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Geomechanics for Unconventionals Series, Vol XI I I : 

Hydraulic Fracturing in Unconventionals: 

The Necessity of a New Geomechanics Paradigm 

By Dr. Neal B. Nagel 

Introduction  

I had the pleasure of giving a presentation by this title at a workshop on ñGeomechanics for the 

Unconventionals in Chinaò held in association with China Rock 2019 and hosted by China 

University of Petroleum (Beijing) ï CUPB ï and the Chinese Society for Rock Mechanics and 

Engineering (CSRME). I have taken that presentation, expanded upon it, and drafted this paper. 

I am more and more convinced that Unconventionals are potentially becoming the present-day 

version of coalbed methane (CBM). If you recall, in the late 1980s and early 1990s CBM was the 

ñnext big thingò in both the oil & gas business in general and within the hydraulic fracturing 

community in particular. Technical interest in the science of CBM stimulation and production 

peaked somewhere in the early 2000s and, today ï at least in the United States ï much fewer papers 

are written and fewer 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, global CBM 

production, is potentially increasing (data is very scarce) with increased CBM production from 

Indonesia and China. While global CBM resources remain abundant, the decline in CBM 

production is likely attributable to several factors including: 1) most of the tier 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, have, or are beginning to, 

exhaust tier 1 areas. Coupled with stagnant commodity prices and rapid well production declines, 

this has led many business analysts to become bearish on Unconventionals and this is reflected in 

the increased M&A activities and articles such as ñPeak Shale: How U.S. Oil Output Went From 

Explosive to Sluggishò published in Bloomberg Business in October 2019. 

One potential means to address the declining production from new Unconventional wells, one that 

is too often bandied about as the easy solution to declining production, is the application and 

development of new approaches and technologies. This paper focuses on one such approach 

regarding hydraulic fracturing in Unconventionals. 

Background 

If you are familiar with hydraulic fracturing ï 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 open ï then you are likely familiar with the history of hydraulic 

fracturing. However, as a brief reminder, Iôll cover some key points. 

Oilwell ñshootingò (with an explosive such as nitroglycerin) was common in the eastern United 

States in the late 19th century to break and/or rubblize the rock around a well to increase production. 

Also, while pumping acid for well stimulation was fairly well known during the early portion of 

the 20th century and the concept of ñparting pressureò1 was familiar to stimulation personnel, it is 

widely accepted that hydraulic fracturing was birthed in 1947, when Stanolind Oil, based upon 

evaluations by Floyd Farris, conducted the first experimental frac in the Hugoton Field located in 

Southwestern Kansas. That first hydraulic fracturing treatment utilized Napalm (gelled gasoline) 

and sand from the Arkansas River. And 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.  

 

Figure 1: Photos from the experimental hydraulic fracture treatments conducted by Stanolind Oil in 

1947 and 1948. Courtesy C.T. Montgomery. 

The early milestones for hydraulic fracturing included the early technical papers on the 

fundamentals of hydraulic fracturing (e.g., Hubbert and Willis, ñMechanics of Hydraulic 

Fracturingò, T.P. 4597, AIME Petroleum Transactions, Vol 210, 1957), development of the initial 

2D analytical frac models by the likes of Perkins and Kern (ñWidths of Hydraulic Fracturesò, 

JPT, 09/1961) and Geertsma and de Klerk (ñA Rapid Method of Predicting Width and Extent of 

Hydraulically Induced Fracturesò, JPT, 12/1969) and the publication of the first hydraulic 

fracturing monograph by Howard and Fast (ñHydraulic Fracturingò, SPE, Monograph 2, 1970). 

