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The Enigma of Large-Scale
Permeability of Gas Shale:
Pre-Existing or Frac-Induced?
The existing commercial programs for simulation of hydraulic fracturing (aka fracking,
or frac) of gas (or oil) shale predict parallel vertical cracks to spread in vertical parallel
planes, with no lateral branching. These cracks emanate from the perforation clusters on
the horizontal wellbore casing, typically spaced 10 m apart or more. For such a large
spacing, the rate of gas production observed at the wellhead can be explained only upon
making the hypothesis that the large-scale (or regional) permeability of shale is (even at
3 km depth) about 10,000 times higher than the gas permeability of shale measured in the
lab on drilled (nondried) shale cores under confining pressures corresponding to shale at
the depth of about 3 km. This hypothesis has recently been rendered doubtful by a new
three-phase medium theory that takes into account the body forces due to pressure gra-
dients of pore water diffusing into the pores. This theory predicts the fracking to produce
a dense system of branched vertical hydraulic cracks with the spacing of about 0.1 m.
This value matches the crack spacing deduced from the gas production rate at wellhead
based on the actual lab-measured permeability. It is calculated that, to boost the perme-
ability 10,000 times, the width of the pre-existing open (unfilled) natural cracks or joints
(whose ages are distributed from one to several hundred million years) would have to be
about 2.8lm (not counting possible calcite deposits in the cracks). But this width is
improbably high because, over the geologic time span, the shale must exhibit significant
primary and secondary creep or flow. It is shown that the creep must close all the cracks
tightly (except for residual openings of the order of 10 nm) even if the cracks are propped
open by surface asperities. The inevitability of secondary creep (or steady-state flow) is
explained theoretically by activation of new creep sites at stress concentrations caused
by prior creep deformation. The time of transition from primary to secondary creep is
taken equal to the Maxwell time estimate from geology. The overall conclusion is that the
10,000-fold increase of large-scale permeability is most likely not pre-existing but frac-
induced. Although this conclusion will make little difference for long-term forecasts, it
would make a major difference for the understanding and control of the frac process.
[DOI: 10.1115/1.4036455]

Introduction

Extraction of gas (or oil) from deep shale strata is made possible
by hydraulic fracturing (aka fracking). The steel casing of a hori-
zontal section of the wellbore, at the depth of about 3 km, is perfo-
rated by clusters of shaped explosive charges. The perforations
provide inlets for pressurized frac water. According to computer
simulations, this causes one hydraulic fracture (or frac, crack) to
grow vertically from each perforation cluster. Comparisons of gas
production rates for various frac spacings along the horizontal
wellbore (Fig. 1) [1] indicated that the optimal spacing of these
clusters (and fracs) is about 10 m (or up to 20 m).

Fracture mechanics studies show that the hydraulic cracks can-
not branch. However, the 10 m spacing of the hydraulic fractures
is so large that, according to the permeability values observed on
slices of drilled shale cores tested in the laboratory, the gas extrac-
tion from shale would take about 100,000 years, as shown in Ref.
[2]. Yet, in reality, it takes less than about 10 years.

To explain this perplexing discrepancy, it has generally been
assumed that, despite the large tectonic stress in the shale stratum,
there is a huge difference between the large-scale (or regional)
permeability of shale and the small-scale (or local) permeability
measured in the laboratory. To match the gas production rates
observed at the wellhead, the large-scale permeability of shale

must be assumed to be (even at a typical 3 km depth) about
10,000 times higher than the (properly measured) laboratory value
(sometimes the permeability increase is said to be “only” 1000-
fold or 100-fold, but this must be due to permeability testing on
surface outcrops or in unrealistic conditions, e.g., without the cor-
rect triaxial confining pressures). The 10,000-fold discrepancy has
been vaguely explained by pre-existing natural cracks and joints,
whose typical spacing is roughly 0.1 m, and can be up to 1 m.

Here, it is argued that this explanation is dubious. The opening
width of these natural cracks at the typical depth of 3 km must be
zero or below 100 nm, which cannot contribute appreciably to the
large-scale permeability. Rather, the explanation lies in the frac
process itself, which is opening new as well as pre-existing cracks
of approximately 0.1 m spacing. This process has been theoreti-
cally justified and predicted by the recently advanced three-phase
medium theory [3,4].

Problematic Current Consensus

The question is whether or not large primary cracks can branch
laterally, to produce hydraulic cracks of much smaller spacing.
According to fracture mechanics, cracks can branch at the tip only
if they propagate at a speed greater than about 40% of the Ray-
leigh wave speed [5,6]. But the frac process is static, as it takes
one to several hours. So, crack tip branching is impossible.
Indeed, all the published calculations, as well as software, based
on linear or cohesive fracture mechanics or the discrete element
model (DEM), predict the propagation of parallel hydraulic
cracks, a single crack per perforation cluster, and no branching
(Fig. 1).
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What is needed is an initiation and propagation of lateral verti-
cal secondary cracks emanating from the walls of the primary ver-
tical cracks, and of subsequent tertiary cracks emanating from the
walls of the secondary cracks. However, according to linear elas-
tic fracture mechanics (LEFM), no cracks can initiate from a
smooth surface of the primary crack wall. Rocks, though, are qua-
sibrittle materials, characterized by a large fracture process zone.
So, one must use the cohesive (or quasibrittle) fracture mechanics,
in which cracks are initiated when the material tensile strength
gets exhausted. Lateral cracks in vertical planes normal to the pri-
mary vertical cracks will thus initiate if the normal stress parallel
to the wall of the primary crack equals the tensile strength.

