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Dynamic gas fracturing is a well stimulation technique that is able to create multiple fractures emanating from a
wellbore. It operates by pressurizing at rise-times and peak pressures intermediate between conventional hy-
draulic fracturing and explosive fracturing. Two consecutive processes operate during this fracturing process: (i)
generation and propagation of a dynamic stress wave that overpowers the static stress field and creates multiple
radial fractures around borehole, followed by (ii) quasi-static pressurization and further extension of those
starter-fractures by the expanding gas. Dynamic analysis is first performed to follow the evolution of the stress
wave propagating from the borehole. The radial (r) distribution of peak tensile hoop-stress diminishes as 1/r*
with the power exponent (@) asymptoting to 2 as the loading rate decreases. This rapid attenuation generally
limits the length of the body-wave-generated radial fractures to several borehole radii. The gas-loading of the
borehole wall is followed by permeation of the gas pressure into the newly created radial fractures. Linear elastic
fracture mechanics (LEFM) perturbation analysis shows that a regular distribution of multiple radial starter-
cracks will preferentially propagate the longer cracks at the expense of the shorter cracks — that will arrest
and snap-shut. This system naturally selects of the order of six dominant fractures that may grow in unison until
the in situ stress field reasserts control as the fractures lengthen. This restricts the maximum number of the
dominant fractures to of the order of six at the conclusion of treatment - a common observation in both in situ and
laboratory experiments.

1. Introduction microseconds. However, difficulties with this relate to problems of se-

vere wellbore damage, limited penetration away from the borehole,

Fractures emanating from a wellbore play a significant role in
enhancing oil and gas recovery. Hydraulic fracturing, which propagates
fractures at pressures slightly higher than the minimum in-situ stress and
for durations greater than minutes to hours, has been a favored method
to stimulate reservoirs over the last fifty years. This quasi-static pres-
surization typically produces a single fracture propagating perpendic-
ular to the minimum in situ stress. However, since that the patterns of
many of pre-existing natural fractures may also be aligned with current
in situ stresses, the resulting hydraulic fractures may be natural-fracture-
parallel and thus with limited intersection with the natural fractures.’ In
addition, other endemic problems of water-driven hydraulic fracturing,
such as large water consumption,” activation of clays with added
water,>" and induced seismicity by reinjection of flowback fluids,
remain to be mitigated. By contrast, explosive fracturing, denotating
high-strength explosives in wellbores, is sometimes applied to introduce
multiple fractures by releasing extremely high energy over durations of

* Corresponding author.

security risks, unpredictable results, and the creation of an impermeable
cage of material under residual compression around borehole.’
Alternatively, high energy gas fracturing (HEGF) and high-pressure
gas blasting/fracturing (HPGB) are two dynamic wellbore fracturing
techniques that have been shown to initiate and extend multiple frac-
tures around a borehole. High energy gas fracturing (HEGF) employs
controlled burning of a propellant gas generator to achieve a tailored
pressure-time behavior to fracture the formation. This method was first
developed and tested by Sandia National Laboratories in late 1970s and
shown to be especially promising for stimulating naturally-fractured
reservoirs."”” In contrast to HEGF, high-pressure gas blasting/fractur-
ing (HPGB) utilizes the discharge of compressed gas after being heated
to impart a high intensity and short-duration pressure spike to the
wellbore wall. This is widely used in gas pre-drainage in coal seams® '°
and underground excavation'! and is potentially applicable to enhance
oil and gas recovery due to its ability to create multiple fractures. Since
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both HEGF and HPGB are dynamic stimulation tools utilizing
short-duration loading by high-peak gas pressures, they are referred to
as dynamic gas fracturing, herein. The principal characteristics that
separate dynamic gas fracturing from hydraulic fracturing and explosive
fracturing are related to loading rate and pulse duration, as depicted in
Fig. 1. Generally, dynamic gas fracturing produces a much higher
pressure within a much shorter duration than hydraulic fracturing but a
considerably lower pressure within a longer time span than explosive
fracturing.'” Due to the intermediate loading rate and peak gas pressure
magnitude, dynamic gas fracturing is able to create multiple fractures
without the inherent disadvantages of both hydraulic and explosive
fracturing.

