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Abstract

We compare numerical predictions of the initiation and propagation of radial fluid-driven
fractures with laboratory experiments performed in different low permeability materi-

als (PMMA, cement). In particular, we choose experiments where the time evolution of
several quantities (fracture width, radius, wellbore pressure) were accurately measured
and for which the material and injection parameters were known precisely. Via a dimen-
sional analysis, we discuss in detail the different physical phenomena governing the ini-
tiation and early stage of growth of radial hydraulic fractures from a notched wellbore.
The scaling analysis notably clarifies the occurence of different regimes of propagation
depending on the injection rate, system compliance, material parameters, wellbore and
initial notch sizes. In particular, the comparisons presented here provide a clear evidence
of the difference between the wellbore pressure at which a fracture initiates and the max-
imum pressure recorded during a test (also known as the breakdown pressure). The scal-
ing analysis identifies the dimensionless numbers governing the strong fluid-solid effects
at the early stage of growth, which are responsible for the continuous increase of the well-
bore pressure after the initiation of the fracture. Our analysis provides a simple way to
quantify these early time effects for any given laboratory or field configuration. The good
agreement between theoretical predictions and experiments also validates the current state
of the art hydraulic fracture mechanics models, at least for the simple fracture geome-

try investigated here.

1 Introduction

The propagation of hydraulic fractures has received continuous attention since the
pioneering work of Khristianovic and Zheltov [1955]; Hubbert and Willis [1957]; Geertsma
and De Klerk [1969]. The combination of elasticity, linear elastic fracture mechanics and
lubrication flow inside the fracture yields a stiff non-linear system of equations for the
time evolution of fracture extent, width and fluid pressure distribution in the fracture.

It is only over the past three decades that a better understanding of the multi-scale na-
ture of hydraulic fracture propagation has emerged [Spence and Sharp, 1985; Lister, 1990;
Desroches et al., 1994; Lenoach, 1995; Garagash and Detournay, 2000; Garagash et al.,
2011], highlighting the difficulty of obtaining accurate numerical solutions. Analytical

or semi-analytical solutions have also been obtained for some particular fracture geome-

tries (radial, plane-strain) in some limiting cases where one mechanism dominates the
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dissipation of energy during the propagation (resistance to viscous fluid flow, or creation

of new fracture surface for example) - see Detournay [2016] for a review.

In parallel, many experimental investigations have also been carried out since the
late 1950s [see e.g. Hubbert and Willis, 1957], although proper measurements of fracture
extent and width distribution versus time are absent from early contributions, which typ-
ically only report borehole pressure versus time and the fracture geometry at the end of
the test. The use of transparent materials have enabled measurements of both fracture
extent and spatial width distribution during fracture growth. Such experiments have al-
lowed complete comparisons with theoretical predictions, see Bunger and Detournay [2008];
Bunger et al. [2013] for experiments in glass and PMMA, or the recent experiments of
Lai et al. [2015] in hydrogel. In the case of experiments performed in rocks or other opaque
materials, the evolution of the fracture extent can be obtained from ultrasonic measure-
ments. Using acoustic plane-wave reflection, it is also possible to measure fracture width
[Medlin and Masse, 1984; Groenenboom and Fokkema, 1998], see also Kovalyshen et al.
[2014] for a comparison between ultrasonic and optical methods for the measurement of
fracture width. Passive acoustic emission monitoring is also often used for monitoring
hydraulic fracture growth at the laboratory scale (see Lockner and Byerlee [1977); Stan-
chits et al. [2015] among many others), providing an indirect measurement of the evo-
lution of the fracture extent. Little in-depth comparisons between theoretical predictions
and experiments have been reported so-far for non-transparent materials. Moreover, most
of the comparisons between experiments and theory have focused solely on the propa-
gation stage and neglected the transient effects associated with hydraulic fracture ini-
tiation from the wellbore, which may be dominant at the laboratory scale in some cases

[Bunger et al., 2005; Lhomme et al., 2005].

The goal of this paper is to compare hydraulic fracturing laboratory experiments
performed in different tight materials (PMMA, cement) with theoretical predictions from
a numerical solution of the governing equations of hydraulic fracture mechanics, includ-
ing fracture initiation from a finite size wellbore. We focus solely on transverse radial

hydraulic fractures initiating from a radial notch at the wellbore wall and propagating

in an isotropic material, as depicted in Figure 1. Such a geometry is the simplest one amenable

to precise experimental investigations while exhibiting all the coupled non-linear effects
associated with hydraulic fracture initiation and propagation. With respect to field ap-

plications, it corresponds to a vertical fracture transverse to a horizontal wellbore: a con-
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figuration which is different from the typical bi-wing vertical fracture from an un-cemented
vertical wellbore. It is important to note that we assume fracture initiation to occur from
an initial defect, i.e. the onset of propagation (not just opening) of that defect. Nucle-
ation of a fracture from an initially defect free material can be investigated using the con-
cepts of finite fracture mechanics (e.g. Leguillon [2002]; Cornetti et al. [2006]) or via co-
hesive zone models (e.g. Lecampion [2012a]). However, in practice, due to the drilling

or perforation process, defects are always present at the wellbore wall, such that assum-
ing that a hydraulic fracture initiates from a pre-existing defect is realistic. Extension

of the present model to fracture initiation in a defect free material is deferred to a sub-
sequent contribution (see Lecampion [2012b] for the case of a plane-strain hydraulic frac-

ture nucleating from a wellbore).

In this paper, we highlight different effects associated with fracture initiation, such
as the influence of the well pressurization rate (i.e. injection rate and system compliance),
fluid viscosity, initial notch size and their influence on the early stage of hydraulic frac-
ture growth. We use dimensional analysis to describe the different time- and length-scales
associated with these different phenomena. We notably pay attention to the difference
between the initiation pressure (the wellbore pressure at which the fracture initiates) and
the breakdown pressure (a misnomer which simply corresponds to the maximum pres-
sure recorded during an injection test). This difference stems from the strong viscous ef-
fects at play during wellbore pressurization, fracture initiation and early propagation (i.e.
fluid entrance in the newly created fracture). It has been observed on a number of ex-
periments [ Weijers, 1995; Zhao et al., 1996; Stanchits et al., 2013] and discussed theo-
retically for plane-strain conditions [Detournay and Carbonell, 1997; Lakirouhani et al.,
2016]. We will clarify which dimensionless parameters control the difference between the

fracture initiation pressure and the maximum pressure.

We first briefly review the governing equations of hydraulic fracture mechanics, high-
lighting the importance of the wellbore and injection system at initiation and during the
early stage of fracture growth. We restrict ourselves to linear elastic fracture mechan-
ics and only slightly permeable materials where fluid leak-off -if any- can be approximated
by a one dimensional diffusion process perpendicular to the fracture faces. Using dimen-
sional analysis, we define the transitions between early-time propagation regimes (affected
by the injection system and the finite wellbore size) and late-time propagation regimes

(where the hydraulic fracture propagates as in an infinite medium under a constant in-
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Figure 1. a) Sketch of the experimental configuration of a radial fracture transverse to a
wellbore of radius a in a block under compressive stresses (0, < 01 < 02). b) corresponding ax-
isymmetric model. The fracture initiates from an axisymmetric notch of depth ¢, perpendicular

to the minimum far-field stress o,.

jection rate). We then perform an in-depth comparison of theoretical predictions with
three experiments performed in different materials under two different types of propa-

gation regime (toughness or viscosity dominated).