However, fluid pressure in a crack produces no tensile stresses
along the crack walls (see, for example, Ref. [7]). Consequently,
commercial software (marketed, e.g., by Schlumberger or NSI
technologies [8,9]) predict no lateral branching of the vertical pri-
mary cracks (often simulated as narrow crack bands if the soft-
ware uses the discrete element model (DEM)). Thus, in accord
with the existing commercial software, the consensus has been
that no secondary cracks can form, and that the only cracks cre-
ated by hydraulic fracturing are those emanating from the perfora-
tion clusters on the horizontal wellbore casing, which are 10 m
apart or more.

This consensus has, however, led to a dilemma: Diffusion anal-
ysis based on the values of gas permeability of shale measured in
the laboratory (typically on the order of 10�21 m2) [10] would pre-
dict the halftime of the history of gas production to be about
100,000 years, while the halftime of the gas production observed
at the wellhead is just a few years [11]. Based on this evidence, it
has been hypothesized that the large-scale permeability of shale
mass ought to have a value about 10,000 times larger than the
properly measured laboratory value (sometimes the increase is
thought to be only 1000-fold or 100-fold, but this is likely due to
oversimplified permeability testing).

As an explanation, the 10,000-fold increase of permeability has
generally been attributed to the pre-existing system of natural
cracks and joints. For a long time, no other explanation has been
known, even though it has never been explained how at the depth
of several kilometers, the natural cracks and joints in shale, tens to
a few hundred million years old, could have kept their opening
widths wide enough to cause such a huge permeability boost.

This general consensus has been challenged in 2016 by a new
“three-phase medium” theory for hydraulic fracturing [3], which
takes into account the body forces caused by gradients of the pres-
sure of water diffusing into the pores of shale in the vicinity of pri-
mary crack walls. Some previous studies of hydraulic cracks took
into account the water leak-off into the shale, but not the loading
of shale by the body forces due to pore pressure gradients gener-
ated by the leak-off. It was demonstrated that a loading by these

body forces (modeled in finite element analysis as applied nodal
forces) can indeed create tensile stresses along the crack faces,
and that these stresses can more than offset the compressive tec-
tonic stress. This initiates lateral cohesive cracks leading eventu-
ally to a dense branched system of vertical hydraulic cracks.

The fracture evolution of the branched system, calculated
according to Ref. [3], is displayed in Fig. 2. It is remarkable that
the rate of opening of new cracks with a finite fracture energy and
strength (on the left) is slower by much less than an order of mag-
nitude in comparison to the rate of opening of pre-existing, ini-
tially perfectly closed, natural cracks with zero fracture energy
and zero strength. Obviously, overcoming the confining tectonic
stress at 3 km depth is far more difficult than overcoming the
material strength.

The concept essential for crack branching is the three-phase
medium, in which the first phase is the solid, the second phase is
the fluid in the propagating hydraulic cracks (with progressive
damage at the crack front), and the third phase is the fluid in the
pores of shale. The limit cases of this medium are the Biot two-
phase medium when the damage is nil, and the Terzaghi effective
stress concept when the damage is complete.

Choice of Two Hypotheses

So, to explain the gas production rate at the wellhead, we must
now make a choice between two hypotheses:

(1) Hypothesis I. There is no hydraulic crack branching (as pre-
dicted by current commercial software), but the pre-
existing natural cracks and joints have, prior to fracking, a
sufficient opening width to boost the large-scale permeabil-
ity of shale mass by about four orders of magnitude.

(2) Hypothesis II. The pre-existing natural cracks or joints are
either perfectly closed or too narrow to boost the large-
scale permeability, but the frac process opens the pre-
existing closed cracks and possibly also creates new
hydraulic cracks in intact shale. This produces a dense sys-
tem of branched cracks (Fig. 2) whose spacing and opening
width suffice to boost the large-scale permeability by about
four orders of magnitude.

Here it will be argued that the latter is far more likely. It will
make a big difference for the understanding and control of the
frac process, though little difference for the long-term forecasts of
gas production.

Gas Permeability of Shale and Errors in Its Testing

This key property varies significantly from one shale to another.
For one and the same shale, the measured permeability can vary

Fig. 1 Parallel hydraulic cracks as predicted in current practice (a single crack per perforation
cluster, with no branching), pictured before localization [2]
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even by orders of magnitude, depending on the method of mea-
surement. Since attaining a steady state of gas flow takes a very
long time, transient methods of gas permeability measurement are
preferred. The pressure-decay profile method and the pulse-decay
method both use a slice of a drilled core, and the third, the
pressure-decay method, uses crushed rock. Regarding the first two
methods, the following points should be noted:

(1) The shale is anisotropic. The gas escapes into the hydraulic
cracks predominantly along the bedding planes, which are
the planes of prevailing orientation of the nanoplatelets of
clay minerals. The permeability in transverse direction,
which is an order of magnitude lower, is, therefore, virtu-
ally irrelevant.

(2) The permeability must be measured on drilled cores
extracted from the shale stratum, typically at 3 km depth
(the permeability of the surface outcrops can be orders of
magnitude higher).

(3) The microcracks in gas reservoirs must be closed (as
argued later) because the shale has been, for tens of mil-
lions of years, under high overburden and tectonic pres-
sures (and at temperatures around 80 �C). The test

specimens should be kept at that same temperature. They
must also be subjected to the same confining pressure
(about 40 and 80MPa, at the depth of about 3 km) [13],
because pressure decrease is known to increase the gas per-
meability significantly [14–18] (by an order of magnitude
for the data in Fig. 3(a)).