Similar to that of explosive fracturing,'® the process of dynamic gas
fracturing has two consecutive stages which contribute to crack initia-
tion and propagation: (i) generation and propagation of a stress wave
driven by the rapid rise of gas pressure and (ii) quasi-static pressuriza-
tion and extension of starter-fractures driven by the expanding gas. The
role of the stress wave is to create initial multiple radial cracks around
borehole. The peak dynamic load is typically one order of magnitude
greater than the in-situ stress but below the rupture stress of the intact
rock.” However, the loading rate, rather than the peak load, is the
first-order effect that controls the failure behavior of the rock around the
borehole.!* The generation of initial multiple fractures requires an in-
termediate loading rate which is bounded by upper and lower limits, as
demonstrated by in-situ experiments,"”>'® quasi-static stress analysis of
fractured wellbores,'® and dynamic calculations by numerical
methods.'”>'®  The dimensions of the resulting radial
body-wave-generated cracks are determined by the transient tangential
tensile stress component, rather than the radial compressive component,
of the outgoing stress wave. Several dynamic analyses have been per-
formed in order to obtain the temporal and spatial distribution of those
stress components.'>'? 2! However, the input transient pressure pulses
in those studies are limited to the specific rapid rise-times that corre-
spond to explosive loading. The loading of the quasi-static gas pressure
continues long after the stress wave has dissipated, since gas expansion
rate is significantly lower than that of the propagating stress waves. This
plays an important role in extending the body-wave-generated fractures
and is able to increase their length by a factor of 3-100,%>?* depending
on the level of pressurization. Although numerous radial cracks may be
formed by the propagating stress wave, only a limited population will
further propagate as dominant fractures driven by gas penetration — the
remainder left as dormant. This behavior is suggested by experimental
observations where the number of main fractures is found to be only of
the order of ~5-6.7-'° Multiple research efforts have explored the
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propagation of multiple fractures driven by the high-pressure gas pen-
etration,”” % however, the factors that control the number, reach and
hence structure and geometry of the radial fracture remain unclear.

We address this deficit in the following by exploring mechanisms of
fracture initiation and growth induced by dynamic gas fracturing. This
study considers an infinite homogeneous and isotropic elastic space
containing a cylindrical borehole which is subjected to a transient
pressure pulse followed by a quasi-static pressure. A dynamic stress
analysis is first performed to explore the impact of the input pressure
pulse on the length of the radial body-wave-generated cracks. This is
supplemented by a stability analysis of the pressurized fractured bore-
hole with different configurations of the radial fracture system and
different degrees of gas penetration into the fractures. Although these
theoretical analyses are necessarily simplified, they yield fundamental
and crucial insights into controls on final geometry of the radial frac-
tures resulting from dynamic gas fracturing.

2. Stress analysis of a dynamically-pressurized borehole

A dynamic stress analysis is performed to follow the propagation of
the stress wave emanating from a cylindrical borehole that is subjected a
transient pressure pulse. This analysis recovers the temporal and spatial
distribution of the tangential tensile stress component of the stress wave,
which in-turn controls the extent of the radial body-wave-generated
fractures.

2.1. Basic equations

Consider the axisymmetric problem of an infinite homogenous and
isotropic elastic medium containing a cylindrical hole of radius a,
defined by the cylindrical polar co-ordinates r, 0,z (see Fig. 2). It is
assumed that the in-situ stresses are considerably smaller than the input
pressure pulse and that the energy dissipation by fracturing and related
damping is negligible compared to the total wave energy. Under plane
strain and axisymmetric conditions, the stress-strain relations can be
written as

_ E(l _D) ou Ev ]
6r_(1+v)(172y)5+(1+1,)(1,21/) 7 1
_ Ev u E(1-v) u
0'97(1+1/)(1721/)E I+ —-2) r @)

in which o, and oy are, respectively, the radial stress and the tangential
stress, u is the radial displacement, and E and v are the elastic modulus
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Fig. 1. Duration and magnitude of peak pressures driven by explosive fracturing, dynamic gas fracturing, and hydraulic fracturing.
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E v, p

Fig. 2. Geometry, loading, and coordinates for stress wave propagation from a
dynamically-pressurized infinite cylindrical hole.

and the Poisson ratio of the elastic solid, respectively. The equation of
motion has the form'’

E(1-v) Ju
(1+v)(1 —2) o’

2
do, o0, — 0y 0“u

Jar r =P oar?

3

where t is the time, p is the density of the elastic solid, and propagation
distance of the dynamic pulse in a given time is given as

B E(1—v) 12
M((lmufzwp) @

representing a space-like time coordinate. Eqgs. (1)-(3) are solved for
initial and boundary conditions:

u(r,7) =i(r,7)=0,7<0, )
6.(a,7)=0,7<0, (6)
6.(a,7)= —p(z),7>0, %)
lim[u(r,7)] =0,7>0, ®)

r—co

where p(t) represents the transient pressure pulse that is applied on the
wall of the circular (cylindrical) hole. The shape of the pressure pulse
resulting from dynamic gas fracturing is quite complex™”!* but is
simplified here as a symmetric triangular pulse expressed as

Po Po
PO =200 1) + (2 =220 ) (- ) 200 -), ©

fo

where py is the peak pressure of the pressure pulse that is reached att =
to, as shown in Fig. 3, and H(x) is the Heaviside step function which is
equal to zero when x < 0 and is equal to one when x > 0. Note that the
pressure pulse is expressed in terms of the actual time, t, in Eq. (9) and
can be rewritten as a function of the space-like time coordinate, z, ac-
cording to Eq. (4).

