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Abstract: In this paper, a more potential cyclic fracturing scheme, which alternates injection and flow-
back in each injection cycle, is proposed to promote the stimulation efficiency. Collection and Re-in-
jection of all the flowback fluid into formation to create fractures in the following cycles achieves en-
vironmental sustainability. With 2D displacement discontinue method, we model the dynamic behavior
of a bi-wing fluid-driven fracture symmetrically emanated from a circular wellbore under the proposed
cyclic injection schedule. The results show the fracture continues to propagate despite a flowback opera-
tion. A depressurization operation by fast flowback renders the closure of the fracture mouth and pushes
up the pressure of the fluid sealed inside the fracture; When restarting the injection, a pressure trough
exists along the fracture path and moves towards the fracture tip until the fracture growth resumes. Un-
der the operation of cyclic injection, even deep inside the fracture, it generates cyclic pressure amplitude
comparable to the amplitude of injection pressure. The parametric study reveals that a smaller stress
difference impairs the fracture mouth width; Low fracture toughness stunts the impact of a cyclic injec-
tion rate change on the fracture growth. The relation between the injection pressure and the cumulative
fluid volume appears independent of cyclic injection schedules if the product of injection rate and fluid
viscosity in each counterpart phase is the same. With fracture growth and no successive cyclic injection,
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the injection pressure tends to follow the curve generated from constant-rate injection cases.

Keywords: Cyclic injection; Flowback; Behavior of fracture; pressure amplitude; Fracture re-opening;

Injection schedule

List of Symbols
G,,0, Maximum and minimum far-field stresses u Fluid dynamic viscosity
r Wellbore radius t Injection time
I; Length of fracture branch p Internal fluid pressure of fracture
The distance from the tip of the fracture to the | G,,,G,,, . .
L, Hypersingular Green's functions
center of the wellbore G,;, Gy,
P, Wellbore pressure (injection pressure) do Total wellbore injection rate
E Young’s modulus q; The influx of each fracture branch
v Poisson’s ratio Volumetric compliance of the injection system
K¢ Fracture toughness K, Dimensionless fracture toughness
N Fracture branch number Q; The ith injection rate value
Fracture opening and shear displacements o o
W,V T; Starting time array of the ith injection rate value
across fracture surfaces
Normal stress and shear stress on the .
6,7 Py Pressure at the ith fracture branch mouth
fracture surface
Resultant normal and shear components gen- .
Gy T lg Length of the ith branch fracture
erated by the far-field stresses

1 Introduction

Hydraulic fracturing, which creates fractures
in deep formations by the highly-pressurized fluid,
has become a necessary technique to extract many
geo-energies and geo-resources such as unconven-
tional oil and gas, geothermal energy, and deep
dissolvable minerals (via in-situ leaching) "~ As
fracture is a high permeable flow path, a longer
or geometrically more complex fracture/fracture
network is beneficial to the mining productivity. It
has been consented that the injection scheme is an
important factor that affects the fracture geometry.
Traditionally, an injection scheme with a constant
injection rate is mostly used Y. However, this

injection scenario could only result in limited

44

fracture length/complexity and it has a possibility
to induce high-magnitude seismic events in the
formation ”'. Comparatively, cyclic injection frac-
turing (CIF), which adopts a cyclically changing
injecting rate, could create elevated hydraulic
fracture length/complexity and some studies have
found its potential in minimizing the induced
seismicity 7.

The invention of cyclic fracturing dates
back to 1959 when Hulse found that a fracturing
process with superimposed cyclic pressure could
be used to improve the stimulation efficiency for
oil & gas reservoirs *. After a few decades of
research and development, cyclic fracturing has

developed into a family with varying injection
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scenarios. Specifically, it can be implemented
in two categories: injection-rate control and
injection-pressure control. Amongst, each kind of
cyclic injection can be subdivided into multiple
variant types. Depending on whether the peak in-
jection rate or pressure in each cycle is constant or
not, the CIF can be classified as constant-injection
rate or -pressure type or stepwise-rate or -pressure
type . Depending on whether the cyclic frequen-
¢y is constant or not, the CIF can be classified as
an equal-frequency type or variable-frequency
type ). Moreover, if a pulse pump is connected
to the injection system, then it can be extended to
pulse fatigue fracturing in a broader sense, with a
wide application for the stimulation of coal seam
19121 For the injection-pressure controlled type,
so-called pre-breakdown cyclic injection, its pri-
ority aim is to reduce the breakdown pressure for
reservoirs whose rock has very high strength (e.g.
granite). Often there is no fracture initiated amid
the cyclic injection before the total breakdown of
the wellbore, thus it is suitable for hot-dry rock in
geothermal development . In the CIF controlled
by the injection rate (so-called post-breakdown
cyclic injection), the fractures can be initiated
in the first cycle, but creating complex fracture
networks is taken as the prior purpose.

The stepwise-rate CIF could significantly
reduce the magnitude of the induced seismic
events in the enhanced geothermal systems """,
It is found that the CIF with constant upper-bound
pressure could reduce the initiation pressure by
40% . Among different types of CIFs for the
stimulation of EGS, the stepwise pulse pressuri-
zation-controlled type achieves higher injectivity;
cyclic progressive injection gets the best effects
to relieve induced seismicity but with relatively
low injectivity. While cyclic pulse pressurization
retains the relative balance of the injectivity and

seismic risk . Similar CIF tests for the sandstone

materials show that more acoustic emission (AE)
events and more obvious micro-damage with
higher permeability, were generated compared
with the conventional continuous injection .
The constant-rate CIF tests with concrete blocks
as specimens demonstrates that cyclic injection
can help to generate multiple fractures; moreover,
the variable-frequency CIF can further promote
the complexity of the fractures compared with the
constant-frequency scenario . Then through sim-
ilar CIF experiments for the concrete specimens
with multi-cluster perforations, it reveals that the
cyclic injection could initiate more perforation
clusters and create several main hydraulic frac-
tures in one treatment. In those experiments, the
subsequent injection cycle produced a higher peak
pressure than the breakdown pressure in the first
cycle. This abnormality has also been reported in
the oil field "**".

