: References to ‘hydraulic fracturing" in SPE One Petro

More specifically:

The assumption that a hydraulic fracture isving and symmetrical around the wellbordased

both on the faulty assumption that the stress fighde pressure, and rock properties are laterally
homogeneous around the wellbore and the resulting assumption that fracture propagation is then
solely controlled by the delta pressure due to friction from the perforations to the tip of the
hydraulic frature, which, itself, becomes symmetric around the wellbore. In essence, with
homogeneity in stress, pressure and mechanical properties, a fracture will grow to one side of the
wellbore(likely randomly) increasing the delta pressumehat wing, which ten causean equal

growth in the other win@until the delta pressure in the two wingsad the resulting wing lengths,
areequalized) This behavior, wherein lateral fracture propagation is controlled solely by fluid
drive frictionecgegiydemunat edfocheheaedi dvi s

The fundamental debate then is whether or not stress, pressure, and mechanical properties are

|l aterally homogenous. The abnrsanenrertoo. t3hD ss esihsonui
log data along horizontal lateratentinue to show the significant heterogeneity in the reservoir
formations we produce from whether it be stress, pressure or mechanical properties. More
importantly, two major factors often dominate this heterogeneity.

First, as more wells are-illed or otherwise influenced by offset production effects, the-non
uniformity in the pressure field (i.e., depletion or injection effects as in a waterflow) causes a non
uniformity in the stress field. As such, one wingagdotentially biwing hydraulic fractue will

3Ly OfFaaAoOlt KE@RNIdZ AO FNI OUdzNAYI-RESKYPAESBSRE B KB NI QNBZNE
largelycontrolled by fluidR NA @Sy FNROUGA2Y LINE & &d2NB & | 1G5S R LILI2SHKS R Ali22NJ Géiik2Sdb
propagation idargelyO2 y i N2 f f SR o6& (KS NE&@ddactuBughnast btgr@th praperty T NI O G dz!
of a rock commonly related to, but not equal to, the tensile strength of the rock).
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