2.2. Laplace transform solutions

Laplace transformation is introduced to eliminate the time variable
in Egs. (1)-(3) and to allow the equations to be solved in the transform
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Fig. 3. Input triangular pressure pulse with a peak pressure of p, and a
pressure-rise time of t,.

domain. The solution procedure used in this analysis follows that
developed by'® and is briefly summarized here. The Laplace transform

of function f(r,7) with respect to time variable 7 denoted by f(r, s), is

defined by

flr,s)= / f(r,7)e " de 10)
JOo

where s is the Laplace transform parameter. Therefore, Egs. (1)-(3) are
transformed to

__ E(l-vy) om Ev il
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where G,(r,s), 65(r,s) and u(r,s) are the Laplace transforms of o,(r, 7),
oe(r,7) and u(r, 7), respectively. Combining Eqs. 11-13 results in the
equation

2—
r—+r—rf(l+sr)ﬁz0 a14)

whose general solution is of the form
u=AI(rs) + BK,(rs) (15)

In Eq. (14), I, and K, are the modified Bessel functions of order a and
of the first and second kind, respectively, and A and B are constants.
Considering the boundary conditions, i.e. Egs. (7) and (8), the constants
A and B can be obtained as (see appendix for detailed derivation)

A=0, (16)
_ a(l+v)(1 =2v)p(s)

B= EK,(as) — asE(1 — v)K,(as)’ a7

where p(s) is the Laplace transform of p(z) expressed as

pls) =L (e ™ — 1), (18)

7052

with
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e EQ-y) N7
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Substituting Egs. (16) and (17) into Eq. (15) yields the solution in the

Laplace domain as

~a(l+v)(1 = 20)p(s)K, (rs)
EK,(as) — asE(1 — v)K;(as)

19)

(20)

u(r,s)=

To study the response in time domain, the Laplace domain solution, i.
e. Eq. (20), is re-transformed into the time domain by using the

1, =20 ps

20

()

1 2 3 4 5 6 7 8 9 10
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numerical inverse Laplace transform method proposed by.>’
2.3. Results and discussions

For illustrative purposes, the elastic modulus, Poisson’s ratio and
density of the rock are selected as E = 25 GPa, v =0.25 and p =
2500 Kg/m?®, and the radius of the hole taken as a = 37.5 mm. Five
rise-times of the input pressure pulse are selected as ty = 20 ps, 50 ps,
100 ps, 200 ps and 2000 ps for a single peak pressure, po, of 100 MPa.
Note that one reported set of in situ experiments” that is able to create

£, =200 ps

2.5

(d)

10

Fig. 4. (a) Radial displacement, u, (b) normalized radial stress, o, /po, and (c) normalized tangential stress, 64/po, as a function of normalized radius, r/a, for the case

of tp = 20 ps; (d) radial displacement, (e) normalized radial stress and (f) normalized tangential stress as a function of normalized radius for the case of ty =

200 ps.

The dashed lines in Fig. 4(c) and (f) track the normalized tensile tangential peak, ogmax/pPo, as a function of the normalized radius.

4
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multiple fractures shows a pressure-rise-time of 500 ps and a peak
pressure of 90 MPa - comparable to the examined span of rise-times
(20-2000 ps) and peak pressure (100 MPa) considered in this analysis.

Fig. 4 shows the radial displacement, u, normalized radial stress,
or/Po, and normalized tangential stress, oy/po, as a function of normal-
ized radial distance, r/a, for the two rise-times of t, = 20 ps and 200 ps.
For a rise-time of t, = 20 ps, the displacement curves clearly depict the
emanating wave from the hole which begin to assume the character of
the input pulse at about 52 ps (Fig. 4(a)). The outwards displacement of
the wall of the circular hole (r = a) peaks at ~42 ps before deflating to
below its original form at ~82 ps. Following this the hole again dilates
and then oscillates with attenuating amplitude and increasing period for
infinite time, unencumbered by damping. The radial stress is compres-
sive at the wave-front, followed by a pronounced tensile tail with the
magnitude at the hole tracking the input pressure pulse (Fig. 4(b)).
Although static solutions show a tensile tangential stress, the dynamic
tangential stress is first compressive before turning tensile (Fig. 4(c)) —
due to the inertial constraint at the borehole wall - the tangential
deformation cannot develop sufficiently quickly to enforce the equilib-
rium condition of zero-net-change in mean stress. This results in
increased compression in the tangential direction within the thin zone
affected by the stress wave. This initial compressive mode of the
tangential stress is believed to be the culprit for creating both crushed
zones of limited-radial-reach (instead of long radial fractures) and an
impermeable skin of material under residual compression around
borehole.® For a rise-time of t, = 200 ps, unlike the shorter-duration
pulse, the shape of the propagating wave form is not recovered in the
borehole wall (Fig. 4(d)-(f)) due to the long pressure-rise time and
limited spatial extent of the window. One important feature is that the
initial compressive tangential stress at the borehole wall is no longer
manifest. This suggests that an input pulse with long pressure-rise time is
preferred in order to minimize the residual compressive stress in the
vicinity of the borehole.