The above research on cyclic injection mainly
focuses on reducing the breakdown pressure
and relieving seismic events during a fracturing
operation. It is known that a higher amplitude of
the cyclic load can significantly accelerate fatigue
failure of rock material *'**!, Similarly, enhancing
the amplitude pressure of the CIF can promote
the creation of multiple fractures in as few cycles
as possible, although the mechanism is much
more complex than rock fatigue theory. However,
the injection-pressure controlled CIF has a very
limited adjustment for pressure amplitude, and
oblivious difficulty to accommodate the existing
fracturing equipment on-site. Instead, we focus on
the injection-rate controlled CIF, with higher field
compatibility. Often the peak injection pressure
is principally determined by the geological con-
ditions of the reservoir. While the valley pressure
can be reached depends on the fluid filtration
rate into formation against the valley injection

rate. Without any intervention, even for zeros
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injection rate, the valley pressure usually slowly
declines to near the minimum principal stress
with time elapses ***”\. To further increase the
pressure amplitude, an aggressive cyclic injection
and alternating flow-back (CIAF) method can be
tried by performing flowback immediately after
suspending the injection in each cycle, which pro-
vides an impetus to reduce the injection pressure
rapidly to the lowest value (i.e. the hydrostatic
pressure in theory).

Particularly, the fracture behavior subject
to cyclic injection is an extremely complicated
process. This issue involves many sub-processes
such as the redistribution of the fluid pressure in
fracture, real-time changing of fracture opening,
and the re-allocation of the injection flux among
multiple fractures. Many underlying mechanisms
associated with fracture behaviors are still not
fully explored. In this article, we take CIAF for
research to model the hydraulic fracture patterns
under cyclic injection schedules and perform a
parametric study about the cyclic fluid injection
and fracture growth. The overall growth charac-
teristics of the symmetric fractures are considered
instead of the prohibitively complex multiple
fractures growth under cyclic injection.

2 Numerical methodology

The physical process during CIAF fracturing
is complex. It is a fully coupled hydro-mechanical
problem where fluid flow and deformation of
solid rock are highly dynamic. Specifically, one
cycle of CIAF may involve fracture initiation and
propagation. This is followed by an immediate
suspension of fluid injection and then fluid
flowback. In some situations, the created hydraulic
fracture may re-close dynamically after suspension
of fluid injection. After restarting the injection, the

existing fracture will reopen and propagate.
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Configuration of a fracture emanating from an

To simulate this problem, we adopt the
2D displacement discontinuity method (DDM)
¥ in this study. We present the assumption,
formulation, and model verifications that are used
to simulate the dynamic behavior of hydraulic

fractures in the CIAF fracturing.

2.1 Governing Equations

A bi-wing fracture geometry from a wellbore
is considered to simulate the CIAF fracturing.
Fig.1 shows the model configuration and the
Cartesian coordinate system. The reservoir is
considered an infinite elastic medium. Two wings
of the fracture are assumed to be along the x-axis
with their length denoted as l;. A wellbore is in
the center whose radius is r. The distance between
the wellbore center and the fracture tip is denoted
as L. The injection pressure inside the wellbore
is denoted as P,. Plane-strain deformation is
assumed in the simulation. The two far-field
stresses [0, and o, (0, > ©,)] are set to along the x

and y directions, respectively.

The main assumptions are summarized as
follows:

The rock matrix is isotopic and impermeable;

The fracture surface is smooth, and no fluid

lag is allowed in the process;



ASEIG

Vol. 2, Issue. 1 (2026 )

Fracturing fluid is an incompressible Newto-
nian fluid;

The elastic integral equations for the stress
balance on the wellbore and the fracture surface

29-31
can be expressed as **';

o,(x,y)-0,(xy) [ZI +<ﬁ jG,, (x,3,8)w(s)+ Gy, (x,»,8)v(s)ds
t(x,y)-7,4(xp) [ZI[/ +(f) j 21 (%,3,8)w(s)+ G, (x,p,5)v(s)ds
O]

where N (=2) is the number of fracture wings
and C is the circumference of the wellbore. w
and v are the fracture opening and shear relative
displacement across two faces of the fracture,
respectively. s is the point location along the
fracture path. o, is the normal stress which usually
equals the fluid pressure; 1 is the shear stress on
the fracture surface and it vanishes locally when
the surfaces are separated from each other. cfn
and T, are resultant normal and shear components
generated by the far-field stresses. 1; is the length
of each fracture with the subscript i denoting
the branch number. G,;, G,, G,,, and G,, are the
corresponding hypersingular Green’s functions.

It must be noted that fracture closure is
possible during flowback. The flow of fluid in
fractures can be divided into two forms. One is
fluid flow through an open channel. The other
form is along with closed fracture segments. This
form can be considered a weak coupling between
the solid deformation and fluid. The equations for
describing flow in close fracture portions can be
found in the previous work"””, which is written as

&P 0, 2%
Pr_ 2Pz
a o (w as )

Where, o is the fracture initial aperture (or
fracture closure aperture) and c is the pressure
conductivity factor of the close fracture. Reynolds’
lubrication equation is used to describe fluid flow

in an open fracture channel, expressed as

ow_ o w dp,

a 6s(12,u os ] ©)
where t is the injection time; p is the fluid

pressure in fracture; p is the fluid dynamic viscosi-

ty. The fluid flow is controlled by the injection rate

q,» which contributes to the fracture volume and

wellbore storage. According to Egs. (1), (2) and

(3), the normal and the shear displacements at a

place can be coupled to the fluid flow rate through
the computation of local fluid pressure in fracture.