These milestones, independent of their great significance, are based upon critical but largely 

overlooked assumptions. Consider this passage from Perkins and Kern: ñConsider an infinite 

 
1 άtŀǊǘƛƴƎ ǇǊŜǎǎǳǊŜέ ƻǊ άtǊŜǎǎǳǊŜ ǇŀǊǘƛƴƎέ, which is a terminology not widely used today, was the term given to rock 
behavior wherein at reaching some high initial pressure level injection pressures were seen to decline (often 
significantly) before stabilizing at, typically, a near-constant level. This drop in pressure was believed to occur when 
ǘƘŜ ǊƻŎƪ ōǊƻƪŜ ƻǊ άǇŀǊǘŜŘέΦ   
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elastic medium containing a plane crack bounded by a circle-a penny-shaped crack. If fluid were 

injected into this pre-existing 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 Sneddon.ò This 

reference to Sneddon is his 1946 paper ñThe Distribution of Stress in the Neighbourhood of a 

Crack in an Elastic Solidò (The Royal Society, V187, N1009, 22 Oct 1946). Figure 2 shows a 

slightly modified version of a figure from Sneddonôs 1946 paper showing his calculation of the 

stress field (normalized stress) around a crack in an elastic medium. 

Note that Sneddonôs work ï as well as Perkins and Kernôs reference to this work ï is based upon 

what is now commonly called Hookeôs Law: 

 
Figure 2: Figure from Sneddon (1946) capturing his evaluation of stresses around a crack in an elastic medium. 

„ Ὁ    (1) 

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

Ў„ᶿὉ ύὼ  (2) 

Where:  s = Stress (or stress change) 

  E = Youngôs modulus 

  e = strain 

  w(x) = fracture width as a function of distance X from the wellbore 
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As an aside, note that Eq. 2 is the foundational equation for evaluating the changes in the in-situ 

stresses imparted by a hydraulic fracture (which is colloquially called Stress Shadows) where the 

stress changes, both in time and place, are controlled by the fracture width. 

Coming back to Perkins and Kern, they also wrote: ñCrack width is not particularly sensitive to 

rock properties. Young's moduli of rocks have a range of about ten- or twenty-fold. However, crack 

width is inversely proportional to the fourth root of Youngôs modulus; therefore, only about a 

twofold variation in crack width should be expected from this range of moduli.ò 

Later, Geertsma and de Klerk wrote that ñTo keep the problem tractable, a number of simplifying  

assumptions have had to be made: 1. The formation is homogeneous and isotropic as regards 

those of its properties that influence the fracture-propagation process; 2. The deformations of the 

formation during fracture propagation can be derived from linear elastic stress-strain relations.ò 

In addition, they added: ñWith 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 radially propagating, 

hydraulically induced fracture around a wellbore.ò 

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 

on-location to evaluate and design hydraulic fractures. 

 

 

Figure 3: Field nomograph for hydraulic fracture evaluation and design. 

I would suggest that four critical factors from these early works need to be remembered: 
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1. All the early analytical models (and later, most of the numerical models) are based upon the 

creation of a crack in an infinite, homogeneous, elastic continuum; 

2. This infinite elastic continuum has a constant stress; 

3. As Geertsma and de Klerk highlighted, the mechanical properties of the elastic medium have a 

minimal impact on hydraulic fracture dimensions; and 

4. With these assumptions, and 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 ς my words ς largely trivial. 

The Golden Age of Hydraulic Fracturing 

 Through the 1970s and early 1980s as field experience with hydraulic 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 Klerk, respectively), while useful, were also easily 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 known as Pseudo-3D frac models (or P3D models) so that 

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

While perhaps not doing justice to the actual mathematics involved, the core of the P3D frac 

models, essentially, is the solution of the original 2D analytical equations for both length and 

height. Consequently, the P3D models, some of which are in use today, carry all the benefits and 

limitations of the original 2D models plus additional assumptions and limitations to allow for a 

numerical solution (one common assumption/limitation is that the hydraulic fracture is elliptical 

in shape in both horizontal and vertical cross-sections). 