The twin dashed lines of Fig. 4(c) and (f) show the normalized tensile
tangential peak stress, 6gmax /Po, @s a function of the normalized radius.
The peak tensile tangential stresses at the wall of the hole for the two
cases are approximately 0.8py and py, respectively, and unsurprisingly,
they attenuate with increasing radius due to geometric divergence ef-
fects. Since the radial body-wave-generated fractures result from the
tangential tensile stress, their anticipated extent can be approximated by
assuming that the propagating fractures terminate at a radial distance
where the peak tangential stress has attenuated to a value below the
dynamic tensile strength of the rock. Assuming a dynamic tensile
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strength of ~10-50 MPa (slightly elevated relative to the static
strength®’) defines a fracture length of the order of 0.4a-2.5a. Thus, it
can be concluded that the length of the body-wave-generated radial
cracks is quite limited and therefore penetration will rarely exceed
several radii from the borehole. Fig. 5 shows the attenuation of the
tensile tangential peak for all five rise-times in log-log scale. It is
apparent that, in the immediate vicinity of the hole, the tensile
tangential peak stress is a power function of the reciprocal of the radial
distance. The power exponent is ~1.5 for a rise-time of t, = 20 ps and
increases with increasing rise-time until it reaches a peak magnitude of
2. This mirrors the tangential stress in the static solutions that is also
inversely proportional to the 2nd power of the radial distance. The
extent of the region that fits this power-function-relation increases with
the increasing rise-time. The evolving magnitudes of the
power-exponent suggest that a short pressure-rise time favors long radial
cracks. However, as discussed previously, this is potentially countered
by the initial compressive sense of the tangential stress that occurs with
a short pressure-rise-time - which may dissipate much of the energy in
the creation of a crushed zone and limit the ultimate extent of the radial
fractures. This phenomenon has also been observed in several numerical
simulation studies.'”>*!

3. Stability analysis of pressurized boreholes with radial cracks

After the dynamic stress wave has transited the quasi-static loading
of the gas pressure on the borehole wall becomes important. These
overpressures penetrate into the body-wave-generated radial fractures,
potentially further propagating some of those fractures. The term “quasi-
static” implies that the time-dependent pressure loading rates are suf-
ficiently slow that the inertial effects are negligible compared to the
elastic effects. We utilize Linear Elastic Fracture Mechanics (LEFM) to
perform a stability analysis of the pressurized borehole that has been
pre-cracked by the dynamic loading.

3.1. Analysis procedure and validation

The stress intensity factor (SIF) is used in LEFM to characterize the
magnitude of the singular stress field near the tip of a fracture and to
define the propensity for fracture growth. Considering a plane strain
problem and fractures subjected only to mode I loads, the SIF, denoted
by Kj, can be related to the required energy transfer into the crack tip to
drive virtual extension of the crack in its own plane, which is expressed
as

— Tensile tangential peak - - - Reference curve
10_3 ty = 20 HS ty = 50 S ty = 100 HUS ty = 200 MS ty = 2000 HUS
’ /.
£5) 4, ’ ’
S: -10 ,, // //
~ ’ ’ Y,
§ / /7 V.
S b 4
.
10 y
1.7 1.8 1.9 2
1o 1 I | I
10° 10 10% 10° 10! 102 10° 10! 10% 10° 16" 10% 10° 10! 10
r/a r/a r/a r/a r/a

Fig. 5. Normalized tensile tangential peak stress, ogmax/Po, as a function of normalized radial distance, r/a, for the rise-times of tp = 20 ps, 50 ps, 100 s,
200 ps and 2000 ps. The blue solid lines represent the tensile tangential peak stress, while the red dashed lines are reference curves of certain power functions with
the power exponents identified in the figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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representing the strain energy release rate (G), where L is the fracture
length, and U is the strain energy stored in the loaded body written as

U:/lczedv (23)
2

in which ¢ is the stress tensor, € is the strain tensor, and V is the volume
of the body.