2.2 Fracture Growth

According to the displacement correlation
method ¥, the stress intensity factors (SIFs) of
modes I and II fracture growth can be expressed

as:
aE\/—

K= 4(1- V)MW(%) 4
aEf ( )

Ky :4(1_V)mv(’;rp)

where rtip is the half-length of the element at
fracture tip; E is Young’s modulus; v is Poisson’s
ratio. Since the singular element is used at the
fracture tip in the computation, the coefficient o is
approximately equal to 0.806"*. For the mixed-
mode fracture growth, the deflection direction of

the fracture can be determined by

K, sin®+K, (3cos®-1)=0 ®)

where O represents the deflection angle from
the current fracture line. When the fracture extends

in a mixed mode, the stress intensity factor must

meet the following condition **';

cos%[K, coszg—%Kﬂ sin@JzKIC (6)
where K, is fracture toughness.

2.3 Initial boundary conditions
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For hydraulic fracture growth from the
wellbore, an initial notch is given to the fracture
wings at the beginning to lead the fracture to grow
along the x-axis direction. Initially, two notches
are assumed to be empty of fluid, and the rock
matrix is assumed to be in static equilibrium under
the applied principal stresses o, and 6,. The sum

of influxes from the borehole should satisfy:

> OP,
>a(0.0) =0, UG m

ot
where, q; is the influx of each fracture wing,
m’/s; q, is the total injection rate at the wellbore,
m’/s; U is volumetric compliance of the injection
system., U can be identified by the initial linear
slope of the injection pressure vs injection fluid
volume curve at low pressure, m*/MPa ",

2.4 Numerical algorithm

For the elastic equations, the displacement
discontinuity method (DDM) ** is used and both
the wellbore and fractures are discretized into
constant-length DD elements. Based on the same
mesh, the Reynolds’ lubrication equation is solved
by the finite volume method (FVM).

The implicit method is used to solve for the
displacements across fracture surfaces by incorpo-
rating the elasticity equations into Reynold’s lu-
brication equation to obtain an integral-differential
equation. In addition, the backward Euler method
is used for the time discretization and an explicit
time step is used in the computation.

The numerical method used a fixed element
length for regular elements. To improve the accu-
racy of SIFs, the three elements immediate at the
fracture tips take the half size of the regular ele-
ments. This adaptive mesh scheme is implemented
in fracture growth “*. Moreover, to eliminate the
rigid-body motion of the pseudo-material caused

by the adoption of DDM, two elements with

48

different orientations are added inside the wellbore
and their movements are fixed throughout the

computation .

When the propagation criterion is satisfied,
the fracture tip is extended by an increment with
the size of a regular element. The direction of
the new increment is determined by Eq. (5). The
combination of a fixed fracture increment with
a small-time step can be adjusted based on the
advancement of the fluid front, which is found
capable of ensuring solution convergence for the
coupled equations.

2.5 Model Verification

To verify the proposed numerical model,
we selected the results by Lecampion et al "**
as reference. They considered similarly a bi-
wing fracture emanating from a wellbore model
under the same boundary conditions as ours. In
their work, they have used a fine mesh and we
considered two situations with 120 elements
and 180 elements, respectively. Fig.2 shows the
fracture width distributions over the fracture
length in the referring results and with our two

settings of element number. The red dashed curve

0.05

T T T
A Element number=120

— g Element number=180

- - ~Result by Lecampion et al

0.04 |

0.03 L

0.02 |

Fracture width (mm)

0.01 |

0.1 0.12 0.14 0.16 0.18 0.2 0.22
Fracture length (m)

Fig.2 Fracture width comparison of a bi-wing fracture
emanating from a wellbore
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denotes the numerical results of fracture width
from the 1DPlanarHF code by Lecampion et al
%1 Generally, a higher calculation accuracy can
be obtained by using more elements. However, a
higher number of elements will result in increasing
computation loads. A balance between the number
of elements and the computation should be a
stroke in simulation practices. Compared with the
results using 120 elements, using 180 elements
can provide higher accuracy when calculating the
hydraulic fracture width. In addition, it can be
seen that 180 elements could provide sufficient
accuracy referring to the results obtained by

P which used a very fine mesh.

Lecampion et al
In the following sections, 180 elements are used to

discretize the wellbore with a fixed radius of 0.1 m.

3 General fracturing behaviors by CIAF

In our proposed CIAF method, each injection
cycle was accompanied by firstly injecting and
then a pause. The pause of injection allows the
hydro pressure to release. In the simulation, we
simplify the process of injection pause. Specifi-
cally, the pressure relief operation is assumed to
be complete immediately after suspending the
injection. The flow rate during the pressure relief
is taken as a negative constant value. The simpli-
fication can be reasonable and does not affect the
overall behavior trend of fracture in flowback.

During CIAF, several sub-processes are
expected which include (1) the closure of the
fracture after suspending the injection and fluid
flowback, (2) a pause of zero injection rate, and (3)

reopening and growth of the existing fracture after
restarting fluid injection. To simulate the CIAF, it
is imperative to capture these sub-processes in one

model.