(4) Creep due to confining stress decreases the gas permeabil-
ity [19] because it tends to close any flow nanochannels
that may exist. Therefore, the confining stress should be
applied for a long enough time (perhaps for 1 month)
[17,19] (see, e.g., the data in Fig. 3(b)).

(5) The permeability must be measured at an unaltered mois-
ture state, i.e., at no drying, not only because the nanopore
water content greatly hinders the gas flow but also because
a pore water loss causes an increase of the effective com-
pressive stress in the solid phase, and thus a decrease of
pore widths [20,21].

(6) The analysis of gas flow must take into account the slip
flow, or Klinkenberg effect [22–25], in the nanopores that
are not much wider than the gas adsorption layers on pore
surfaces (this leads to a modified gas transport equation).

To make the tests easier, these conditions have often been dis-
obeyed. Then the permeability of shale stratum may be overesti-
mated by several orders of magnitude. Such simplified tests could
be useful only if the ratio of conversion to the actual permeability
value in the deep shale stratum were established a priori.

The measurements on crushed shale do not satisfy most of these
conditions. Nevertheless, the permeability overestimation may be
milder than with the other methods. The reason is that the shale
gets fragmented along surfaces that pass through the largest pores,
thereby eliminating these pores.

Fig. 2 Crack branching in a horizontal frac domain 5 m3 5 m
simulated in Ref. [3] by three-phase medium theory with body
forces due to pore pressure gradients: (a) for full fracture
energy Gf and tensile strength ft of crack band model [12] and
(b) for Gf 5 ft 5 0 [3] (the horizontal wellbore lies at the bottom
of each square shown, and the frac water is injected at constant
pressure from three perforations clusters on the wellbore)

Fig. 3 Permeability of shale: (a) the effect of volumetric (or
hydrostatic) confining stress (test data reported in Ref. [16])
and (b) the effect of creep (test data reported in Ref. [19])
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Opening Width of Pre-Existing Natural Joints or

Cracks Required by Hypothesis I

A glaring question: To boost large-scale permeability 10,000
times, what should be the opening width of the pre-existing cracks
or joints? (in the case of a crack filled by calcite deposit, one must
consider a crack within the calcite or a crack between the calcite
and the shale wall).

To answer it, imagine an array of pre-existing planar cracks of
width h and regular spacing s, parallel to the bedding planes.
These cracks connect two adjacent vertical primary hydraulic
cracks at distance L¼ 10 m (Fig. 4). As confirmed by the present
calculations, the required crack width is expected to be big enough
to make the nanoscale slip flow (or Klinkenberg effect) negligible.
Then, assuming a viscous (or Poiseuille) flow of gas, we can cal-
culate the effective permeability of the crack system, per unit
cross section area of shale, as follows:

jh ¼ kt
h2

12

h

s
(1)

Here, kt (<1, assumed to be 0.5) is the tortuosity factor. It
accounts for the fact the crack surface is rough and that the gas
flow is obstructed by asperities or fragments bridging the crack
faces.

Consider now that the permeability of intact shale, measured prop-
erly in the laboratory, is k1¼ 10�6 mD (where mD¼millidarcy
¼ 10�15 m2). Then, assuming kt¼ 0.5, the ratio jh=j1 ¼ 10,000 is
obtained for the crack width

h � 2:89lm if s ¼ 0:1m; h � 6:21lm if s ¼ 1m (2)

These opening widths are 24 or 240 times bigger, respectively,
than the average width of the nanopores filled by kerogen with
gas.

How come that natural cracks of opening 2.89lm or bigger are
not evident in the lab, under the microscope? Doubtless it is
because, during the extraction of the deep drilled core and its

transfer to the surface, the cracks opened more. One of the reasons
surely is the loss of confining pressure.

Can Gas Permeability be Inferred From Tests of Water

Permeability in Deep Strata?

The “large-scale” water permeability measured in deep shale
strata has been shown to be 2–4 orders of magnitude higher than
the “local” water permeability measured on drilled cores in the
laboratory [26–28]. The discrepancy is attributed to natural faults
[29,30] and is often claimed to explain the observed 10,000-fold
boost in gas permeability. However, several differences between
water and gas permeability negate this claim.

(1) By contrast to small slices of intact shale in the lab, the gas
in deep shale mass moves as part of a two-phase transport
of gas and water. Studies of such transport in shale, as well
as coal [31–35], show strong effects of viscosity, wettabil-
ity, and surface slippage factor. Especially, they reveal an
enormous gas permeability increase with a decreasing satu-
ration degree (which is a behavior opposite to nanoscale
water permeability). In the lab, usually the shale specimen
is partially or fully dried. At depth, by contrast, the shale
pores (excluding those occupied by compressed gas and
organic matter, typically representing 5–20% of shale vol-
ume) are almost completely saturated by water. Its pressure
equals the hydrostatic pressure for the particular depth, typ-
ically about 30MPa (note that, as generally agreed, the
pore water pressure in rock equals the hydrostatic pressure,
up to the depth of at least 10 km).

(2) The drying exposure in the lab can cause the gas permeabil-
ity to increase by two orders of magnitude.

(3) Transport of gas through water-filled pores is extremely
slow, with effective permeability only about 10�25 m2

[36–38]. While for soluble gases, the transport through
water occurs by molecular diffusion, the shale gas, mostly
methane, tends to form nanobubbles because it is insoluble
in water. This makes the gas permeability even lower.