In order to calculate the SIF of a fracture of length L, the strain energy
stored in the loaded body is first calculated, denoted by U, and a second
strain energy component, Uy, is calculated after applying a small virtual
extension, AL, to the initial fracture. Then, the finite strain energy
release rate can be approximated as

7U2—U|

G=
AL

(24)

Finally, the SIF of the fracture can be obtained by substituting the
calculated strain energy release rate (G) into Eq. (21). The terms U; and
U, are recovered from stress analyses for a borehole with a represen-
tative geometry containing a crack tip and using COMSOL Multiphysics
finite element modeling.

This analysis procedure is validated by comparing the calculated SIF
results against a known approximate expression. We consider a regular
system of n radial and equally-spaced cracks of equal length L with a
common origin and contained within a planar elastic medium, as shown
in Fig. 6. The modeled medium extends considerably beyond the crack
length, representing the infinite extent of the system. The cracks are
subjected to a constant and uniformly distributed internal pressure p.
Due to the intrinsic symmetry of the regular system, the SIF will be the
same for all the cracks and can be adequately approximated by an
expression’” obtained by conformal mapping method, which is written
as

p =20 MPa

40 m

E =20 GPa
v=0.25

40 m

Fig. 6. Geometry of a system of radial (star-shaped) cracks used to validate the
analysis procedure. Note that no wellbore is contained in this idealized system.
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2 =1
K :nTp\/ﬂ'L, n>2 (25)

Note that when n = 2, this crack system reduces to a classical Griffith
crack of length 2L, and Eq. (25) yields the exact solution

Ki=pVrL (26)

A series of SIFs is calculated by this analysis procedure with the crack
length ranging from 0.2 m to 2 m and the number of cracks ranging from
2 to 16. In these calculations, the elastic modulus, Poisson ratio and
applied pressure are assumed to be 20 GPa, 0.25 and 20 MPa, respec-
tively. A comparison of the calculated results against the known
approximate expression (ie. Eq. (25)) shows excellent agreement
(Fig. 7).

3.2. Analysis

The analysis is completed on a pressurized borehole with a regular
geometry of radial fractures. The distribution and geometry of the radial
fractures that are created by the stress wave and further extended by gas
pressure may be complex and irregular due to the heterogeneity of the
material. To simplify the problem, an idealized configuration is used, as
represented in Fig. 8. An even number n of equally spaced linear frac-
tures radiate from the wall of a borehole of radius, a, with their pro-
jections passing through the center of the borehole. They have
alternating lengths, with the length of one group being L and the length
of the other one being yL, where the fracture length ratio # > 1. The
analysis explores the fracture growth regime under different loading
conditions and for different fracture geometries (lengths and intervals)
for a simplified but representative geometry of the system.

During this stage of quasi-static gas pressurization, a gas pressure, p,
is first applied on the wall of the borehole and then penetrates into the
radial fractures progressively to an increasing depth, D. The gas pressure
applied on the fracture walls is equivalent to that in the borehole. This is
reasonable since fluid pressure only drops slightly along the high
permeability portion of the opened fracture but decreases dramatically
near the fluid front or constricted fracture tip.>*** The SIFs of the
fractures are calculated for a combination of three penetration depths of
the gas pressure (Fig. 8(b)-(d)), various (even) numbers of fractures and

6X107' . . . . 1 ‘ K
—n=2
—n=4
St n==~6
n==~8 )
4+ n =12 = ]

—n =16

1 1 1

12 14 16 18 2

O 1 1 1
02 04 06 08 1
L (m)

Fig. 7. Comparison of the calculated SIF (hollow circles) of a regular geometry
of radial (star-shaped) cracks against a known approximate expression (solid
lines) for various crack lengths and number of cracks.
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Fig. 8. (a) An idealized configuration of a pressurized borehole with equally spaced radial fractures of alternating length, and loading conditions with different gas

penetration depths (b) D = 0, (¢) D =L, and (d) D = #L.

various fracture lengths. For the purpose of illustration, the parameters
used in this analysis are assigned as those listed in Table 1.