2 Hydraulic fracture mechanics

We restrict our discussion to a planar radial hydraulic fracture initiating transversely
to a wellbore of radius a from an initial axisymmetric notch of extent ¢, transverse from
the borehole wall, normal to the in-situ minimum stress (see Fig. 1). Modeling of hy-
draulic fracture initiation and propagation combines the elastic deformation of the ma-
terial, fluid flow within the created fracture under the hypothesis of lubrication theory,
leak-off from the fracture faces and the linear elastic fracture mechanics propagation con-
dition. We briefly recall the governing equations of the problem, allowing for the pos-
sible existence of a fluid lag at the fracture tip. We also pay particular attention to the
fluid compressibility in the injection line which turns out to have a strong effect during

the early stage of growth.
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2.1 Governing equations

For a strictly opening mode axisymmetric fracture, the elasticity equations reduce
to the following boundary integral equation relating fracture width w and the normal

net loading p = py—o, (net pressure) acting on the fracture plane (see e.g.Hills et al.

[1996)):

' R(®) wb ! ow !
pf(r)—o,=p=2F g (nr;a)%dr (1)

where E' = E/(1—v?) is the plane strain Young’s modulus. The kernel E’x g®*(r, ')
represents the stress component normal to the fracture plane at r induced by a unit ax-
isymmetric dislocation ring of radius 7 around a cylindrical cavity of radius a. Its ex-
pression is given in Keer et al. [1977] in terms of Hankel transform - note that it depends
weakly on the material Poisson’s ratio, see also Lecampion and Desroches [2015] for dis-
cussion on the weak effect of the finite wellbore. For such a configuration of a transverse
axisymmetric fracture from a cemented wellbore, it is important to note that the stress
concentration induced by wellbore pressurization does not play any significant role on
the elastic equation (1). This is a notable difference with the more classical case of the
initiation of a longitudinal fracture from an un-cemented well [e.g. Haimson and Fairhust,
1967; Lecampion, 2012b; Lakirouhani et al., 2016]. The most classical occurence being

the case of a vertical fracture in a vertical well under a normal stress regime.

Under the assumption of a slightly compressible liquid of compressibility cy, the
width averaged mass conservation in the fracture reduces to the following continuity equa-

tion in axi-symmetry:

ow Opy
FRErT

50 +%ﬁw@+mmo:o (2)

or

for r € [a, Rf] , where Ry denotes the boundary of the fluid filled region of the frac-
ture. The fluid compressibility term wcy0ps/0t is typically much smaller than the width
variation term Ow/dt (see Appendix A: for details) and will be subsequently neglected.
The leak-off rate from the fractures faces g; is modelled here via the early-time solution

of the 1D linear diffusion equation perpendicular to the fracture face (Carter’s leak-off
model as discussed in Howard and Fast [1957]). Such an approximation is valid for tight
rocks and a sufficiently short injection duration (see e.g. Kovalyshen and Detournay [2013]

for a complete discussion):
C/

"= e
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where t,(r) is the time at which the fluid front has reached the radius r; t —¢, is thus
the exposure time of the fracture faces to the fracturing fluid at a given location r and
C' =20}, where Oy, is Carter’s leak-off coefficient (and the factor two stems from the
fact that fluid leaks off from the two opposite faces of the created fracture). Note that,
for some limiting cases, the exact value of C';, can be derived from rock and fluid param-
eters. However, in the more general case, the value of C, is a lumped parameter whose

value is determined experimentally (see Smith and Montgomery [2015]).

Under the lubrication approximation, the fluid flow inside a fracture is approximated

locally as the steady-state fully-developed pressure driven flow between two parallel plates.

The width-averaged balance of momentum under these approximations reduces to Poiseuille’s

law [see e.g. Batchelor, 1967] which relates the local fluid flux ¢ = w V' to the local pres-
sure gradient

w? Opy

q:—jﬁ 3)

where ' = 12uy, py is the fracturing fluid viscosity and V is the fluid velocity.

In the case of the presence of a fluid lag, the fluid pressure in the lag zone is uni-
form and equal to the fluid cavitation pressure p.q.,, which is typically negligible com-
pared to the in-situ confining stress o, [Garagash and Detournay, 2000; Garagash, 2006],
such that:

pr—oo=p=—0, forre[Rs(t), R(t)]. (4)

The Stefan condition at the boundary between the fluid front and the lag r = R(t)

reads
dRy _ w?py

1 W or at r = Ry (5)

The boundary condition at the fracture inlet at the wellbore wall is:

2maq(r = a,t) = Qin(t) (6)

where @Q;,, is the flow rate entering the fracture at time ¢, which results from the inter-
action of the flow in the fracture with the flow in the injection system (injection line and
wellbore) as will be discussed shortly. A local fluid pressure drop term at r = a is some-
times used to account for entry pressure losses through geometrical restrictions not ex-
plicitly modeled at the fracture/wellbore junction. It is, for example, the case in-situ,
when the junction between the cemented well and the fracture is achieved via perfora-

tions. In laboratory experiments, when using a radial notch as depicted in Fig.1, such
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a junction is usually smooth and one can assume that the fluid pressure is continous at

r=a.

The fracture is assumed to propagate under quasi-static equilibrium in opening mode,
such that the stress intensity factor K equals the material fracture toughness Ky, once
the fracture has initiated:

K; = Ky, (7)

We estimate the stress intensity factor from the linear elastic fracture tip asymptote for
width (e.g. Rice [1968]):

2K
T E’

w ~

VR—=r R-r<l1 (8)

Initiation of the hydraulic fracture will thus occur when the stress intensity factor reaches
K. and the hydraulic fracture will subsquently propagate under quasi-static equilibrium
32
K; = Kj. at all time. For simplicity of notation, we will use K/ = — K. in the
s

remainder of the paper.

Fluid flow in the injection system The integration of the fluid mass balance over
the whole injection system (of volume Vj,,;), i.e. between the pump and the fracture in-
let gives:

Qin = Qo — U% 9)
where U ( dimensions [m?/Pa]) is the total injection system compliance. It is mostly gov-
erned by fluid compressibility U ~ c;V;,; where Vj;,; is the total volume of the injec-
tion system, but deformation of the wellbore and injection lines may also play a role. Prior
to fracture initiation, the flow rate entering the fracture @Q;, is negligible, which for a con-
stant injection rate @), results in a linear pressurization rate Opy/0t = (Q,/U). The
injection system compliance U can thus be directly obtained from the slope of the pres-
surization phase (prior to fracture initiation) knowing @,. One can alternatively use ei-
ther U or Q,/U to quantify the effect associated with the storage of fluid in the injec-
tion system prior to fracture initiation, but we settle for the injection system compliance
U. After fracture initiation, due to the fluid viscous resistance, the fluid pressure in the
wellbore may continue to rise while the entering flow rate slowly increases. After break-
down (i.e. maximum pressure), the amount of fluid stored by compressibility during the
pressurization phase will enter the fracture such that the flow rate entering the fracture
Qi will temporaly exceed the pump rate Q,. Once this transient associated with early

time growth vanishes, the entering flow rate @); tends to the injection rate Q.
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For sufficiently long wellbores such as those typically used in the oil and gas indus-
try, a significant pressure drop from fluid friction necessarily occurs along the length of
the well. This is typically not the case in the laboratory where the injection system is
short enough. However, in some cases, either on purpose (e.g. placing a needle valve in
the flow line) or because of the presence of a measurement device in the wellbore (e.g.
for measuring the width), a local pressure drop actually takes place. This is the case for
two of the experiments reported here (PGMY8 and COV12c), for which we have accounted
explicitely for such a frictional drop. This is done by modeling the complete fluid flow
in the wellbore, accounting for local friction if necessary, in conjunction with hydraulic
fracture initiation and propagation (see Lecampion and Desroches [2015] for more de-
tails), a coupling which is necessary for field configurations (long wellbore, significant pipe

friction, presence of perforations, etc.).