(4) The gas transport is further inhibited by the water blocking
narrow throats on the flow passages through shale mass.
The throats probably have the same width as the gas-filled
pores in intact shale, which is 0.5–20 nm. Because the shale
minerals are hydrophilic, part or all of the width of such
throats must be filled and blocked by adsorbed water layers.
How thick? Four layers on each of the opposite throat
surfaces (each having one H2O molecule thickness,
0.263 nm) is a minimal estimate (because in cement
hydrates, which are more hydrophilic, the adsorbed water
forms five layers at saturation) (see, for example, Ref.
[39]). Thus, all the throats <2.1 nm wide are completely
filled by adsorbed water, and even in throats <20 nm wide
the adsorbed water plays a role. Now the point is that for
gas nanobubbles, it must be next to impossible to move
through the throats filled by adsorbed water layers, by dis-
placing adsorbed water molecules which are far less mobile
than free water molecules (as their lingering times attain
about 105 periods of atomic thermal vibration).

(5) The confining pressure, too, suppresses the gas phase per-
meability, and does so by several orders of magnitude [35]
(although the absolute permeability suppression is several
times less, due to the high compressibility of gas). To com-
pare the permeabilities jrl and jrg of the liquid and gas
phases, it is found [40] that, approximately, jrl / Sn and
jrg / ð1� SÞn where S¼ saturation degree.

(6) One more effect complicating the permeability measure-
ments is the swelling of shale (and pores) caused by water
imbibition [41]. This phenomenon may increase water
permeability.

To conclude, the answer to the question posed in the heading
must be no.

Fig. 4 Idealized array of parallel planar pre-existing natural
cracks, assumed to calculate gas transport to adjacent primary
hydraulic cracks spaced at L510 m
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Age of Pre-Existing Natural Fractures

To decide whether the natural cracks or joints, after being
formed in some tectonic upheavals, could have remained open up
to now, we must consider their age. The age of various deep shale
strata varies between 100 and 300 million years. The natural frac-
tures seen in the shale surely did not form during the last century.
They must have been opened (or reopened) by various seismic or
tectonic upheavals occurring at a roughly uniform frequency over
the entire age of the shale formation.

Therefore, the average age of the natural cracks and joints must
be at least 50 million years. Over such a time span, the creep and
flow of shale cannot be neglected.

The past tectonic upheavals doubtless produced mostly shear
cracks. Due to their roughness, the slip on the cracks is accompa-
nied by dilatancy. The dilatancy leads to interrupted openings of
the shear cracks or slip planes, propped by asperities in contact
with the opposite faces. The question is whether these openings
can be sustained, and for how long.

Creep and Flow of Shale on the Geologic Time Scale

Although some materials, such as perfect crystals or polycrys-
talline metals at low enough temperatures and not too high stress,
do not creep, most others do, sedimentary, metamorphic, and pol-
ycrystalline rocks included. Creep of all materials under constant
stress may generally be subdivided into three phases (Fig. 5(a)):

(1) The primary, or transient, creep, in which the creep rate is
decaying;

(2) the secondary, or steady-state, creep, also called the flow,
in which the strain rate remains constant; and

(3) the tertiary creep, in which the creep accelerates and leads
to failure. The tertiary creep is not a strict materials prop-
erty but is intertwined with a structural failure process
dependent on geometry, and is irrelevant to our problem
(since the shale stratum is not about to collapse).

Considering the geologic time span, we can generally describe
the total creep (transient plus flow) of the lithosphere rocks under
constant stress r by the equation

� tð Þ ¼ �trans tð Þ þ �flow tð Þ

¼ r
E

1þ b
t

s1

� �n

þ c
t

s2

� �m
" #

þ n
r
E

� �r t

sM
(3)

in which the last term expands the equation used in Ref. [42];
�¼ total strain, g¼ flow viscosity; and E, r, b, c, n, n, m, s1,s2 and
sM¼material constants to be determined from laboratory tests
and geologic observations (they all depend on temperature); E is
the instantaneous elastic modulus (for the sake of simplicity, the
shale is considered as isotropic, with E characterizing the stiffness
in the vertical direction).

The first two terms, of exponents n and m, represent the primary
(or transient) creep, and the last term the secondary, steady-state,
creep (or flow). The linear dependence of �ðtÞ on r in primary
creep is a simplification, but probably an acceptable one (espe-
cially for the initial creep), and Boltzmann’s superposition princi-
ple is approximately applicable, as widely accepted in geology for
the rocks in the lithosphere [43,44].

The term with exponent n, and s1 � 1 day, gives the short-
term, rapidly decaying, part of transient creep (in which the num-
ber of initially activated creep sites is getting exhausted fast).
According to the published creep measurements on Haynesville
and Eagle Ford shales, most of which lasted only a few hours
[45,46] and others only several weeks [47], the exponent, n, of the
initial transient creep of shale appears to lie between 0.05 and
0.20. For n¼ 0.05, which is the value observed in Refs. [45–47],
the initial creep is very close to the logarithmic creep, which was
previously considered for the lithosphere rocks in general [42].

For Haynesville shale, recent experiments [47] of a few days in
duration, furnished n¼ 0.178 (the other parameters being
E¼ 16.7GPa, b ¼ 2:48� 10�6 and s1 ¼ 1 day). Since n¼ 0.05
gives the fastest creep rate decay, this value is used here, to get a
conservative, minimalist, estimate of crack closure.