The model setup and basic parameters used
in the presented study are listed as follows: the
radius of the wellbore r=0.1 m, the initial notch
length 1,=0.09 m, the elastic modulus of the
reservoir E=19.0 GPa, the Poisson’s ratio v=0.14,
the fracture toughness K,.=1.0 MPasm"’, the fluid
viscosity u=0.01 Paes, the initial notch aperture
©=1.0x10" m which always exist even when
the fracture surfaces get closed. The volumetric
compliance of the injection system U is fixed
as 1.2x10° m*/MPa. The values of the far-field
stresses o, and o, are 2.8 MPa and 2.0 MPa,
respectively, if no otherwise is specified. Note that
comparatively low far-field stresses are used here.
However, this will not affect the results, because
it is the net pressure that dominates the dynamic
characteristics of the fractures " The injection
schedule marked as S1 of an injection & flowback
cycle is shown in Table 1, where T, , and Ti are
the starting time and the end time of the total
injection rate Q;. For convenience, the flow rate Q;
is stipulated as positive for the normal injection
segment and denoted as negative for the flowback
segment. In each injection schedule, the flow rate
Q, is adopted for the initial injection phase in the
time interval T < t <T,; as well as the injection
rates denoted as Q,, Q, Q, are used for the depres-
surization phase of T,< t <T,, zeros injection-rate

phase of T, <t < Tj, re-injection phase of t > T,,

Table 1 The CIAF injection schedule S1
T, <t<T, T,<t<T, T,<t<T, t>T,
Time t (s)
0~0.253 0.253 ~0.390 0.390 ~ 0.427 >0.427
i Q Q. Q, Q,
Flow rate q (m’/s)
2.0x10™ -3.2x10™ 0 2.0x10™
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respectively. To guarantee the numerical iterative
convergence, an intermediate flow rate with a very
short transient period of not more than 0.005s is
inserted as a transition to smooth the sharp flow

change.

Among those cases using this injection
schedule S1, the case CNO is used as a base case
for comparisons, and the injection schedule S1 is
also used for the cases CS1~CS5 with different
principal stresses and CK1~CKS5 with the cases

but with different material parameters.

What needs to be clear is that a large injection
rate is often used to match a larger time scale. In
our model, as the relatively small fracture length
is used, a small-time scale is chosen to reproduce
the fracturing behaviors in simulation. If it is

needed, the time scale can be enlarged to the real

injection time scale'"’. For the mechanism study,
the time scale is not very important for the case
study. To better capture the dynamic behavior of
the fracture, the injection schedule is deliberately
chosen, for example, the fracture mouth width
cannot be exactly equal to zero, and wellbore pres-
sure cannot be too low after flowback. However,
the injection schedule can be modified to consider

more complex cases.

The numerical results of case CNO under the
injection schedule S1 with different injection phas-
es distinguished by colored shadows are displayed
in Fig.3. They include the developments of the
injection pressure and fracture mouth width over
time. Initially, the injection pressure rises almost
linearly before the extension of the pre-set notch
(Q,: Ty< 't <T, marked by blue shadow). After the
injection pressure reaches the highest pressure, the

4 4
10 10
6 2 R
12
J1
1
0.8 —
~~ N\
§ E o
=
< 06 2 g
5 1 ¢ 2
7] = <
5 5 J-1 =
e g o
g 204 %‘ ._E.
= 8 -2
= 23
0.2
7 -3
-1 | - \ ! ! ! ! | 0 4
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time ¢ (s)

Fig. 3 The curve of the injection pressure and fracture mouth width vs time for the case CNO
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Fig.4 Evolutions of (a) pressure distribution within the fracture and (b) the fracture width along dimensionless fracture
length (L, / r) during the depressurization phase (T,<t<T,) (where L=lqr)

pressure starts to decline at a comparatively slow
rate. While fluid flowback starts (Q,: T, <t <T,
marked by orange shadow), the decreasing rate of
the injection pressure becomes much higher. Once
the fracture is initiated, the changing trends of the
fracture mouth width, which are denoted by the
opening of the fracture element closest to the well-
bore, are always the same as that of the injection
pressure. Note that there is a small negative value
of injection pressure, which may require another
constraint beyond the mass conservation given
by Eq. (6). However, it does not affect the trend
of numerical results. When the injection pressure
quickly drops to around zero, a very small fracture
mouth width is retained, which can severely retard
out-flow of fluid flowing from fracture to the well-
bore. After restarting the injection again (t > T;),
the injection pressure starts to rise. Accordingly,
the width of the fracture mouth increases while the

fluid pressure is recovering.

To further uncover the deformation of the
fracture when out-flow is taking place (i.e. the
depressurization phase of T,< t <T,), we plotted

out the width and internal pressure along the

fracture. The results are seen in Fig.4. It is found
that although the injection pressure of the borehole
was released during this stage, the length of the
fracture does not decrease but keeps increasing
(Fig.4(a)). This behavior can be very interesting as
one of the principles of hydraulic fracturing in res-
ervoir stimulation is to create a maximum fracture
length. A more details discussion on this behavior
is provided in the following context. During this
stage(T,< t <T,), the fracture width substantially
went down at the wellbore side, but slightly went
up at the fracture tip. At the end of this phase, the
fracture width profile has its peak at the middle of
the fracture, indicating that some fluid gets stored
in the fracture at the depressurization stage. Al-
though the storage volume decreases over time, its
rate of change appears to decrease too. In addition,
the width of the fracture mouth seems to decrease
at a larger rate. This means that for a long time the
depressurization phase lasts, and the fluid captured
inside the fracture cannot be fully squeezed out by

the applied confining stress.

The internal pressure inside the fracture
changes almost reversely compared to the fracture
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Fig. 5 (a) Fracture internal pressure distribution and (b) the fracture width distribution vs dimensionless fracture length (L;

/1) in zero injection-rate phase (T,<t<T,) (where L=l:r)

opening stage, as shown in Fig.4 (b). With the
fracture volume decreasing, the resistance to the
confining stress is offered by the fluid remaining
in the fracture. This interaction results in some
increases in the pressure inside the fracture.
During the depressurization phase, the location
of maximum pressure transfers from the fracture
mouth to deep inside the fracture, as shown in
Fig.4(b). In this depressurization phase by the
flowback operation, the location deep inside the
fracture path obtains its highest-pressure value,
even much higher than the pressure in the initial
injection phase. This means that a flowback oper-
ation would not deplete the internal pressure along
the fracture path. Instead, a rapid flowback pushes
up the pressure to a certain value, which can even
be equivalent to the highest injection pressure at
the wellbore. If there are nature fractures or weak
layers along the fracture path, new fractures get a
higher possibility to be initiated. Note that natural
fracture and weak layers widely exist in many
deep reservoirs such as shale, coal, and even EGS

. [42-44]
reservoirs .