When D = 0, the gas pressure is only applied to the wall of the
borehole without any penetration into the radial fractures. Fig. 9 shows
the calculated results for this loading condition with 5 ranging from 1 to
5andn =2, 4, 6 and 8. Because of the symmetry of the geometry
and loading configuration, fractures with the same length should have
the same SIF, and thus only two curves of SIF are plotted in each figure.
It can be seen that, when n = 2, the SIF of the shorter fracture, Ky, is
always larger than that of the longer fracture, Ky,;. This indicates that
the propagation of the shorter fracture is always favored and the fracture
length coefficient, #, continues to decrease until the shorter fracture
catches up with the longer fracture (then n = 1) and then they both
propagate in unison. This is not surprising, because the general fracture
length dependence of the SIF under this loading configuration (i.e. the
SIF is inversely proportional to the square of the fracture length) works
to produce a higher SIF at the tip of the shorter fracture. However, this
phenomenon is changed when this system contains four radial fractures.
As observed from Fig. 9(b), Ky, is slightly larger than Kj, when the
fracture length coefficient is in the range of 1 < n < 4.2, which implies
that the longer fractures preferentially propagate instead of the shorter
ones when their difference is small. The shorter fractures recover this

Table 1
Parameters used in the analysis of a pressurized borehole with
radial cracks.

Parameters Values
Elastic modulus of the solid, E 20 GPa
Poisson ratio of the solid, v 0.25
Radius of the borehole, a 0.1m
Gas pressure, p 60 MPa
Fracture length, L 0.4 m

priority when #n > 4.2. Thus, the fracture length coefficient may even-
tually remain constant at # = 4.2. A possible reason for this is that the
longer fractures undergo a larger opening than the shorter fractures,
clamping the entry to the smaller fracture and reducing the circumfer-
ential stresses that would dilate the shorter fractures. There is a
competition between this compressive clamping effect and the general
fracture length dependence of the SIF, with the former one prevailing at
1 <5 < 4.2 and the latter one dominating at # > 4.2. The compressive
clamping effect becomes more pronounced as the system contains more
fractures. It can be seen from Fig. 9(c) and (d) that, whenn =6 and 8,
Ky, is considerably higher than Ky for any value of 7 and Ky, decreases
quite rapidly with increasing 5. This indicates that the clamping effect
dominates all the time and works in favor of the propagation of the
longer fractures. Therefore, for a system containing n > 4 fractures and
without gas penetration, propagation of the longer fractures and sup-
pression of the shorter fractures are always expected (except for the
condition of n = 4 and 5 > 4.2), and consequently, uniform growth of
the configuration seems impossible. This will be the case, even when the
excess length of the longer fractures is infinitesimally small, i.e. as 5
approaches unity. This is apparent in Fig. 9 as SIF for the longer fracture
is always greater than that for the shorter fracture forn > 4 even asn—1.
The gas penetration depth D = L represents the situation where the
shorter and longer fractures are alternately fully and partially pressur-
ized, respectively (see Fig. 8(c)). A series of SIFs are calculated for 1 <
n<5andn =2, 4, 6, 8 10 and 12, as shown in Fig. 10. It is
interesting to observe that Ky, is relatively larger than Kj,; whenn = 2,
4 and 6, suggesting a uniform growth of the configuration. This re-
sults from the fact that the clamping effect is counteracted by the gas
pressure which fully fills the shorter fractures. The fracture growth
behavior becomes complex as more fractures are involved (n = 8,
10 and 12) under this loading configuration. As illustrated in Fig. 10
(d), (e) and 10(f), the two curves for Ky, and K, cross at two points,
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Fig. 9. Calculated SIFs as functions of fracture length coefficient, 5, without gas penetration for (a) n = 2, (b) n =4, (¢c) n = 6, and (d) n = 8. The blue solid lines
represent the SIFs of longer fractures, Kj,;, while the red dashed lines represent the SIFs of shorter fractures, Ky;. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

namely n =, and y = 1,, which divide the curves into three parts. It is
apparent that uniform propagation occurs in the interval 1 < n < n;
while non-uniform propagation is preferred in the intervals n; <5 < 1,
and 7 > 1,. However, it is noted that the magnitude of #, is generally less
than 1.3 which is relatively small. As a result, it is possible for a value of
n, which is originally 1 < # <#, and favors uniform propagation, to
exceed #; and shift into the interval n, <n < 5,, considering the het-
erogeneity of the material and possible non-ideal loading. This imbal-
ance will then be amplified continuously and result in a final value of 5
which is around 4.

As the gas further penetrates, all the fractures may fully fill and be
subjected to a uniform gas pressure, corresponding to the penetration
depth D = L. Fig. 11 shows the resulting SIFs for 1 <y <3 andn = 2,

4, 6, 8, 10 and 12. Non-uniform growth of the configuration is
always expected under this loading condition for n > 4 because Kj,;, is
considerably larger than Ky, (see Fig. 11). One key reason for this is the
fracture length dependence of the SIF for the fully pressurized fractures
since the SIF is proportional to the square of the fracture length. This is
contrary to the zero gas penetration condition and suggests that the
longer fractures experience larger SIFs. Additionally, the compressive
clamping effect is intensified by the uniformly applied pressure on the
wall of the longer fractures, further decreasing the SIF of the shorter
fractures. It is also interesting to note that Ky, may decrease to zero when
n > 6, indicating that tip closure of the shorter fractures may occur even
for moderately imbalanced lengths. For the case of n = 2, it is observed
that the SIFs for the longer and shorter fractures are exactly identical.
This is intuitively accepted since, when only two fractures exist in this
system, these two fractures can be viewed as a single longer fracture
subjected to a uniform internal pressure, and thus, the two fracture tips
naturally experience the same SIF. This could be one reason why a
symmetric bi-wing fracture is always produced during the conventional
hydraulic fracturing.