Geologic evidence [42,43], based mainly on postglaciation
rebound of the Earth mantle, suggests that exponent m of the sec-
ond primary creep term is much higher, between 1/3 and 1/2, the
former corresponding to what is known as the Andrade creep law
[42,43]. Since the effective viscosity decreases with depth, the
value of 1/3 seems more realistic for the upper lithosphere, and is
used in the present calculations for the minimalist assessment of
crack closure.

As sketched in Fig. 5(a), the transient (or primary) creep even-
tually transits to the secondary, steady-state, creep, or viscous
flow, which is given by the last term in Eq. (3) having the time
exponent of 1. According to the geologic literature [48–50], the
stress exponent, r, in steady-state creep is between 2 and 3.

Based on geologic studies (see, for example, Ref. [44]), the
transition from primary to secondary creep is doubtless gradual
and is centered at a time characterized approximately by the Max-
well time, sM ¼ g=E, which represents the time at which the flow
strain becomes equal to the elastic strain, r=E. On the other hand,
some laboratory studies suggest that the transition to steady-state
creep may be centered at a certain fixed strain (approximately
0.01) rather than at a fixed time, sM, regardless of the applied con-
stant stress [43]. Accordingly, the higher the sustained stress, the
shorter would be the transient creep stage. This issue, however, is
unimportant for the present conclusions.

Fig. 5 (a) Three phases of creep evolution under constant
stress, (b) creep evolution over 200 million years when only the
primary creep terms are considered, and (c) the same when the
secondary creep (or flow) is included
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The viscosity of flow over tens of millions of years can be esti-
mated only indirectly. Geologists estimate the average viscosity g
of the Earth mantle (about 40–280 km thick) to be of the order of
1021Pa�s, with the extreme estimate as high as 1023Pa�s [44, pp.
198–199]. For the elastic modulus of shale, E � 17:6GPa, this
would give Maxwell time sM ¼ g=E � 2000–200,000 years. Since
the viscosity averaging along the lithosphere includes igneous and
other rocks with a much smaller creep than shale, we will consider
the Maxwell time as

sM ¼ g
E
� 1000� 100; 000 years (4)

The higher limit is a conservative choice for estimating the maxi-
mum possible time to crack closure.

The foregoing broad range of sM is here considered to compen-
sate for various uncertainties. For example, it is hard to determine
how much of the viscous resistance of the mantle is contributed
by the lithosphere (i.e., the Earth crust plus asthenosphere, or the
upper mantle). For processes of shorter durations, the lithosphere
is in geology considered as elastic (or viscoelastic), and subject to
brittle fracture, but for stresses of long enough durations, it surely
exhibits flow.

Along the lithosphere (consisting of the crust and upper man-
tle), the segments of (not too hot) crystalline (igneous) rocks
would probably exhibit little creep or flow, even over a 100 mil-
lion years span. Since the series coupling of various segments
along the mantle implies summation of their inverse viscosities
[43], the viscosity of the shale segments is doubtless much lower

than the average. This means that the estimate of sM in Eq. (4) is
probably very much on the high side.

Further, note that the temperature increase with increasing
depth in the lithosphere reduces the viscosity of solid rock by
about an order of magnitude. Hence, the tectonic force must be
concentrated approximately in the upper layer of the lithosphere,
of about 10 km in thickness. Since the viscosities are additive in
parallel coupling, this again implies that the viscosity of the layer
should be much higher than its average over the whole thickness
of the lithosphere.

In the logarithmic plot of Fig. 5(c), the initial primary (or visco-
elastic) strain growth (i.e., the primary creep) is shown as the ini-
tial straight line of slope n¼ 0.05. This slope transits to slope
m¼ 0.3 of the second part of primary creep. Then, centered at sM,
the primary creep gradually transits to viscous flow, or secondary
creep, which finally approaches a straight line of slope 1. To cover
all possibilities, we consider in calculations three orders of magni-
tude of Maxwell times

sM ¼ 103; 104; 105 years (5)

As for s2, a reasonable value should be close neither to sM nor
to s1. It should be somewhere in the middle between sM and s1 in
the log t scale. So, we will use

s2 ¼ ffiffiffiffiffiffi
sM

p ¼ 103=2; 102; 105=2 years (6)

with 1000 years as the mean guess (in Fig. 5, neither the different
values of s2 nor the two terms of primary creep are distinguished,
to keep the trends uncluttered; distinguishing them would make a
negligible difference).

Proposed Mechanism of Shale Creep and Its Transition

From Primary to Secondary Creep

The transition of primary creep to steady-state flow of shale and
of other lithosphere rocks at temperatures far below melting has
never been experimentally observed, and never will. So, the tran-
sition must be explained theoretically. Proposed here is a nano-
scale mechanism justifying this transition.

For polycrystalline metals, specific simple examples of the
atomistic creep mechanism are the Nabaro–Herring theory [51] of
bulk vacancy diffusion within the crystal grains, the Coble theory
of vacancy diffusion along grain boundaries, and the Harper–Dorn
theory of vacancy controlled dislocation climb [52]. In shale (like
in hydrated cement), the atomistic mechanism of creep is more
complicated. It probably consists mainly of progressive nanoscale
slips between adjacent nanoplatelets of clay minerals.