During the zero injection-rate phase (i.e. Q;:

52

T,<t < T, marked by green shadow), the reverse
flow from the fracture toward the well is con-
strained as a result of the closure of the fracture
mouth. It implies that the fracture volume does not
change significantly, nor does the fracture width,
(see Fig.5(a)). Therefore, the internal pressure of
the fracture is decreased within a limited range, as
shown in Fig.5(b). It is worth noting that although
the pressure at the fracture mouth is around
0.4 MPa, larger than the wellbore pressure (i.e.
0MPa), the fluid inside the fracture can still be

sealed by the narrow width of the fracture mouth.

In the re-injection phase (i.e. Q4 t > T,
marked by magenta shadow), the pressure in the
wellbore rises linearly at almost the same slope
as that in the initial injection phase. With more
fluid entering the fracture, the fracture width
increases and restores a normal shape, as shown
in Fig.6(a). The pressure distribution is plotted
in Fig.6(b). As can be seen, after re-injection, as
the wellbore pressure increase, there is an area
with small internal pressure, which results in a
concavely distributed pressure along the fracture.
Specifically, at t= 0.58413s, the injection pressure
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Fig.6 (a) Fracture internal pressure distribution and (b) distribution of the HF width vs dimensionless fracture length (L;/

r) in re-injection phase(t>Ts)

at the borehole becomes the maximum along the
length dimension. This concave area of internal
pressure was initially located near the borehole,
and it keeps moving forwards to the fracture tip
over time. After then, pressure distribution along
fracture becomes a mono-decreasing function
over length. The width of fracture around the
near-borehole area remains increasing. After the
low-pressure area propagates to reach the fracture
tip, the re-growth of fracture length gets recov-
ered. It can be expected that the above-described
fracturing dynamics may be repeated during the
multiple injection cycles. Therefore, we only
consider two injection cycles here to reveal the
principal behaviors.

For CIAF, the hydraulic fracture is subject
to repeatedly pressurizing and depressurizing. To
identify the range of pressure change within the
fracture, we plotted the upper and lower bounds
for fluid pressure along the fracture path in Fig.7.
It should be mentioned that the fluctuations in
the hydraulic pressure by multiple cyclic loads
may cause damage of defects in formations given

mechanical heterogeneities exist.

We deliberately avoid taking the internal
pressure of a rapidly expanding fracture as the

bound value since this type of internal pressure
often occurs only once in the fracture creation
stage rather than appearing frequently in the
afterward cycles. We plot the change of the
internal fracture pressure within one cycle along
the fracture length. The upper and lower bounds
of the pressure change inside the fracture are rep-
resented by the blue solid line and the red dotted
line, respectively, as shown in Fig.7. Notably, the
upper bound of the hydraulic fracture change is a

multi-segment broken curve rather than a smooth

curve, and the highest pressure endured along

N —— Upper bound
- - -Lower bound

C

IS

w

¥}

Fracture internal pressure amplitude (MPa)

=

i 1 1 1
12 1.4 1.6 1.8 2 22 2.4 2.6 2.8

Dimensionless fracture length Ly /r

Fig.7 Amplitude of the dynamic fluctuation of internal
pressure along the fracture path of CIAF
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the fracture path represented by each broken line
segment is induced by different injection stages. In
the upper bound line, the pressure in the A-B seg-
ment of the fracture is created when the wellbore
pressure reaches its peak in the re-injection phase.
The B-C fracture section is brought about by the
squeezing of the fluid sealed inside the fracture in
the depressurization or zero injection-rate phases.
While the low boundary of pressure can be close
to the hydrostatic pressure of the wellbore (e.g.
zero pressure in our model). As shown in Fig.7,
we use the orange bars to represent the repeatable
range of pressure changes along the fracture path.
Since the C-D-E segment is a new growth fracture
part in this cycle, and the pressure only appears
only one time at the fracture-extending moment
rather than in every cycle, the section C-D-E near
the fracture tip is out of our focus.

Moreover, the internal pressure leveling off in
the middle B-C segment of the fracture, displays
a small difference with the pressure amplitude of
point A at the fracture mouth. Notably, it implies
that even deep inside the fracture, the pressure
loading on the fracture surface is in a cyclic
variation state with a comparable amplitude in
contrast with the injection pressure amplitude. For
the field fracturing operation through the CIAF,
the variation range of the internal fluid pressure
fluctuates between the minimum principal stress
and the peak injection pressure. Often a higher

net pressure is accompanied by a larger amplitude

of the cyclic pressure. The pressure fluctuation
can facilitate subcritical fracture growth from the
rock matrix flaws >**!. Especially when there
are sizable defects around the borehole or main
fracture wall, the subcritical fracture growth can
significantly reduce the threshold to create new

fractures.

4 Parametric Studies

The above section has uncovered the general
fracturing behaviors under the CIAF. In applica-
tion, there can be a range of influential parameters
that may lead to varying fracturing dynamics. We
conduct parameter studies based on the developed
CIAF numerical scheme. Specifically, the influ-
ence of the factors including the in-situ stresses,
fracture toughness, and injection parameters are
analyzed.

4.1 In-situ stresses

In-situ stress has a prominent influence on
the injection pressure and subsequent propagation
of fracture ", In this series of simulations, five
pairs of stress combinations with variable stress
differences Ac are used as listed in Table 2. In
this part, the injection schedule S1 and the other
parameters are the same as those in case CNO.