These three idealized gas penetration depths represent three end-

member conditions of the fracture growth regime, with the other gas
penetration depths resulting in intermediate fracture growth regimes
transiting between them. A possible process of fracture propagation
during dynamic gas fracturing is illustrated in Fig. 12. The stress wave
may create numerous radial fractures. However, immediately after the
initiation of quasi-static gas pressurization, the system of the fractures
exists in the non-uniform growth regime due to null or limited gas
penetration. Small initial imbalances, which might result from material
heterogeneity and non-ideal loading, will always be amplified, and thus
only a few of the fractures are able to propagate significantly and the
number of dominant fractures will progressively decrease until it is less
than four. After the gas has penetrated to a critical depth from the
borehole, the system transits into a regime of uniform fracture growth
which allows up to six dominant fractures to maintain a similar length
and propagate at a similar rate. In this regime, if more than six fractures
exist in this system, the number of the dominant fractures might be
exactly six. As the gas continuously penetrates deeper, the system will
transit back into the regime of non-uniform fracture growth. In this, the
six dominant fractures in the previous stage begin to be differentiated in
length, with the propagation of a small number (possibly two) of them
being favored and with the others arresting. As a consequence, the
number of dominant large fractures should not exceed six at the end the
treatment. Those dominant fractures will tend to be approximately
equally spaced, since this configuration dissipates the least energy
during fracturing process because the least clamping effect is endured.

We note that this response is analogous to the generation of domi-
nant cracks from the surface of a half-space that shrinks as a result of
drying or cooling at the surface.>* *” In this, an infinite number of starter
cracks will grow as tensile stresses exceed the tensile strength of the
surface, before every second crack arrests as the intervening crack
dominates the local stress regime. The favored cracks continue to grow,
until the tip-local stress fields again mutually-interfere as the crack
lengths grow, when again every other crack will arrest and the
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Fig. 10. Calculated SIFs as functions of fracture length coefficient, #, with gas penetration depth of D =L for (a)n =2,(b)n =4, (c)n =6,(d)n = 8,(e)n = 10,
and (f) n = 12. The blue solid lines represent the SIFs of the longer fractures, Ky, while the red dashed lines represent the SIFs of the shorter fractures, K. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

intervening dominant cracks growing further. This behavior continues
to develop a power-law self-similar distribution of cracks with a few
dominant cracks and nested families of progressively smaller-length
fractures.

The parameters used in the calculations (Table 1) have little influ-
ence on the results of the analysis discussed above, as long as the length
of the radial fractures is larger than twice the radius of the borehole.®
Note that, by assuming a sufficiently high gas pressure, the solid body is
considered as free from far-field stresses. However, when in-situ stresses
are taken into account, the physical process will become much more
complex, and during this process, the fractures may curve and gradually
align with the in situ stresses where in situ stress effect become dominant
as gas pressure effects wane. In addition, pre-existing natural fractures
are not taken into consideration in this study but could also impact the
evolving geometry of the fracture system by changing fracture propa-
gation directions or even arresting fracture propagation.*®*? Admittedly
these are oversimplifications, however, in view of the analytical

difficulties, this analysis is adequate to bring into focus some of the
delicate and crucial considerations that are required to predict the final
geometry of the fractures resulting from dynamic gas fracturing. Finally,
it should be noted that the results presented in this section can also be
applied to some other related problems, such as explosive fracturing,
pulse hydraulic fracturing,’® and fracturing by non-explosive
expansion.*!

4. Conclusions

Dynamic gas fracturing involves mechanisms of fracturing in two
largely separate and consecutive stages which contribute to crack
initiation and propagation. This involves: (i) transit of the solid body
stress wave, induced by rapid rise of gas pressure within the borehole
and creating initial multiple radial fractures, and (ii) the application of
quasi-static pressure of the expanding gas further extending the body-
wave-generated fractures. In order to determine the final geometry of
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Fig. 11. Calculated SIFs as functions of fracture length coefficient, , with full
gas penetration forn = 2, 4, 6, 8, 10 and 12. The blue solid lines repre-
sent the SIFs of longer fractures, Ky,;, while the red dashed lines represent the
SIFs of shorter fractures, Kj;. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

the fractures induced by dynamic gas fracturing, a dynamic stress
analysis is first performed to explore the impact of the input pressure
pulse on the length of the radial body-wave-generated cracks, which is
followed by a stability analysis of pressurized fractures propagating
from the borehole with different configurations of the radial fracture
system (length distribution and number) and different degrees of gas
penetration into the individual fractures.