2.2 Numerical Solution

Although semi-analytical solutions exist for some limiting cases [Savitski and De-
tournay, 2002], there is no solution available for the complete transition from initiation
to the late stage of propagation. In the following, we therefore use a numerical model
recently developed [Lecampion and Desroches, 2015] solving the set of equations previ-
ously described for the initiation and propagation of a radial hydraulic fracture from a
wellbore. This numerical simulator is based on a fixed grid and an implicit time-stepping
scheme. The elasticity is solved using the displacement discontinuity method, while fluid
flow is discretized via finite volume. The resulting non-linear system of equations (for
a trial value of the new position of the fracture front) is solved using fixed-point itera-
tions. In that numerical model, the presence of a fluid lag is not taken into account ex-
plicitly: the fluid pressure is allowed to be lower than the cavitation pressure. The evo-
lution of the fracture front during one time-step is obtained via the implicit level set al-
gorithm first proposed by Peirce and Detournay [2008], see also Detournay and Peirce
[2014]. Such a scheme is based on the complete tip asymptotic solution for a steadily mov-
ing hydraulic fracture [Garagash and Detournay, 2000; Garagash et al., 2011]. More de-
tails on the numerical scheme - including the effect of wellbore flow and compressibility-
can be found in Lecampion and Desroches [2015], where the case of multiple radial hy-
draulic fractures initiating transverse to the wellbore is also treated. This numerical sim-

ulator has been validated against a number of available reference solutions [Savitski and
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Detournay, 2002; Madyarova, 2003] and compared to a previous contribution based on

a different propagation scheme [Abbas and Lecampion, 2013].

2.3 Regimes of propagation

Initiation and propagation of a hydraulic fracture is a highly non-linear moving bound-
ary problem governed by a series of physical mechanisms (elasticity, fracture mechan-
ics, fluid flow, leak-off). The response of the system can vary widely depending on which
of these effects dominates (or not) over the others. Scaling and dimensional analysis are
of utmost importance to properly understand the different limiting regimes of propaga-
tion. Scaling also allows design of laboratory experiments that are relevant with respect
to field conditions. The complete dimensional analysis is presented in Appendix A: and

a Mathematica notebook is given in the Supplementary Materials for completeness.

2.3.1 Infinite medium - constant entering flow rate

The case of a radial hydraulic fracture propagating in an infinite medium (with-
out wellbore, i.e. a = 0) under constant injection rate (limiting case where U = 0 and
Qin = Q, as a result of eq.(9)) has been thoroughly studied [Geertsma and De Klerk,
1969; Abé€ et al., 1976; Cleary and Wong, 1985; Savitski and Detournay, 2002; Madyarova,
2003]. In particular, the propagation of such a radial hydraulic fracture has been shown
to transition from a viscosity dominated regime of propagation at early time to a tough-
ness regime of propagation at large time. This can be understood intuitively as the en-
ergy spent in creating an increment of fracture surface becomes larger as the fracture perime-
ter (2rR) increases. Fracture energy (toughness) therefore dominates the propagation
of radial hydraulic fractures at large time. On the other hand for small fracture radius/early
time, viscous flow dissipation is the main dissipative mechanism and controls the hydraulic

fracture propagation. A dimensionless toughness K = (t/ tmk)l/ 9 governs the transi-
E/13/2Qg/2M/37L%

tion from the viscosity to the toughness dominated regime with time and ¢, = 7

is the transition time-scale between these two regimes. The toughness regime of prop-
agation is reached when K > 3.5 [Savitski and Detournay, 2002]. In the presence of fluid
leak-off, another time-scale enters the problem (see Madyarova [2003] for details), a sit-
uation that is not dominant in the experiments reported here, which were carried out

in materials where leak-off is either null or small. We therefore neglect leak-off in this

discussion.

—10—
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As investigated previously [Garagash and Detournay, 2000; Garagash, 2006], fluid
cavitation induced by suction can occur at the fracture tip which results in a region filled
with vapour (commonly referred to as a fluid lag) between the fracture tip and the fluid
front. Such a fluid lag has been observed experimentally, [Medlin and Masse, 1984; Bunger
and Detournay, 2008] among others. The occurrence of a fluid lag is intrinsically related
to a strong pressure gradient within the fracture, such that no fluid lag exists in the limit
of large dimensionless toughness. For radial hydraulic fractures, an additional time-scale

12,1

tom = 3 controls the time of coalescence of the fluid and fracture fronts, which oc-
OO

curs for t & t,,,, [Bunger and Detournay, 2007; Lecampion and Detournay, 2007]. The
importance of fluid lag therefore vanishes in the case of a large in-situ stress o, (e.g. for

large depth from the earth surface).

The propagation of a radial hydraulic fracture in an infinite medium (with small
leak-off) evolves from a regime where a fluid lag is significant, transitions to the viscos-
ity dominated regime as the fluid lag and fracture tip coalesce and ultimately reaches
the toughness regime of propagation at later times. Such an evolution between these dif-
ferent regimes can be grasped via a triangular propagation diagram (face O-M—K in Fig.2a)
where each vertex corresponds to a limiting propagation regime: i) O lag dominated, ii)
M viscosity dominated, iii) K toughness dominated. The exact nature of the evolution
from the O vertex to the K vertex depends on the ratio ¢ of the two transition time-scales

tmi (from viscosity to toughness regimes) and ¢, (for the disappearance of the fluid lag):

E'3/2Q<1)/2M/1/200 3
77[1 = tmk/tom = K3 .

(10)

In the limit of zero ¢, the toughness regime of propagation is immediately reached
(vertex K on Fig.2a), while for large ¢ there is a clear distinction between coalescence
of the fluid lag and fracture tip (transition from the O to M vertex in Fig. 2a) and tran-

sition from viscosity to toughness dominated propagation (vertex M to K).

2.3.2 Initiation from the wellbore - compressibility effects

Initiation from a radial notch at the wellbore wall introduces additional mechanisms
that affect hydraulic fracture initiation and the early stage of growth. Prior to fracture
initiation, as the wellbore pressure linearly increases under a constant pump injection
rate, most of the fluid is stored by compressibility in the injection line/wellbore while

a very small amount infiltrates the initial defect. The relative amount of fluid entering

—11—-
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a) Infinite medium - constant entering flow rate b) Initiation from the wellbore - compressibility effects
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Figure 2. a) A diagram describing the evolution of a radial hydraulic fracture
propagating in an infinite elastic impermeable medium driven by a constant enter-
ing flow rate (Adapted from Bunger [2005]). The hydraulic fracture evolves from
the O vertex, where a fluid lag is significant, to the K vertex (toughness dominated
regime) if the injection duration is long enough. As the hydraulic fracture devel-
ops, if will follow a different trajectory from O to K depending on the ratio of time
scales: if t,,r < tom (¥ < 1) the fracture will follow a path going directly from O to
K, whereas if t,r > tom (¥ > 1), it will follow a trajectory that will pass through
the M vertex (viscous dominated regime).