In general, the increments of creep deformation are caused by
breakages and restorations of interatomic bonds at sites of high
stress concentration, which may be called the creep sites (they are
marked by x-points in Fig. 6, where (a) and (b) give the view nor-
mal to bedding planes, (c) the view across the bedding planes,
with the short lines showing the clay nanoplatelets). After each
slip, bond restorations must occur, or else the unloading stiffness
would decrease (which would be the case of material damage
rather than viscoelasticity). The breakages relax the stress concen-
tration in the nanostructure. By transferring the applied load to
nearby locations, the slips due to bond breakages must be assumed
to create new creep sites of high stress concentration (Figs. 6(a)
and 6(b) on the right).

In primary creep, the creep rate decays as the number, �1, of
initially activated creep sites per unit volume of material and per
unit time is gradually getting exhausted (Fig. 6). If no new creep
sites with high stress concentrations were created, no creep sites
would soon be left and the creep would eventually stop. This is
unlikely, though.

During a creep deformation increment, the stress concentrations
under constant load are getting transferred to new locations, which
creates new creep sites (Figs. 6(a) and 6(b) on the right). So

Fig. 6 Active creep sites (left) and newly created creep sites
(right) of bond breakage at stress concentrations in the nano-
scale of shale subjected to shear under confining pressure: (a)
during the primary (or transient) creep, (b) during the second-
ary creep (or steady-state flow), and (c) creep sites (stress
concentrations)
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for primary creep : �1 > �2 > 0 (7)

where �2 is the number of new creep sites created by the defor-
mation under constant load per unit volume of material and per
unit time. The difference �1 � �2 gradually decreases, which
explains the increase of time exponent from n to m in Eq. (3). The
primary (transient) creep eventually terminates and the secondary
(steady-state) creep, or flow, begins once both numbers become
equal. So

for secondary creep : �1 ¼ �2 > 0 (8)

Is the transition to secondary creep inevitable? If it did not
exist, then the deformation increments would have to be creating
no new creep sites, i.e., �2¼ 0. But this is improbable. If creep
deformation increments under constant load create new high stress
concentrations, new creep sites must form (Fig. 6). Thus, the sec-
ondary creep appears to be inevitable. The only question, yet the
most difficult one, is when this transition occurs.

Closure of Open Cracks Propped by Asperities Over

Geologic Times

The shale is typically intersected by systems of approximately
parallel and equidistant natural cracks or joints. In surface out-
crops, these cracks or joints look to be open. So, they do on the
deep drilled cores brought to the surface, as the confining pressure
is reduced to zero. But they were doubtless tightly closed before
being cored from the deep stratum.

The spacing of natural cracks or joints varies, among different
sites, from about 0.1 m to 1 m or more [53]. Let us now examine
whether a pre-existing natural crack or joint could have a wide
enough opening and keep it for a long enough time.

Estimate of Closing of Elliptical Channel. To this end, con-
sider an infinite two-dimensional space in plane strain, containing
an elongated elliptical hole of length 2a and maximum width
h ¼ 2b. The hole is imagined to represent the cross section of a
pre-existing flow channel (Fig. 7). For simplicity of calculations,
consider the shale as isotropic, with elastic modulus E¼ 16.7GPa
and Poisson ratio �¼ 0.3. Imposed at infinity are the horizontal
principal tectonic stresses, rh¼ 30MPa and rH¼ 40MPa. The
major axis of the ellipse is normal to the smaller tectonic stress,
rh.

The initial elliptical hole (Fig. 7), considered to have been created
tens of millions of years ago, could not have had proportions that
would make it collapse immediately. We assume that a> b where a
and b are the major and minor axes of the ellipse (in the x and y
directions, Fig. 7). Stress ryy at the sharper apex must exhaust nei-
ther the compression strength, fc, nor the tensile strength, ft, and the
same applies to the flatter apex. According to Inglis’ solution
[54,55], the conditions for the stresses at the apices are

ft > rxx ¼ rH 1þ 2
a

b

� �
� rh > �fc (9)

ft > ryy ¼ �rH þ rh 1þ 2
a

b

� �
> �fc (10)

where both ft and fc are positive, while stresses rxx and ryy are
positive for tension and negative for compression.

We expect the decisive inequality to be ryy > fc at the sharper
apex (which is checked later). Thus, we have for the aspect ratio
a/b the limitation

a

b
<

fc þ rH � rh
2rh

(11)

Consider the shale to have the short-time uniaxial compression
and tensile strengths f 0c ¼ 140MPa and f 0t ¼ 10MPa. For sustained

loading, assume, by analogy with concrete, that the strengths for
sustained long-time loading are reduced to 80% in compression
and to 70% in tension, and that the biaxiality of stress (due to
plane strain state) increases the strength in compression by 10%
and in tension by nothing. Thus, the effective strength values to
substitute into Eq. (11) are fc ¼ 0:88f 0c ¼ 123.2MPa and
ft ¼ 0:7f 0t ¼ 7.0MPa. For the tectonic loading, we consider
rH¼ 40MPa and rh¼ 30MPa (compression being positive for rh
and rH). Substitution of these values into Eq. (11) yields the fol-
lowing maximum possible aspect ratio of the initial elliptical hole
(or fluid flow conduit):

a

b
¼ 2:22 (12)

Checking with this ratio a/b, the remaining three inequalities in
Eqs. (9) and (10), one finds them satisfied.

Note that the strength limits restrict only the initial shape of the
elliptical hole but not its size.

Although the initial small deflections due to elasticity and ini-
tial primary creep could be obtained analytically, we are inter-
ested in the complete closing of the hole, for which finite strains
must be considered. The finite element software ABAQUS, having
the facility to simulate the contact of opposite faces of the collaps-
ing hole, has been used for this purpose.