The dynamic stress analysis is completed by solving the radial wave
equation via Laplace transform. This returns the temporal and spatial
distributions of the tangential tensile stress resulting from symmetric
triangular rise- and decay-time pressure pulses applied to the borehole
wall. This loading plays a decisive role in determining the extent of the

AppendixDerivation of particular solution to Eq. (14)
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radial wave-generated fractures. Results show that short pressure-rise
times accompany initial compressive tangential stress that is posited
to be the cause of the impermeable cage of material sometimes implied
from residual compression around borehole. This initial compressive
feature disappears as the pressure-rise time increases. The radial (r)
distribution of peak tensile hoop-stress diminishes as 1/r* with the
power exponent (a) asymptoting to 2 as the loading rate decreases. By
applying the maximum tensile stress criterion to these obtained power
functions, it is found that the length of the body-wave-generated radial
cracks is quite limited and usually does not penetrate outwards any
further than several borehole radii.

After the stress wave has dissipated, high-pressure gas is able to
expand quasi-statically into the body-wave-generated fractures. Stress
intensity factors are calculated for these fractures using finite element-
based stress analysis. A variety of different fracture growth regimes
are observed with the gas penetration. These result from the interaction
between the general fracture length dependency of the stress intensity
factor and the compressive clamping effect. When gas penetration is
limited, a regime of non-uniform fracture growth is expected with only a
few (possibly less than four) of those body-wave-generated fractures
able to extended noticeably. After the gas has penetrated to a critical
depth along the fractures, the system transits into a regime of uniform
fracture growth which allows up to six dominant fractures to maintain a
similar length and propagate at a similar rate. As the gas continues to
penetrate, the system gradually transits back into the non-uniform
fracture growth regime, which favors the propagation of only a frac-
tion of the six dominant fractures observed to propagate in the previous
stage. Therefore, the number of the dominant fractures at the conclusion
of the treatment is unlikely to exceed six. Additionally, these resulting
dominant fractures are likely to be approximately equally spaced, since
this configuration dissipates the least energy during fracturing since the
least clamping effect is apparent.
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Eq. (15) is the general solution to Eq. (14) and is repeated here for convenience,

u=AI (rs) + BK,(rs)

(a) Body-wave-generated
fractures

(b) Limited gas penetration

(c) Moderate gas penetration

(A1)

(d) Deep gas penetration

Fig. 12. Suggested hierarchy of limiting processes contributing to fracture propagation during dynamic gas fracturing.
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where I, and K, are the modified Bessel functions of order « and of the first and second kind, respectively, and A and B are constants.
The Laplace transform of the boundary conditions, i.e. Egs. (7) and (8), can be written as

Er(aa S) = - ﬁ(s)z (A2)
lim[u(r, s)] =0, (A3)
where p(s) is given by Eq. (18).
Substituting Eq. (A3) into Eq. (A1) yields
lim[Al; (rs) + BK; (rs)] =0 (A4)
However, functions I; (z) and K; (z) approach infinity and zero, respectively, as z goes to infinity (see Fig. A1). Thus, we must have
A=0, (A5)
in order to fulfill the requirement of Eq. (A4).
25
20 |i
15
S
[
10
{5}
0
z
Fig. Al. Modified Bessel functions of the first and second kind for a = 1.
Substituting Eq. (A1) and (A5) into Eq. (11) gives
G,(r,s)
_ BE(1—v) 0K (rs) BEv K (rs)
T (14w (1-2v) or (I+v)1—=2v) r
BE(1 —v) [K;(rs) BEv K (rs)
= — sK:
FETE) [ P B T T R
_ BEKI (rs) — rsE(1 — v)K,(rs) (A6)

(I+v)(1 =2v)r
Applying the boundary condition of Eq. (A2) to Eq. (A6) yields

a(l+v)(1 —2v)p(s) (A7)

B=- EK,(as) — asE(1 — v)K;(as)

Therefore, the particular solution to Eq. (14) can be obtained by substituting Eq. (A5) and (A7) into Eq. (A1) as

_ a(l+v)(1 —2v)p(s)K, (rs)
a(rys)= = EK,(as) — asE(1 — v)K,(as) (4®

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ijrmms.2020.104287.
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