From Fig.8(a), one sees that the fracture open-
ing becomes slightly wider with increasing Ac.
The increase of the in-situ stress o, parallel to the

Table 2 Varying in-situ stresses used to analyze its role in CIAF fracturing

No. o, (MPa) G, (MPa) Ac (MPa) Goomin (MPa)
CS1 2.8 2.0 0.8 32
CS2 3.8 2.0 1.8 2.2
CS3 4.8 2.0 2.8 1.2
CS4 5.8 2.0 3.8 0.2
CS5 6.8 2.0 4.8 -0.8
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Fig.8 (a) Fracture mouth width vs time and (b) injection pressure vs time under different stress combinations for cases

CS1~CS5

fracture can reduce the confining stress across the
fracture near the borehole. In Fig.8(b), it is shown
that the peak injection pressure reduces with
increasing 6,. A higher value of Ac also facilitates
fracture growth despite the same minimum stress
across the fracture surface. It is further noted that,
except for the maximum pressure in the initial
cycle of injection, the injection pressure disparity
is also much less than the stress difference Ac for

the five pairs of in situ stresses used. In particular,
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Fig.9 Fracture length vs time under different stress com-
binations for cases CS1~CS5

the length of hydraulic fractures still continues
to increase during fluid flowback regardless of
different stress conditions, as shown in Fig.9. The
fracture initiation occurs earlier with increasing
o,. Although fracture keeps propagating at the
early depressurization phase, the fracture length
is frozen later in the zero injection-rate phase,
and it maintains for quite a while even after the
beginning of the re-injection phase. It is also noted
that the restarting time of fracture growth seems

not sensitive to the in-situ stress.

4.2 Fracture toughness

To consider the contributions of the material
parameters, the dimensionless fracture toughness

K, is used. It is expressed as'*""

G (7
=K'
Km [Eﬁ)uvq”]

where the material parameters p'v~ E'v K’
are defined as:

VA
w12, B= k(2]

1-v

Here, the dimensionless fracture toughness
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Table 3  Different fracture toughness used to analyze its
role in CIAF fracturing

No. Kic (MPasm"’) K,

CK1 0.2 0.148
CK2 0.4 0.295
CK3 0.6 0.443
CK4 0.8 0.591
CK5 1.0 0.738
CK6 1.2 0.886

K, is calculated assuming that q, equals the initial
flow rate value Q, in the CIAF schedule.

We still use the injection sequence S1 and the
same other parameters of the base case to study
the effect of the fracture toughness on fracturing

patterns, as the numerical cases listed in Table 3.

Fig.10 shows the effect of fracture toughness
over the developments of fracture mouth width
and injection pressure. It can be seen from
Fig.10(a) that the fracture mouth width is almost
the same and insensitive to the fracture toughness
despite a totally different fracture growing pace.
This may indicate that the fracture mouth width
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is irrelevant to the fracture length. Although the
fracture toughness magnitude covers a wide range,
the injection pressure also demonstrates only a
slight change as shown in Fig.10(b).

It is anticipated that smaller fracture tough-
ness is an impetus for a faster fracture propagating
speed. Therefore, from Fig.11, the fracture length
would be larger all the time under a smaller
fracture toughness, given a fracture has been
initiated (i.e. after t=1.73424 s). When the fracture
toughness is low enough (K,. < 0.4 MPasm"?),
the hydraulic fracture still extends forwards even
in the depressurization phase and zero-injection
phase, as shown in Fig.11. It demonstrates that
fracture growth within a lower fracture-toughness
matrix is more difficult to be stunted by the
varying injection rate.

Specifically, the fracture propagation feature
can be divided into four regions using black dotted
lines A, B and C, as shown in Fig.11. Amongst,
the fracture is in a relatively high-speed growth
state at the moment before line A. Moreover,
when K. > 0.8 MPasm®’, in the incipient stage
of the flowback, the fracture can still grow at a

-« -K;c= 1.2 MPa.m"®
——Kj¢= 1.0 MPa.m’®
————— Krc= 0.8 MPa.m®®

Kic= 0.6 MPa.m®? »

-+ -Ko= 0.4 MPa.m® /,/"' -
—— Kjo= 0.2 MPa.m®3| g2

Zero injec-,
ktion—rate phéfse

} Re-injection

Injection pressure (MPa)
- N

s

Depressurizatfon phase

phase

2 I . . .
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Time ¢ (s)
(b)

Fig.10 (a) Fracture mouth width vs time and (b) injection pressure vs time under different fracture toughness (cases

CK1~CK6)
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Fig.11 Fracture length vs time with the increasing frac-
ture toughness for cases CK1~CK6

high speed. The region spans the initial injection
phase and the depressurization phase. If the
moment is between the dashed lines A and B, the
fracture growth rate begins to slow down due to
the flowback function transmitted to the fracture
tip. When K,<0.8 MPasm"”, slow-speed growth
of the fracture crosses three spans including the
depressurization phase, the zero-injection rate
phase, and the re-injection phase. When the injec-
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tion schedule is landed in the BC time interval, the
fracture propagation speed is completely stagnant.
When the injection time reaches the right side of
C, the hydraulic fracture re-enters the high-speed
propagation state again.

If a more efficient stimulation effect is
pursued, reflected by the maximum growth of the
fracture size of each cycle, the starting moment
of the re-injection phase (magenta shadow area)
should be chosen just after the hydraulic fracture
has nearly stopped growing. This provides a new
idea for optimizing the interval time of fracturing
operation by cyclic injection. Considering the
formation with a small fracture toughness can
continuously grow in the depressurization phase
and the zero-injection phase, the time interval for

the re-injection cycle can be properly elongated.