Since, in view of all the other crude approximations, high accu-
racy is not needed, it suffices to treat the creep and flow deforma-
tions as the elastic deformation for effective modulus Eef ðtÞ
¼ 1=JðtÞ and a constant Poisson ratio, where JðtÞ ¼ �ðtÞ=r
¼ compliance function of shale. For the sake of simplicity, we
consider the creep to be linearly viscoelastic, defined by the com-
pliance function based on Eq. (3) for r ¼ rh, i.e.,

J tð Þ ¼ 1

E
1þ b

t

s1

� �n

þ c
t

s2

� �m
" #

þ n
rhr�1

Er

t

sM
(13)

where b ¼ 2:48� 10�6; s1 ¼ 1 day, c ¼ 1:0� 10�5; n ¼ 0:5,
and r¼ 2.5.

The computed subsequent profiles of the closing of the elliptical
hole (or conduit) are plotted in Fig. 7. Since the profile evolutions
for different sM values are similar, only one figure suffices. The
times to reach each profile are in the figure indicated for
sM¼ 1000 days and 100,000 days. The times, tc, for the hole to
close completely are obtained as

for sM ¼ 103 years : tc ¼ 2:10� 105 years

for sM ¼ 105 years : tc ¼ 9:36� 106 years ðupper boundsÞ
(14)

These time estimates represent upper bounds. In reality, the
times to close the hole would be much shorter because we

Fig. 7 Sequence of creep closure of the cross section of an
elliptical channel, calculated for the expected and greatly
increased values of Maxwell time sM of shale
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neglected the increased flow due to stress concentrations near the
ellipse surface, especially near the sharper apex (where ryy
¼ 123MPa¼ 4:11rh). These concentrations would make the non-
linear flow term much greater, and thus the times to closing much
shorter (according to the assumed creep law). However, an accu-
rate calculation of creep closing times is not important because
even the upper bounds in Eq. (14) represent small fractions of the
average age of natural cracks in the shale stratum (>50 million
years).

Estimate of Closing of Propped Flat Crack. Another case
that can be easily calculated is a flat open crack of a large extent
propped by surface asperities, formed during its creation by some
seismic event in the distant past. To allow simple calculation, con-
sider the two-dimensional plane-strain problem of an infinite ini-
tial crack of width hc in an infinite plane, propped at intervals Lg
by pillar walls of width Lp; see Fig. 8. The shale properties are the
same as before.

The pillar walls are subjected to the average compression stress
rp much higher than rh. Therefore, a compliance function with a
greater flow term is considered for the pillar walls

J tð Þ ¼ 1

E
1þ b

t

s1

� �n

þ c
t

s2

� �m
" #

þ n
rpr�1

Er

t

sM
; rp ¼ rh

Lg
Lp

(15)

while J(t) according to Eq. (13) is considered for all the rest, i.e.,
the increased flow due to the stress concentrations near the corners
is neglected, which causes the closing times estimate to be an
upper bound. The maximum possible ratio Lg=Lp is such that the
pillar wall is at the limit of crushing, i.e., the stress in the pillar
walls would not exceed the compression strength fc. This condi-
tion yields Lg=Lp ¼ 4.

The ABAQUS finite element program with finite strain and a con-
tact algorithm was used to calculate the progressive closing of the
cracks; see Fig. 8, which also gives the times to reach subsequent
closure states for the expected and extreme estimates of sM. The
times needed for a virtually complete closure are

for sM ¼ 103 years : tc ¼ 5500 years

for sM ¼ 105 years : tc ¼ 35; 600 years ðupper boundsÞ (16)

Again, it is found that the pillar walls, simulating crack surface
asperities, cannot prevent crack closure over a time period that
would matter.

In summary, although the existence of a steady-state flow of
shale over a 100 million year time span is, and will remain, unpro-
ven by direct observations, it must logically be expected—based
on analysis of various geological observations, on analogies with
many other materials, and on micromechanical considerations. It
would be farfetched to assume the pre-existing natural cracks and
joints in shale to have, at 3 km depth, a width sufficient to enhance
the large-scale gas permeability appreciably.

Minimum Pore or Crack Width at Nanoscale

It should be pointed out, though, that there exists a certain max-
imum nanoscale opening width of natural cracks that can be sus-
tained even over tens of millions of years. This is demonstrated by
the fact that the pores and channels filled by kerogen and gas have
a finite width, distributed between 0.5 nm and about 20 nm, with
7 nm as the average.

Why do they not close?–Because the closure is resisted by
development of high pressure in the entrapped kerogen and gas,
equal to the tectonic stress (to realize the magnitudes, note that,
according to the ideal gas equation, the pressure in a spherical
gas-filled pore of diameter 100 nm increases from the atmospheric

pressure of 0.1MPa to 40MPa if the diameter is reduced to
13.6 nm).

The gas-filled nanopores or nanochannels, representing 5–20%
of volume in various types of gas shale, are the source of the local
permeability of shale. This permeability suffices to explain the
observed gas output when the hydraulic cracks are considered to
be roughly 0.1 m apart [2]. But such nanochannels can make vir-
tually no contribution to the gas output when the hydraulic cracks
are assumed to be 10 m apart.