b) When initiating from a wellbore, if the compliance of the injection system is
significant, the entering flow rate is not initially constant. A new diagram can be
drawn with a similar notation with a ~ to indicate the compressibility related propa-
gation regimes. The fracture will then start from the O vertex (lag-dominated), end
in the K vertex (toughness dominated), and depending on the ratio of time scales
t:.i/tom, the fracture will show a path going through a viscosity-dominated regime

represented by M or not.
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the fracture compared to the amount stored in the wellbore depends notably on the fluid
viscosity and the injection system compliance. A lower viscosity of the fracturing fluid
results in better fluid penetration and a more uniform pressurization of the initial de-
fect compared to larger viscosity for a similar pump rate. As a result the wellbore pres-
sure at which fracture initiation occurs (i.e. the wellbore pressure for which the critical
stress intensity factor at the tip of the initial defect is reached) is lower for a low viscos-
ity fluid compared to a more viscous one - as it is easier to initiate an edge fracture uni-
formly loaded compared to one loaded just at its inlet. This effect was discussed in de-
tail in Garagash and Detournay [1997] for a plane-strain configuration although the au-
thors confuse the initiation pressure with the breakdown pressure. The breakdown pres-
sure, which is practically defined as the maximum pressure recorded, can be notably higher
than the initiation pressure [Zhao et al., 1996; Detournay and Carbonell, 1997]. Indeed,
after fracture initiation, fluid penetrates the newly created fracture more or less easily
depending on its viscosity and the rate of injection. The wellbore pressure continues to
rise up to a maximum (breakdown). The volume of fluid stored by compressibility prior
to breakdown is then released and enters the fracture. The flow rate Q;,,(¢) entering the
fracture -which is initially zero- thus temporarily exceeds the pump injection rate be-
fore tending to the pump rate @, at large time. The duration and intensity of this ef-
fect depends mainly on fluid viscosity, system compliance and material parameters. For
the case of large fluid viscosity/injection rate, it is also important to note that suction
occurs within the deformable fracture so that a fluid lag can appear in the defect even

prior to fracture initiation [Garagash and Detournay, 1997].

At early time, when the injection system compliance has a major effect, the hy-
draulic fracture initiation and propagation can be shown to start from a regime where
a fluid lag is present, transition to a viscosity/compressibility dominated regime and then
toward a toughness/compressibility regime. This is somehow similar to the case of prop-
agation in an infinite medium under a constant injection rate. The main difference stems
from the fact that the rate entering the fracture is not constant due to the release of fluid
stored by compressibility prior to breakdown. This early-time evolution can also be de-

picted in a triangular diagram (face O-M-K on Fig.2b) where each vertex corresponds

to a limiting propagation regime: i) O lag-compressibility dominated, ii) M viscosity-compressibility

dominated, iii) K toughness-compressibility dominated.) The disappearance of the fluid

lag is governed by the same time-scale t,,, as the case of propagation in an infinite medium
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under constant injection rate. The transition from the early-time compressibility/viscosity

to the early time compressibility /toughness regime is, however, governed by a different
E/5/2 U1/2MI

time-scale: ¢, = —xB

pliance. The wellbore radius a and initial notch length £, also play a role at early time,

, which depends notably on the injection system com-

especially on the value of the fracture initiation pressure. Their influence is captured by
their ratio with a lengthscale (E'U)'/3 associated with the release of the fluid stored dur-
ing the wellbore pressurization prior to initiation: £ = ¢,/(E'U)'/3 and A = a/(E'U)'/3.
It is important to note that such a compressibility lengthscale (E'U )1/ 3 is typically larger
than both the initial defect length ¢, and the wellbore radius a (£ < 1 and A < 1) in
most practical situations as E'U ~ E'cyV;n; &~ O(1019Pa) x O(1071°Pa=1) x Vi, ~
Vin; (where Vj,; denotes the volume of the injection line). This indicates that the com-
pressibility effect and the associated release of fluid after breakdown typically dominates

the early stage of growth of a radial hydraulic fracture.

2.3.3 Transition towards the infinite medium - constant entering flow

rate regime

The complete evolution of a radial hydraulic fracture from initiation to the late stage
of propagation can be schematically grasped via the diagram of Fig.3, where the O-M-
K face corresponds to the early-time / compressibility dominated regimes and the O-M-
K corresponds to the case of a constant injection in an infinite medium which is reached

for time larger than ¢ . ;, i.e. after the transient associated with fracture initiation has

k>
died out. The transition time-scales between the different propagation regimes are listed

in Table 1 (see also Appendix A: for details). We choose to capture the transition from
the early time initiation/compressibility to the late time/ constant injection regimes of
propagation via the ratio of the corresponding viscosity to toughness transition time-scales:

E’4Q3/2,u’3/2
X =tk /o, = ~Jospie (11)

A radial hydraulic fracture always start its life where fluid lag and compressibil-
ity dominate (vertex O in Fig.3) and evolves ultimately toward the toughness regime of
propagation under constant injection rate (vertex K in Fig.3). The complete evolution
depends on the ratios of time-scales ¢ = tyx/tom and x = tmi/t,.; as well as the ra-

tios of characteristic length scales £ = £,/(E'U)'Y/? and A = a/(E'U)'/3, where (E'U)'/3
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K/U5/6
T B, = X" Pt
1/2 3
B . . B E/3/2Qo/ M/l/QUo
¢ - mk/ om - K,3
4 5/2 13/2
% — tmk/t*;; — M
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Table 1. Transition time-scales between limiting propagation regimes as function of
problem parameters (e.g. tom represents the transition time between vertex O and
vertex M). These time-scales can all be expressed for example via the dimensionless
ratios ¥, x and the characteristic time-scale t,,, of transition between viscosity and
toughness dominated regime in an infinite medium with a constant entering flow

rate.

is the characteristic lengthscale associated with the released of the volume of fluid stored

during wellbore pressurization prior to breakdown.

It is worth noting that, in the limit of an inviscid fluid (zero viscosity) / large tough-
ness, the viscosity-toughness transition time-scales ¢ ; and t,,; tend to zero. In that par-
ticular toughness dominated case, the transient effect associated with fracture initiation
and breakdown vanishes instantaneously and the propagation takes place directly in the
toughnness dominated regime (K vertex in Fig.3). Such a vanishing transient effect is
associated with the sudden release of fluid stored by compressibility prior to breakdown
and results in an instability (see Lhomme et al. [2005] for the complete analytical solu-
tion for that limiting case). In all the other cases where fluid viscosity is non-zero, the

solution evolves smoothly.
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Figure 3. Schematic evolution of the initiation and propagation of radial hydraulic
fracture from a wellbore in dimensionless space. Each vertex corresponds to a limit-
ing propagation regime. At early time, the solution is governed by the near-wellbore
injection transient (O - M - K face) and evolves toward the constant injection rate
propagation in an infinite medium solution at later time (O — M - K face). More
precisely, the solution starts in the O vertex (fluid lag / compressibility dominated)

and ends in the K vertex (toughness dominated). Beside the ratio of time-scales

13/21/2, 11/2 14.3/2 13/2
¥ = bk ftom = <EQKMU> and X = fuk/tpy = Cooe o the solution also
depends on two ratios of length scales A = a/ (E"U)l/3 (dimensionless wellbore

radius) and £ =4,/ (E’U)l/3 (dimensionless initial notch).

—16—



Qo (m*/s) py (Pas) | x W g (8) ik (9)

1 1072 1073 199 55.410°  0.0209 4.15

2 107° 1 199  55.410° 209  4.1510%

3 1075 1073 0.0063 1.75 0.0209 1.31074
428 Table 2. Injection rate, fluid viscosity, dimensionless numbers and characteristic time-scales of
429 the three simulations (the values of the other parameters are listed in the text).
a7 2.4 TIllustrating examples
418 In order to illustrate the different possible trajectories depicted in the schematic
419 propagation diagram of Fig.3, we perform numerical simulations varying the fracturing
420 fluid viscosity and injection rate while keeping the other parameters constant. By do-
21 ing so, we will span different values of y, ¥ and governing time-scales. For these simu-
a2 lations, we use the following values of parameters: plane strain elastic Young’s modu-

2 lus E' = 20GPa, fracture toughness K. = 1MPay/m, minimum in-situ stress o, = 40MPa,
a2 wellbore radius a = 2.7 cm, system compliance U = 10~ ?Pa~'m? and initial defect

425 length ¢, = 2.7 mm. The dimensionless wellbore radius A = 0.1 and initial defect length

426 £ = 0.01 thus do not change in these simulations (their effect on the maximum pres-

a7 sure is discussed in section 4).