Once frac height was no longer an input value to the frac model, but was, in fact, a calculated 

output, the field evaluation and consideration of what controlled hydraulic fracture height became 

paramount. As it was largely understood that fractures would propagate in a path-of-least-

resistance process, then it became obvious that variations of the in-situ stresses in reservoir 

formations would impact fracture propagation, particularly frac height growth. This is where the 

ñFrac Logò initiated what I call the Golden Age of Hydraulic 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 either 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 flat-lying formations both above and below the well perforations. The challenge, 

however, was where to get this stress data. The classic ñmini-fracò technique had been developed 

to directly evaluate Shmin (by evaluating the closure of created hydraulic fractures) but these were 

often costly and time-consuming. More importantly, it was not practical to perform a mini-frac 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 the 1950s, it was the development of digital 

array sonic tools in the 1980s2 that led to a true log-based evaluation of the vertical profile of 

Shmin. Unlike the early acoustic logging tools that only provided an evaluation of the 

compressional wave velocity in formations 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 

theory, dynamic values of Youngôs modulus and Poissonôs ratio could be estimated from sonic log 

data. 

Using log-derived Poissonôs ratio and assuming elastic behavior and fixed boundary conditions, 

an estimation of Shmin ï solely from log data ï could be developed using what is often called 

Eatonôs equation: 

  „ „ ὖὴ ὖὴ   (3) 

Where:   shmin = Minimum horizontal stress  

  n = Poissonôs ratio (from the ñfrac logò) 

  sv  = Vertical stress (estimated from rock density) 

  a = Biotôs coefficient (often assumed equal to 1.0)  

  Pp = Formation pore pressure (measured or estimated) 

 

Figure 4 shows an example of ñFrac Logò data for input into a P3D frac model. 

 

With the availability of the ñfrac logò, the industry was provided a quick, relatively inexpensive 

means to generate the main data input for a P3D frac model. This led to a ñgolden ageò where there 

was a consensus that the physics of hydraulic fracturing were largely understood, numerical tools 

existed for hydraulic fracture design, and, with the ñfrac logò, the main input to the design models 

were readily available. 

 

 
2 άState of the Art on EVA Data Processing: An Improvement in Subsurface ImagingέΣ tΦ/Φ !Ǌditty, et al., SEG 
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 five-year total publications (sum over 5 years plotted at the end of a 5-

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 hydraulic fracturing 

publications likely associated with an increasing world-wide application of the technology as 

opposed to a revolutionary change in the technology. 

 

Figure 5: References to 'hydraulic fracturing" in SPE One Petro. 
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The More Things Change ï The More They Stay the Same 

The lack of revolutionary changes in hydraulic fracturing technology has been noted throughout 

its history. In a paper in the Journal of Canadian Petroleum Technology (JCPT, 04/04/1963) titled 

ñThe Engineering Design of Well Stimulation Treatmentsò by D. Flickinger and C.R. Fast, the 

authors wrote ñThe unusually high (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 treatmentò. Note 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 of the original draft of their 

article ñHydraulic Fracturing: History of an Enduring Technologyò written by C.T. 

Montgomery and M.B. Smith with NSI Technologies (and later published by SPE in 2010), the 

authors wrote ñAt times it appears that hydraulic fracturing, as a ñtechnologyò, is a victim of its 

own success in that ñIt works!ò, so well that the fact that it could work much better is lost.  Unlike 

drilling technology which has made huge improvements in the technology over the last decade, 

fracturing technology still resides in the arena of technologies that were, for the most part, 

developed in the 50ôs and 60ôs.ò 

I would argue that not only are the early comments of Flickinger and Fast, as well as the comments 

from nearly 50 years later by Montgomery 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 early 2000s, some basic assumptions about hydraulic 

fracturing ï supported by 50 years of empirical knowledge ï were taken for granted: 

1. Hydraulic fractures were bi-wing, symmetrical, and planar around a wellbore and elliptical in 

shape. 

2. Fracture propagation was dominated 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 height-growth fractures were 

created. 