Compared with the hysteretic response
of hydraulic fracture propagation to the cyclic
injection-rate change at a low fracture toughness
Kic; a high fracture toughness promotes more
rapid feedback of fracture extension to the turn of
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Fig.12 (a) The curve of flow rate q vs time t and (b) the product of injection rate q and viscosity p vs the product of q

and T1 for different CIAF sequences S1~S4
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Table 4 The parameters of numerical cases related to injection rate Q and viscosity

Cases G, (MPa) o, (MPa) 1 (Pass) Q, (m’s™) Injection type
CX1 2.8 2.0 0.010 0.0002 CIAF (schedule S1)
CcX2 2.8 2.0 0.005 0.0004 CIAF (schedule S2)
CX3 2.8 2.0 0.010 0.0002 CCI (schedule S0)
CYl1 4.8 2.0 0.010 0.0002 CIAF (schedule S1)
CY2 4.8 2.0 0.0075 0.000267 CIAF (schedule S3)
CY3 4.8 2.0 0.010 0.0002 CCI (schedule S0)
CZ1 6.8 2.0 0.010 0.0002 CIAF (schedule S1)
CZ2 6.8 2.0 0.020 0.0001 CIAF (schedule S4)
CZ3 6.8 2.0 0.010 0.0002 CCI (schedule S0)
Table 5 The CIAF schedule S2 (u=0.005 Paes for CX2)
T,<t<T, T,<t<T, T,<t<T, t>T,
Time t (s)
0~0.126 0.126 ~ 0.195 0.195~0.214 >0.214
i Q Q Q
Flow rate q (m’/s)
4.0x10* -6.4x10™ 0 4.0x10™
Table 6 The CIAF schedule S3 (u=0.0075 Pass for CY2)
T, <t<T, T,<t<T, T,<t<T, t>T;
Time t (s)
0~0.189 0.189 ~0.293 0.293 ~ 0.321 >0.321
i Q Q Q
Flow rate q (m‘/s)
2.67x10™ -4.27x10" 0 2.67x10"
Table 7 The CIAF schedule S4 (u=0.020 Paes for CZ2)
T,<t<T, T,<t<T, T,<t<T, t>T,
Time t (s)
0~0.505 0.505 ~0.780 0.780 ~ 0.855 >0.855
i Q Q Q
Flow rate q (m’/s)
1.0x10™ -1.6x10™ 0 1.0x10™

injection rate. A faster pace of hydraulic fractures
into length stagnation means that the time for
a positive injection rate of each cycle can be
appropriately elongated, and the depressurization
and zero-injection rate phases can be further short-

ened, allowing for CIAF schedule to be optimized
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to achieve a suitable fracture length growth per

injection cycle.

4.3 The product of Injection rate and fluid
viscosity (q°p)

For conventional constant-rate injection
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cases, the fracturing behaviors are functions of
the product of injection rate and fluid viscosity
(q°p) and the cumulative injection volume "
% However, the injection rate of the CIAF is
no longer a constant value. To further explore
whether the previous controlling law still works
or not in CIAF, a series of numerical cases under
different combinations of injection schemes and
fluid viscosities are carried out, as listed in Table 4.
The initial injection flow rate value Q, is used as a
temporary representative for each CIAF schedule,
and four injection schedules are used as shown in
Fig.12. Particularly, the constant rate q=Q,=q0 is
used for conventional continuous injection (CCI)
schedule SO as reference. In those injection sched-
ules, the flowback rates in the depressurization
phase are set to be larger than the initial injection
rate to allow the wellbore pressure drops to zero in
a short time.

Fig.12 (a) The curve of flow rate q vs time
t and (b) the product of injection rate q and
viscosity | vs the product of q and T1 for different
CIAF sequences S1~S4

For the fracturing by CIAF method, the
cumulative injection volume Vt at time t can be

expressed as:

V=2 0(L~-T.)+0,¢~T,) T, <t<T, (9A)
i=1
Where t=T; is the starting time of each
corresponding injection value q = Q;. When it is
injected for the conventional fracturing under a
constant rate (denoted q,), the cumulative injection

volume V, at time t is

Vi=q,t (9B)

The numerical cases given in Table 4 were
divided into three groups according to the in-situ
stress levels. Among them, the in-situ stress o, and
6, of the cases CX1~ CX3, CY1~CY3, CZ1~CZ3

—o—CXl:schedule S1
+—CX2:schedule S2
CX3:schedule SO/ |

Injection pressure (MPa)

-1 L I L

0 0.5 1 1.5 2
v x10" (m?)
Fig.13 The injection pressure P vs the injection volume

V, of the cases CX1, CX2 with the CIAF schedule and
CX3 with the conventional injection schedule

are 2.8 and 2.0 MPa, 4.8 and 2.0 MPa, 6.8 and
2.0 MPa, respectively. In addition, these injection
schedules are deliberately chosen so that the cu-
mulative injection volume Vt for each counterpart
injection phase is the same. Meanwhile, the fluid
viscosity is also consciously set to guarantee the
product of Q;p is the same for the corresponding
phases of those injection schedules, as shown in
Table 4. The CIAF schedules S1, S2, S3, S4 (See
Table 5, Table 6, Table 7) after properly scaled,
can eventually coincide with each other, as shown
in Fig.12(b).

It can be seen from Fig.13 that although the
viscosity and injection rate sequence used by CX1
and CX2 are different, the curves of injection
pressure vs the cumulative injection volume Vt
overlap, each other for these two cases with the
same product qep. This coincidence occurs not
only in the initial injection phase, zero injec-
tion-rate phase, and re-injection phase but also in
the depressurization phase. Therefore, for cyclic
injection with the same qep, the injection pressure
P, can be solely determined by the cumulative

liquid volume Vt. Compared to the conventional
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Fig.14 The injection pressure P vs the injection volume
V, of the cases CY1, CY2 with the CIAF schedule and
CY3 with the conventional injection schedule SO

constant-rate injection case CX3, the injection
pressure P, for two injection cases follows exactly
the curve of CX3 at a subsequent larger time.

We have found the same features for the
group of numerical cases CY1~CY3 with the far-
field stresses of 4.8-2.0MPa in Fig.14, and another
group containing CZ1~CZ3 with the stresses of
6.8-2.0 MPa in Fig.15.