430 We perform three different simulations (denoted 1, 2 and 3). Table 2 summarizes

31 the different injection rates and fluid viscosities for these simulations as well as the re-

32 sulting dimensionless numbers and characteristic time-scales. The first simulation cor-

433 responds to an industrial "field” configuration (e.g. a slickwater hydraulic fracturing reser-
434 voir stimulation treatment) with a large injection rate and a water-like fluid viscosity:

435 Qo = 107?m?3/s, uy = 10~3Pa.s. The second and third simulations mimick the case

436 of an injection with a much lower injection rate (e.g. for a diagnostic test) (Q, = 107°m3/s).
ax The second simulation is performed with a very viscous fluid (¢ = 1Pa.s) while the

438 third one uses again a water-like viscosity (uy = 1073Pa.s). Simulations 1 and 2 ac-

230 tually have exactly the same values for the time-scales ratio y = 199 and v = 55.4103:

240 the larger viscosity used in simulation 2 compensates for its smaller injection rate. These
a1 simulations (1 and 2) correspond schematically to the blue trajectory depicted in the prop-
w2 agation diagram of Fig.3 where the solution transition to the viscosity dominated regime
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after the initiation transient. The third simulation has much lower values for x = 0.0063
and ¢ = 1.75 (viscosity of water with a low injection rate). It corresponds schemati-
cally to the red trajectory depicted on Fig.3 where the toughness dominated regime is

reached directly after initiation - bypassing the viscosity dominated regime.

Figure 4 displays the time evolution of the dimensional and dimensionless (using
the toughness-compressibility scaling K, see Appendix A: ) wellbore pressure, entering
flow rate and fracture radius for these three cases. It is worthwhile to point out that, when
proprely rescaled, simulations 1 and 2 are completely indistinguishable (up to numer-
ical errors). This is expected as they correspond to the exact same values of the dimen-

sionless evolution parameters x and .

The third simulation exhibits a very different behaviour eventhough it differs from
simulation 1 only by its lower injection rate and from simulation 2 only by its lower value
of fluid viscosity. The maximum pressure (breakdown) for simulation 3 is close to 10 MPa
lower than for simulation 1 and 2 (see Fig.4a). This example highlights the strong ef-
fect of fluid viscosity on the early stage transient associated with hydraulic fracture ini-
tiation. The release of fluid stored during pressurization occurs over a shorter period for
simulation 3 and the overshoot of the entering flow rate above the pump rate is about

two orders of magnitude larger (see Fig.4c, d).

The profile of dimensionless net pressure at breakdown (maximum pressure) and
at about 5.4t ; after breakdown are displayed for these three simulations on Fig.5. The
dimensionless values are of course exactly similar for simulations 1 and 2 (same x and
¥). It is interesting to note that at breakdown, the pressure is already more uniform for
simulation 3 while the gradient is steeper for simulations 1 and 2. After the transient as-
sociated with fracture initiation has died out (i.e. ~ 5.4t ; after breakdown), the pres-
sure profiles are very different in the two cases. For large x and ¢ (simulations 1,2), the
pressure profile is strongly non-uniform and exhibits a strong gradient at the fracture
tip, typical of viscosity dominated fractures [Detournay, 2016]. On the contrary, the pres-
sure is nearly uniform for the case of small y and v (simulation 3) which corresponds

to the case of a hydraulic fracture propagating in the toughness dominated regime.

Even though we have emphasized for the sake of discussion the case of small ver-
sus large viscosity / injection rate (for the same other parameters), the derived scalings

do capture the dependency of the evolution of the hydraulic fracture propagation on all
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Figure 4. Time evolution of wellbore (fluid) pressure (a-dimensional, b-dimensionless),
entering flow rate (c-dimensional, d-dimensionless) and fracture radius (e-dimensional, f-
dimensionless) for three simulations with different injection rate and fluid viscosity. Simulations
1(Qo = 1072m?/s, uy = 10 %Pa.s) and 2 (Q, = 10~°m?/s, uy = 1Pa.s) have the same di-
mensionless evolution parameters x = 199, ¢ = 55.410°. These cases are viscosity dominated
during the whole duration of the simulation. Simulation 3 (Q, = 107°m?/s, uy = 107 3Pa.s) has

x = 0.0063,1 = 1.75 and ends up being toughness dominated from early on.
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Figure 5. Dimensionless net pressure (pf — 0,) profiles at breakdown and about 5.4¢ ; af-

ter breakdown (after initiation transient) for simulations 1-3. Stronger net pressure gradient are
typical of viscosity dominated hydraulic fractures while a uniform net pressure is typical of a

toughness dominated propagation.

parameters. Note also that other choices of ratios of time-scales or lengthscales are pos-
sible to describe the evolution of the propagation (see Appendix A: for details), but we
have found , 1, £ and A to be the most convenient in practice. With the understand-
ing of the process obtained from this scaling analysis, one can directly grasp what will
govern the system response for a given set of parameters. This is of particular impor-
tance when comparing different experiments or when comparing laboratory experiments

with field scale operations.

3 Comparisons with experiments

We have selected, among experimental results available in the literature, experi-
ments for which the experimental parameters were clearly known and well constrained
(including the length of the initial defect) and where the maximum information on the
fracture propagation was available in terms of pressure, width and fracture extent as a
function of time. We refrain from changing any parameters to match the measurements:
we perform direct comparisons between theoretical predictions and experimental responses.

The experiments used here have been performed in two different laboratories (TU Delft

and CSIRO) in polyaxial frames on blocks of sizes ranging between 20x20x15 cm and 34x36x40

cm. All experiments reported here have exactly the configuration depicted in Figure 1:

radial hydraulic fractures transverse to the wellbore were created.
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Material Young’s | Poisson’s Fracture Carter’s leak-off | Initial defect
type modulus ratio Toughness coefficient length
E (GPa) v(-) K. (MPa.y/m) Cy (m/+/s) £y (mm)
Block4 PMMA 3.3 0.41 1.3 0 1.45
PMMA /
PMGYS 3.3 0.41 0.38 0 1.5
glued interface
COV12c Cement 24.1 0.02 0.5 6.107" 0.8
Table 3. Material parameters for the different experiments. See the discussion of the different
experiments in the text for the details of their independent characterization in each case.
Block Wellbore | Confining Fluid Injection | Pressurization System
size radius stress viscosity rate rate Compliance
(cm) a (mm) | o, (MPa) | py (Pas) | Qo (ml/s) | Qo/U (MPa/s) | U (ml/GPa)
Block4 | 34-36-40 8.35 60 0.0158 0.15 104.7
PMGYS8 | 20-20-15 14.5 24.5 0.016 0.113 140.7
COV12c | 30-30-30 130 0.0029 0.019 149
Table 4. Sample configuration and tests parameters for the different experiments. For all

tests, the pressurization rate Q,/U has been obtained from the slope of the pressure-time record

during the pressurization phase. The system compliance U is then determined knowing the con-

stant set pump rate Q,.
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531

Propagation tm tim
° e | 0= | =0 | L= b,/ (BU) | A=af (B'D)?
duration tom bk
(s) (s)

Block4 500 0.017 1.6107° 0.005 0.019 0.11
PMGYS 60 121.9 81.8 2 0.018 0.048
COV12c 1500 6.9 106 6997 519 0.005 0.065

Table 5. Experimental fracture propagation duration, viscosity-toughness transition time-scale

tmk, time-scale ratios and dimensionless parameters of the different experiments.