3. Formation stress and pressure were laterally homogeneous. 

4. Reservoir and bounding formations were laterally homogeneous in all rock properties and flat-

lying (with vertical layering). 

5. Reservoir and bounding formations exhibited elastic behavior and, largely, ƴŜƛǘƘŜǊ ¸ƻǳƴƎΩǎ 

modulus or fracture toughness were sensitive parameters. 

Other important assumptions or ñconventional wisdomò were also common:  

¶ Leakoff was avoided as this reduced fracture length, and 100 mesh proppant was almost 

exclusively used for leakoff control. 
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¶ Pump rates were typically less than 60 bpm as the cost of the stimulation was tied directly to 

required horsepower (and higher pump rates simply drove friction pressures and wasted cost). 

¶ Viscosity was typically around 500 cp or higher via a cross-linked fluid for proppant transport. 

¶ The key design points were a) fracture half-length, Xf,in pay; and b) proper proppant conductivity 

via dimensionless fracture conductivity, FCD. 

¶ ά{ǘǊŜǎǎ {ƘŀŘƻǿǎέ either did not exist or did not matter. 

¶ Fracture design variations (like changing proppant to optimize FCD) were cost-driven and 

evaluated by comparing a numerical production forecast against the cost of the design changes. 

¶ Fracture dimension evaluations were conducted primarily for height growth with near-wellbore 

evaluations like temperature logs or radioactive tracers. 

¶ It was known that surface pressures could not be used to infer bottomhole pressures so real-time 

monitoring, when it was performed, employed bottomhole pressure (from gauges or a dead-

string) with a Nolte-Smith 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, perhaps, different values 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 development 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 fracturing within SPEôs One Petro system. The great upturn in references to hydraulic 

fracturing after 2005 suggest a revolutionary change in either or both the interest in hydraulic 

fracturing or the underlying technology. 

Flaws in The Conventional Hydraulic Fracturing Paradigm (CHFP) 

The chief flaws in the CHFP are the assumptions that the mechanical behavior of the reservoir 

formations and bounding layers do not matter to hydraulic fracturing and that 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 is bi-wing and symmetrical around the wellbore is based 

both on the faulty assumption that the stress field, pore 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 fracture, 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 pressure in that wing, which then causes an equal 

growth in the other wing (until the delta pressure in the two wings, and the resulting wing lengths, 

are equalized). This behavior, wherein lateral fracture propagation is controlled solely by fluid-

drive friction pressure is called ñviscosity-dominatedò behavior3.  

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

laterally homogenous. The answer to this should be a bit of a ñno-brainerò. 3D seismic as well as 

log data along horizontal laterals continue 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 in-filled 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 wing of a potentially bi-wing hydraulic fracture will 

 
3 Lƴ ŎƭŀǎǎƛŎŀƭ ƘȅŘǊŀǳƭƛŎ ŦǊŀŎǘǳǊƛƴƎ ōŜƘŀǾƛƻǊΣ ŀ ŦǊŀŎǘǳǊŜ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ άǾƛǎŎƻǎƛǘȅ-ŘƻƳƛƴŀǘŜŘέ ǿƘŜƴ ǇǊƻǇŀƎŀǘƛƻƴ ƛǎ 
largely controlled by fluid-ŘǊƛǾŜƴ ŦǊƛŎǘƛƻƴ ǇǊŜǎǎǳǊŜǎ ŀǎ ƻǇǇƻǎŜŘ ǘƻ άǘƻǳƎƘƴŜǎǎ-dƻƳƛƴŀǘŜŘέ ōŜƘŀǾƛƻǊ ǿƘŜǊŜƛƴ ŦǊŀŎǘǳǊŜ 
propagation is largely ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ ǊƻŎƪΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŦǊŀŎǘǳǊƛƴƎ called fracture toughness (a strength property 
of a rock commonly related to, but not equal to, the tensile strength of the rock). 
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