5 Discussion

As a new approach of cyclic injection
fracturing, CIAF has a much higher amplitude of
cyclic pressure compared with conventional CIF
by injection pressure or injection rate. Normally,
cyclic injection under injection-pressure controlled
mode, with very limited cyclic pressure amplitude,
taking granite rock for instance, typically
requires 50 to 150 cycles to initiate wellbore and
create multiple fractures ‘. While the fracturing
experiments using the CIAF method produce
complex hydraulic fractures under no more than
13 cycles according to our previous studies "',
This highlights the strength of CIAF in the field
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Fig.15 The injection pressure P vs the injection volume
V, of the cases CZ1, CZ2 with the CIAF schedule and CZ3
with the conventional injection schedule SO

application.

In the actual CIAF operation for hydrocarbon
reservoirs, the flowback fluid in every injection
cycle can be collected and recycled to frack the
formation in the next injection cycle. The recycled
fluid would save the demand for additional fractur-
ing fluid. Fig.16 illustrates the concept of this new
strategy. In a conventional fracturing operation,
the fracturing fluid is pumped from the fluid tank,
mixed with the proppant by the blender trucks,
which is pressurized by the fracturing truck and
injected into the ground through a high-pressure
manifold. After the fracturing is completed, the
fracturing fluid is depressurized and poured into
the flowback pool. On the basis of the conven-
tional fracturing injection operation, we recollect
the flowback fracturing fluid through a pump, and
mix it with the original fracturing fluid through
the pipeline, then re-inject it into the ground.
Then repeat the above operation and so forth until
almost all the fracturing fluid and flowback fluid
can be injected into the target reservoir in-depth.

Based on the above analysis we performed,
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Fig.16 The field operation sketch of the fracturing method by CIAF

even in the depressurization phase with a flowback
operation, the fracture still grows meanwhile a
significant part of flowback fluid can be collected
and reused for fracturing in the following injection
cycles. Thus, more water can probably be saved. It
is known that hydraulic fracturing for unconven-
tional oil/gas reservoirs consumes a huge amount

of water, which arouses many environmental

concerns > *, How to reduce the need for water
and maximize the efficiency of the fracturing fluid
is still an important issue we need to address.
Based on the suitable growth of the fracture
length in each cycle, the time interval of the cyclic

injection can be optimized.

The advantage of this operation method can
achieve a relative balance between the operational
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efficiency and effect of fracture creation. Moreover,
all the flowback fluid can be reused to generate
new fractures, and finally, almost zero-wastewater
discharge (not flow-back fluid for the last cycle) can
be fulfilled. The process is economic sustainability
and environmentally friendly.

The fracture behavior patterns under CIAF
distinguishing from the conventional continuous
injection provided us with a new view associated
with the cyclic injection. Note that in the CIAF, a
fast flowback operation renders a higher internal
fracture pressure. This feature is expected to be
beneficial for the generation of multi-fracture
in real formation, given the formation involves
natural fractures and weak layers such as in shale
formations. Cyclic injection fracturing involves
the rock strength deterioration subject to the cyclic
hydraulic pressure and cleavage of subcritical
cracks. Considering its prohibitive complexity,
this paper does not include this part of the study.

6 Conclusions

In this paper, a cyclic fracturing method using
the CIAF method with high fracture-creating
efficiency and environmental sustainability is
proposed. It is implemented by collecting the
flowback fluid for secondary utilization and re-in-
jecting it into formation to create new fractures
in the subsequent cycles. In our numerical study,
using the displacement discontinuity method
(DDM), the analysis of hydraulic fracture growth
of different phases of CIAF and related parametric
studies including fracture internal pressure, frac-
ture width, and injection pressure is performed.

The conclusions are as follows:

(1) In the depressurization phase by flowback,
the fracture still continues to extend, and the
fracture mouth closes faster as the wellbore
pressure drops to the lowest point. In the zero
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injection-rate phase, due to the closure of the
fracture mouth, a part of the liquid is sealed inside
the fracture with the internal pressure rising under
the confined compression of the surrounding rock
matrix. The fast flowback provides an impetus for
the rising of the internal pressure of the fracture
accompanied by the fracture’s continuous growth.
As to the re-injection phase, there is a trough of
the internal pressure of the fracture. The location
of the trough pressure moves from the wellbore to
the fracture tip until the fracture growth resumes.
Even deep inside the fracture, the pressure loading
on the fracture surface is in a cyclic variation state
with a comparable amplitude in contrast with the
injection pressure amplitude.

(2) When subject to different in situ stresses,
a smaller stress difference with the same minimum
stress is accompanied by a narrower fracture
mouth width. Except for the slight difference
in the primary fracture initiation moment, the
fracture extension over time tends to be insensitive
to the in-situ stress. The fracture mouth width is
insensitive to the fracture toughness. The higher
fracture toughness often renders a slightly higher
injection pressure. Smaller fracture toughness can
promote the faster growth speed of the fracture,
but get more difficult to be stunted fracture
extension even in the depressurization and zero

injection rate phases.

(3) The curves of the injection pressure P,
vs the cumulative injection volume Vt coincide
with each other through the whole cycle injection
process under the same corresponding product
of the flow rate and the fluid viscosity Q;su. The
injection pressure curve P, vs Vt after cyclic
injection segment also follows exactly the curve
of constant-rate injection case at subsequent
large time. The cumulative injection volume Vt
thus becomes an important factor to characterize

fracturing behavior under cyclic injection, instead
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of the injection time.

In this numerical model, solid rock is regarded
as a homogeneous material. based on the numerical
results, it is expected that natural fissures in the rock
may be activated to the maximum degree under
cyclic injection, and then initiated to form complex
fractures. This is because that rock is a natural
material with many micro-cracks and defects. This
will be our future work for the next step.
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