The material parameters of the three different experiments are reported in Table 3,

while the tests parameters (injection rate, fluid viscosity etc.) are listed in Table 4. For

all experiments, we have estimated the total injection system volumetric compressibil-

ity U from the linear pressurization phase prior to fracture opening, i.e. dividing the in-

jection rate by the pressurization rate during that period. From the knowledge of this

system compliance U and the injection rate, we can perform a numerical derivative of

the pressure-time signal recorded during the experiments to obtain an estimate of the

fluid flux Q;y, entering the fracture at any given time, see eq.(9) which expresses the global

mass conservation between the pump and the fracture inlet. Such an estimate of @;,, is

therefore not a direct measurement and may be relatively noisy. The non-monotonic evo-

lution of the entering flow rate is a critical part of the early stage growth as it is directly

related to the injection system compliance and is thus worthwhile to compare to the pre-

dicted entering flow rate.

Table 5 lists the time-scales and dimensionless parameters introduced previously

for the different experiments. The first two experiments (listed as Block 4 and PMGY8)

are performed in PMMA one fracturing intact material and the other fracturing along

a pre-existing epoxy glued interface having a lower toughness than PMMA (see Bunger

and Detournay [2008] for details). The third experiment (named COV12c) was performed

in cement and exhibited some leak-off although not enough to be in the leak-off dom-

inated regime.
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From Table 5, comparing the test duration with the constant injection viscosity to
toughness transition time-scale t,,;, we see that most of the fracture propagation will
take place in the toughness dominated regime for the first experiment (Block 4) and the
viscosity dominated regime for the two others. The effect of fluid lag and system com-
pliance is short-lived for Block 4 experiment (¢, x < 1), while the other experiments
will exhibit some influence of fluid lag/suction as well as a difference between entering

flow rate and pump rate in relation to the injection system compressibility.

Comparisons between the results of the numerical model and the experimental data
(flux and pressure at the fracture inlet, fracture extension and fracture width or fracture
volume) are presented in Figures 7, 8 and 9. For all figures, the experimental data are
plotted in blue whereas results from the numerical model are plotted in black. Further-
more, the nominal injection rate and the minimum confining stress are indicated with
bold horizontal dashed lines, whereas the initiation time is indicated as a light short-dash

vertical line and breakdown is indicated with a light vertical long-dash line.

3.1 Toughness dominated experiment in PMMA (Block 4)

This experiment was originally carried out in 2003 at CSIRO to provide a radial
growth data set for comparison with a planar 3D hydraulic fracture model. Block 4 was
constructed by gluing machined PMMA sheets, each 40 mm thick, to form a block 340x360x400 mm
in size. After machining to size, the block was annealed in an oven at 80°C over a 2 week
period, allowing re-polymerization of the PMMA sheets and minizing residual stresses.

A radial notch was created in the injection borehole to control the location of fracture
initiation. The block was tested in a polyaxial load frame but was subject to biaxial stress
with the two horizontal stresses held equal to one another at 2 MPa and the vertical stress
set to zero. A video camera was positioned vertically above the block and used to record
the fracture growth. Two LVDTs, with sense points anchored just above and below the
fracture plane, were used to measure fracture opening at a point located 40 mm from

the injection borehole. Elastic properties of the PMMA were measured by uniaxial com-
pression testing carried out on strain gauged prisms cut from the same PMMA sheet as
used for block construction. No significant creep was observed during these tests. Frac-
ture toughness was measured using semi-circular bending samples and results were com-

parable to literature values (see Table 3 for material parameters).
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Figure 6. Snapshot of experiment Block 4 in PMMA (top view). The white crossed dot indi-
cates the location of the injection, the red crossed dot the actual center of the fracture (obtained

from fitting a circle to the image) and the white dot indicates the location of the LVDT sensor.

The size of the initial notch was measured to be 1.45+0.5mm from a cast of the
wellbore after the test. The injection fluid (60 Pa.s silicon oil) was dyed blue and the frac-
ture radius was estimated from the analysis of video recordings of the fracture (see Fig-
ure 6). A circle was fitted to the images, allowing the determination of both the frac-
ture radius and the center of the circle. The fracture center is eccentered by about 10
mm, and the location of the LVDTs (displacement sensor) that measured the fracture
width is thus 40 mm from the injection point but only 30 mm from the fracture center.
The predicted width at both locations is presented in Figure 7. The prediction at 30 mm

away from the fracture center proves a better match with the measurements.

This experiment is a case where initiation and breakdown almost perfectly coin-
cide. Initiation — and propagation afterwards - is dominated by toughness. There is a
short but very significant entering flux overshoot into the fracture (one order of magni-
tude above the nominal injection rate) followed by a stable fracture propagation phase
under constant flow rate. The match between the model and the measurements, for all
the different types of measurements, provides confidence in the ability of the model to

capture the relevant physics in that regime.

One may wonder about the effect of the observed translation of the fracture cen-
ter on the match of the evolution of radius and wellbore pressure. In fact, in this tough-
ness dominated experiment, the fluid pressure is uniform inside the fracture such that
moving the location of the injection source has no effect on the fracture propagation. The

work of Gao and Rice [1987] formally proved this must be the case by showing that a
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uniformly pressurized crack will remain circular (i.e. all harmonic perturbations of the
circular shape are stable) but will translate due to an instability with respect to loca-

tion of the crack’s centroid. However, the translational instability is not expected for a
non-uniform loading, i.e. away from the toughness regime, as shown experimentally by

Bunger [2005] and predicted by Gao and Rice [1987].

3.2 Viscosity dominated experiment in PMMA (PGMYS8)

This experiment is reported as experiment PMGYS in Bunger and Detournay [2008].
Contrarily to the previous experiment, the fracture was initiated from a notch along a
pre-existing epoxy glued interface. The fracturing fluid was a solution of glucose, water
and blue food dye whose viscosity was measured using a capillary viscometer. Taking
again advantage of the transparency of PMMA, a photometric method was used to mea-
sure both the fracture footprint and the fracture width everywhere across the fracture
[Bunger, 2006]. Comparison with the model thus encompasses flux entering the fracture,
fracture radius, wellbore pressure and fracture width at the wellbore. The results are pre-
sented in Figure 8. The fracture toughness of this glued interface was estimated from
the tip opening measurements on toughness dominated measurements (see [Bunger, 2005]

for details).

In this experiment, a needle valve was present in the injection line and pressure was
measured both upstream and downstream of this valve. Its influence was modeled by adding
a laminar friction pressure drop at the fracture entrance (although there was a small vol-
ume downstream of the valve, before the fracture inlet). Such a laminar friction was es-
timated by taking the pressure drop (between the upstream and the downstream values)
at the end of the treatment and dividing it by the nominal injection rate, yielding a value
of 2.4MPa (for a rate of 0.016 ml/s). The system compliance was computed from the pres-

sure derivative of the upstream pressure.

Compared with the previous experiment, the flux overshoot is much smaller but
lasts longer. Initiation and breakdown pressure are different, especially upstream of the
valve. During the experiment, some asymmetry of the fracture geometry was observed,
perhaps due to the heterogeneity of the glued interface. The behavior between the ex-
periment and the model starts to diverge around breakdown (especially on the down-

stream pressure). Nevertheless, the model also captures rather well the behavior dur-
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Figure 8. PGMYS8 CSIRO glued interface test. Experimental data in blue dots, theoretical

prediction in solid black lines.

ing pressurization, initiation and breakdown of the hydraulic fracture for this very dif-

ferent fracture growth regime compared to the previous test.