Sealing of Pre-Existing Natural Cracks by Calcite

Independently of the foregoing creep analysis, one other phe-
nomenon, which alone suffices to render Hypothesis I dubious, is
the tight filling of open cracks by calcite [53,56,57]. When the
drilled cores are brought to the surface, the natural cracks or joints
might seem not be filled by calcite tightly. But, under the confin-
ing pressures in deep shale strata, they probably are, and thus can-
not increase the large-scale gas permeability.

In geologic history, the filling by calcite must have been com-
pleted before the cracks, freshly created by some tectonic event,
could have been closed by creep. It follows that the time needed
for the tight filling of natural cracks by calcite is negligible com-
pared to the average age of natural cracks.

Note: Before closing, we may digress to granite. Aside from
instability of parallel crack systems, the lack of sufficient porosity
and pore connectivity now appears to be another reason why a
branched hydraulic crack system could not be produced in hot
granite, as a means to harness geothermal energy for generating
electricity [58–60]. But it should work if the hot rock is suffi-
ciently porous.

Conclusions

(1) Hypothesis I, which posits that pre-existing natural cracks
and joints boost the large-scale permeability of shale by
about 4 orders of magnitude compared to the permeability
measured on deep drilled cores, is not the only way to
explain the observed gas production history from wells in
which the spacing of perforation clusters is about 10 m.

(2) Recently, an alternative explanation, Hypothesis II,
emerged. It is based on the recent development of a three-
phase medium theory for hydraulic fracturing. This theory,
which takes into account the body forces due to pressure
gradients of pore water diffusing (or leaking) from the pri-
mary hydraulic cracks into the shale, predicts the develop-
ment of a branched system of vertical hydraulic cracks with
the spacing of about 0.1 m. With such a crack spacing, the
observed gas production rate can be explained without pos-
tulating any huge large-scale permeability enhancement.

(3) Hypothesis I is predicated on assuming the pre-existing nat-
ural cracks or joints to be empty and have an opening width
of at least 2.8 lm. A much bigger width would be necessary
if these cracks or joints were perfectly saturated by water.

(4) Opening widths> 2.8 nm are highly improbable because,
over the span of 100 million years or more, the shale most
likely exhibits secondary creep or flow. This flow would
have had to close the cracks tightly (except the cracks less
than about 100 nm wide which, however, cannot have an
appreciable effect on the rate of gas production from pri-
mary hydraulic cracks spaced about 10 m apart).

(5) Because of primary and secondary creep, a flow channel in
shale, with a cross section approximated as an ellipse, must
get closed in much less than within mere 210,000 years for
the expected Maxwell time and within 9,390,000 years for
the extreme estimate of Maxwell time. For a flat crack
propped by rectangular pillar walls, the corresponding clo-
sure times are 5500 years 256,000 years, respectively (due
to simplifications of analysis, all these times are mathemati-
cally upper bounds, in view of the assumptions made).

061008-8 / Vol. 84, JUNE 2017 Transactions of the ASME

Downloaded From: http://appliedmechanics.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jamcav/936183/ on 05/03/2017 Terms of Use: http://www.asme.org



(6) The existence of secondary creep in shale or other rocks
over geologic time span appears necessary if one realizes
that every increment of creep deformation must not only
deactivate some creep sites but also activate new ones.
Denying it would be tantamount to a denial of activation of
new creep sites.

(7) It appears that the time of transition to secondary creep, or
steady-state flow, can be roughly estimated as the Maxwell
time. Its value may be inferred from the viscosity indicated
by geologic models for the history of the upper layer of
Earth lithosphere.

(8) If a fresh natural crack created by a tectonic upheaval is
getting filled by calcite, the time to tight filling must be
much shorter than the time to close the cracks by creep.

(9) Pre-existing or frac-induced?—Most likely frac-induced.

Closing comment: Resolving the present questions is necessary
to enable a rational control of the frac process.
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Appendix: The Question of Pre-Existing Natural

Cracks Permanently Filled by Water or Organic Fluids

One cannot rule out the possibility that the tectonic upheaval in
distant past might have created a crack or hole that got completely
filled by pressurized water before the tectonic stress could close it.
If the water pressure equaled the tectonic stress, creep closing of
the crack would be prevented. However, one may note two objec-
tions: (1) Could such a water-filled pressurized crack avoid getting
filled by calcite? and (2) could it provide effective transport of

Fig. 8 (a) Idealization of planar crack in shale kept open by asperities imagined as
rectangular pillar walls and (b) subsequent states of creep closure for the expected
and greatly increased values of Maxwell time sM of shale
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shale gas from the nanopores to the primary hydraulic cracks
spaced 10 m apart or more? Both seem very improbable, for two
reasons.

First, deposition of calcite in open cracks seems to be a general
feature, and incomplete filling probably exists only after the
drilled core has been brought to surface. As recent scanning elec-
tron microscope (SEM) observations on fractured Barnett shale
[53,56] illustrate, nearly all natural cracks are very narrow and
filled by calcite completely. Those which are wider than 10mm
are rare, highly tortuous and spaced about 100 m apart, and thus
could not convey much gas to primary cracks> 10 m apart.

Second, geologists know that, down to at least 10 km in depth,
all cracks are saturated and, in the case of shale, contain a mixture
of water and organic matter (kerogen and gas, for the most part
methane). However, Hildebrand et al. [36,37] surmised that the
gas permeability of such completely saturated pores (which is not
the case of fresh hydraulically produced cracks) is extremely low,
apparently as low as 10�25m2 (or about 10�10 mD). In that case,
the contribution to the gas production rate would be negligible. It
would be hard to explain the relatively fast transport of gas
through the new hydraulic cracks toward the well casing.
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