3.3 Experiment in a cement block (COV12c)

Let us now turn to an experiment in cement, a material that is closer to rocks. Ex-
periment COV12C was carried out at TU Delft and reported as test c12 in De Pater et al.
[1994]. Evolution of the fracture front was measured using active acoustic scanning. The
left and right radius of the fracture front are reported here, and a slight asymmetry de-
velops when the fracture starts to feel the edge of the block. The fracture width at the
wellbore was measured from an LVDT located inside the wellbore and the well pressure
was measured ahead of the LVDT. The presence of the LVDT in the wellbore introduces
a laminar frictional pressure drop in the injection line, estimated at 0.44MPa at the re-
ported injection rate. The elastic properties and fracture toughness of the cement were

measured independently from triaxial test (elastic properties) and three point bending
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tests. The cement mix used to create the block was also used to create specimen for those
tests. The initial notch was casted in place during cement curing using a teflon mold,

providing a direct value of the initial defect length (see [Weijers, 1995] for details).

The leak-off coefficient C; was originally estimated by matching the propagation
part of the test with a fully coupled radial hydraulic fracturing simulator (see De Pa-
ter et al. [1996]). In this experiment, the leak-off of the injected fluid into the cement
was rather important. At the end of the test, it is estimated from the model that only
45% of the injected volume remains in the fracture. However, leak-off is still less than

that required for the fracture to be propagating in the leak-off dominated regime.

Comparison between data and model predictions are displayed in Figure 9. Most
of the test period takes place in the transient injection regime during which a variable
flux entered the fracture. Moreover, this is the test with the largest difference between

the net pressure at initiation (10.5 MPa) and the net pressure at breakdown (17.28 MPa).

This test is yet again in a different regime (¢, x > 1) compared to the previous
tests. The model is able to properly capture the behavior of all parameters during pres-
surization, initiation and propagation, which hasn’t been possible with previous mod-
els that did not include the initiation-breakdown phase. A good match was indeed ob-
tained previously on experiments of a similar type (some of these matches can be found
in De Pater et al. [1996]), but only with the experimental fracture entering flow rate as
an input, thus highlighting the importance of taking the injection system dynamics into

account during the early stage of hydraulic fracture growth.

4 Discussion and Conclusions

We have compared predictions of hydraulic fracture initiation and propagation with
three laboratory experiments performed on low permeability materials (PMMA, cement).
These experiments span widely different hydraulic fracture propagation regimes (tough-
ness and viscosity dominated cases, large and small system compliance effects). The good
match observed in all cases demonstrates that hydraulic fracture mechanics - as defined
by the set of governing equations described here - is predictive, at least for the simple
fracture geometry investigated here. It is important to highlight that the theory is able
to capture both pressure, fracture width and length evolution with time. This finding

provides a high degree of confidence that the relevant physics is properly captured. This
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is the first time that such a good comparison has been obtained for the early stage of
fracture propagation. The proper prediction of the non-monotonic flux entering the frac-
ture due to the release of the volume of fluid stored in the wellbore during the pressur-
ization phase appears critical to capture the dynamics of early-stage growth of a hydraulic
fracture. Furthermore, linear elastic fracture mechanics, lubrication theory and simple
wellbore compressibility appear sufficient to reproduce the experimental data. There is
no need, for example, to account for the details of the small-scale yielding at the frac-
ture tip (cohesive zone models) for the materials and test conditions investigated here.
This may obviously not be the case for coarser grained rocks with respect to the spec-
imen size - a topic worth of further investigations. It is important to note that in all ex-
periments reported here, hydraulic fracture growth occured in a stable manner. Unsta-
ble hydraulic fracture growth may however occur in heterogenous material or when the
injection system can not provide enough fluid supply to ensure continuous injection, a
topic worth further clarification both experimentally and theoretically. The case of more
permeable rocks is also an important topic where more investigations are also needed.

In particular, we are not aware of careful experimental measurements of fracture dimen-
sions (extent, width) with time in the case of highly permeable rocks where leak off and

poroelastic effects are important.

Note that the experiments reported here were selected because i) the size of the ini-
tial notch (the most difficult parameter to precisely assess) was known with a reason-
able degree of accuracy and ii) several complementary quantities (i.e. length, width, pres-
sure) were measured. We strongly believe that over-interpretation of any experiment (in
the laboratory or in the field) based on a single type of measurement (e.g. pressure) can
be strongly misleading. For example, reporting only the breakdown pressure (maximum

pressure) appears of very little value.

These experiments have highlighted the strong effect associated with viscous flow
and hydraulic system compliance at fracture initiation. Notably, the maximum pressure
(breakdown pressure) can be significantly higher than the fracture initiation pressure for
the case of large viscous effect. The scaling and limiting regimes discussed here provide
a quantification of the transient associated with fracture initiation and the early stage
of growth. In particular, the relative difference between the maximum and initiation net
pressures || ((p}'** —o,) — (p}’” —UO))/(pl]}"i —0,)|| appears to be directly related to the

ratio of time-scales = tmr/t,; = (EQ%?u®/?)/(K"°U"/?) and to the value of the
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Figure 10. Numerical simulation results illustrating the influence of the dimensionless num-

bers x, £ and A on the relative difference between the maximum (i.e. breakdown) and initiation

net pressures: || (57 — 00)/ (5 — 00) — 1.
PE% Gy | x| £ | A
P — o,
Block 4 ~0% 0.005 | 0.019 | 0.11
PGMYS 39% 2 0.018 | 0.048
COV12c 65% 519 | 0.005 | 0.065

Table 6.

(|7 = o0)/ (0"

and the values of £ and A.
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dimensionless initial defect £ = ¢,/(E'U)/? and radius A = a/(E'U)'/3. This can
be clearly seen from Table 6, as well as from a series of simulations reported in Fig. 10.
Fracture initiation and maximum pressures coincide only in the limiting case of small
x. For larger values of y, the transient effects last longer and the difference between ini-
tiation and breakdown pressures is larger. These transients are also a function of the di-
mensionless ratio of lengthscales associated with the size of the initial notch £ and the

wellbore size A: initiation and breakdown pressures are closer to one another for larger

values of £ and A (see Fig. 10).

It is important to bear in mind that in practice (from laboratory experiments to
massive hydraulic fracturing treatments in the oil and gas industry) A and £ are always
in the range [1073 — 107!], whereas x can vary widely [10~3 — 10°] depending on the
fluid and injection rate used. Estimating x therefore directly allows to know if the ini-
tiation and maximum pressure will be significantly different. As an example, let us take
the case of a hydraulic fracturing treatment performed in an unconventional reservoir
having a plane-strain Young’s modulus E’ = 25GPa and a fracture toughness Ky, of
1.25MPa.,/m. Using water as a fracturing fluid (x = 1073Pa.s, ¢; = 5 107'1%Pa™!)
and a large injection rate (Q, = 20Barrels per minute = 0.059m3/s), for a wellbore
length of 3.5 km with an internal diameter of 5” (12.7cm), we obtain a pressurization rate
Q,/U =~ 7.5MPa/s. The compressibility fracture lengthscale (E'U)'/? ~ 6 meters is
much larger than the wellbore radius and initial defect length, i.e. £ <1 and A < 1.

We obtain a value of 38 for x in that particular case for which the difference between

the maximum (breakdown) and initiation pressures is about 40% of the difference be-
tween the initiation pressure and the in-situ minimum stress p?”—ao (see Fig. 10). In
such large scale fracturing treatments, it is clear that estimating fracture initiation from
the pressure record alone (even with a downhole sensor) is nearly impossible due to the
intertwined effect of fluid viscosity, system compliance and injection rate discussed above.

Initiation pressures are thus often over-estimated as a result.

Although we have presented relatively satisfactory comparisons between theory and
experiments for hydraulic fracture initiation, they are restricted to a relatively simple
fracture geometry and pure opening mode fractures. The effect of fracture initiation and
re-orientation in a complex stress field around a wellbore is known to yield complex frac-
tures, for which theoretical predictions are not yet satisfactory. Such effects were avoided

by properly notching the wellbore in the experiments reported here. Investigating ex-
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perimentally these effects is possible by playing on the wellbore configuration (see Wei-

jers [1995]; Burghardt et al. [2015] for examples). Quantitative monitoring of complex

non-planar fracture propagation via acoustic or optical methods is certainly not straight-

forward. Theoretical predictions of mixed modes I, IT and III hydraulic fracture prop-

agation may even be more challenging, especially the fracture front segmentation observed

experimentally in Wu et al. [2007] for example.
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A: Scalings and limiting regimes

In order to obtain a set of meaningful scalings corresponding to the cases where
one mechanism dominates over others, following the approach described in Garagash [2000];
Savitski and Detournay [2002]; Detournay [2004]; Bunger and Detournay [2007], we in-
troduce characteristic scales (with a subscript ) and express the different problem vari-

ables as follows:

Qs
= W.Q =PIl R=L, =q¥ =
w p Y 94=q 9L,

\ Rf = 19L*”Yf

We introduce this scaling in the governing equations (1)-(9). We also scale the radial co-
ordinate according to the fluid front location Ry: p = r/Ry. We directly see that ¥ is

a dimensionless number related to the presence of a fluid lag, and ©¥ = 1 corresponds

to the case where fluid and fracture front coincide. Using such characteristic scales, the

governing equations reduce to:

v/
=g, / Qdy/ (A1)
ga/q9
o0 10 G
to 4+ Gy pU + ——t =0 for p€[Ga, 1 A2
Y T Ay e p € [Gar 1] (A2)
Q3 o1l
U= f W 1
G O or p € [Ga, 1]

II=-G, for p € [1,7/9]
Q~ Gy —p/0 for v — p/9 <« 1
11
20(Ga/0)W(p = Gu/ ) = Gy — Gut 5y

The different dimensionless groups denoted G entering the scaled system of equa-

tions are related to distinct different mechanisms:

’
e G. = gﬁ% - relates net pressure and fracture opening in the elastic equation

G, = % - relates to the volume stored in the fracture
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e G, = %\*/{ - relates to the volume “leaked-off” the fracture faces into the rock

/

e Gm = V’[‘,?P - relates to the viscous resistance to flow inside the fracture

e G = KEI,LV:,/Q - relates to the fracture propagation condition (dimensionless tough-
ness)

* Gy = % - relates to the injection rate

e Gy, = %Pg - relates to the volume stored in the wellbore during pressurization

(i.e. when little fluid is entering the fracture)
* G, = a/(VLy) - is a dimensionless wellbore radius
s G, = 0,/ P, - is a dimensionless confining stress
s Gy, ={,/(VL,) - is a dimensionless initial notch

« and 9 relates to the presence of a fluid lag.

Putting five of these dimensionless groups to unity enables to solve for the characteris-

tic scales L., W,, P, and Q, as well as the characteristic ratio between fluid front and
fracture front ¥ as function of problem parameters (E’, i’ etc.) and time. Different choices
are possible therefore defining different scalings. The selected choice of dimensionless groups
for the different scalings discussed herein is presented in Fig.A.1. In a given scaling, the
dimensionless solution F = {v, v, Q, II, ¥} depends on the remaining dimensionless
numbers (i.e. not set to unity) and the spatial coordinate p = r/R(t) (for opening, pres-
sure and fluid flux profiles). In particular, we want to obtain dimensionless opening €2

and pressure II of similar order and therefore always set the dimensionless number en-
tering the elasticity equation G, to unity. We are here interested in the case of ’tight’ rocks
and anticipate negligible leak-off (G. < 1) - i.e. we do not seek leak-off dominated scal-

ings (see Madyarova [2003] for that case).

It is important to remember that we can always switch back and forth between scal-
ings (see Supplementary Materials for a Mathematica code deriving all the scalings dis-
cussed here and their relationship). We can also define transition time-scales between

two scalings and express the dimensionless numbers governing the fracture propagation

via these time-scales. We now discuss the salient features of the different initiation/propagation

regimes that can be obtained from their scalings.
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051 Infinite medium - constant injection scalings

052 The case of a radial hydraulic fracture propagating in an infinite medium under con-
053 stant injection rate and negligible leak-off corresponds to G, = G, = G, = 1 (i.e. all
954 the injected volume remaining in the fracture and the inlet flow rate maintained constant).
055 Depending on the relative importance of toughness and viscosity dissipation, a viscos-
056 ity (M, i.e. G, = 1) or a toughness (K, i.e. G = 1) scaling is relevant in the absence
057 of fluid lag (¥ = 1). The hydraulic fracture then evolves from the viscosity dominated
058 regime toward the toughness dominated regime at large time. This can be physically grasped
950 by the fact that as the fracture perimeter increases, more and more fracture energy is
960 needed to drive the fracture further, while the viscous drop is dominant for small frac-
961 ture (with narrow opening) but is less important for large fractures that have a wider
062 opening (see also Table A.2 where we can see that the dimensionless toughness increases
963 with time). The transition from the viscosity (M) to the toughness (K) propagation regime
964 is characterized by the following time scale t,,x:
E’13/2Q3/2;/5/2

bk = —m
965 which corresponds to the time where the dimensionless toughness in the M-scaling is equal
966 to unity. The viscosity and toughness scalings -originally derived in Savitski and Detour-
967 nay [2002]- capture the hydraulic fracture propagation once the transient effects asso-
968 ciated with fracture initiation from the wellbore becomes negligible. It is interesting to
969 note that the dimensionless injection system compliance Gy and wellbore radius G, both
970 decrease with time in such scalings - i.e. their effects become less and less important as

71 the propagation progresses (see Table A.2). It is also worth recalling that the complete
72 transition from the viscosity to the toughness dominated regime occurs for G, ~ 3.5
o73 (in the viscosity scaling), which corresponds to t/t,,, ~ 8 x 10* (see Savitski and De-

o74 tournay [2002] for details).

o75 When the fluid is allowed to lag behind the fracture front, a lag-scaling (O) can be
76 obtained (G. = G, = G4 = G, = G, = 1). It can be shown (see Lecampion and De-
a7 tournay [2007]; Bunger and Detournay [2007]; Garagash [2006]) that the effect of the fluid

o78 lag is important during the early stage of the fracture propagation. The hydraulic frac-

o79 ture then evolves from a lag-dominated regime at early-time to the toughness dominated
080 regime at large time, possibly spending a large amount of time in the viscous dominated
081 regime. The hydraulic fracture propagation is controlled by the ratio 1 of the timescales
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of transition from viscosity to toughness t,,; over the transition from lag to viscosity dom-

inated regimes t,,:

3
ot E/3/2Q;/2'u/1/200
7’[} - - K3

where the timescale associated with the disappearance of the fluid lag ¢,,, is given by:

E/2Iu/

3
0o

tom =

It is important to note that for the case where 1) — 0, the fluid lag disappears.

Early-time/Initiation scalings

At or just after fracture initiation, it seems natural to choose the initial defect length
as the dominating lengthscale L, = ¢,. Moreover, the volume stored by compressibil-
ity in the injection line remains larger than the volume stored in the fracture. The flow
rate entering the fracture is thus not constant in that regime. We therefore set G. = G, =
G, = 1. Similarly to the case of constant injection rate, the hydraulic fracture will evolve

from a lag-dominated regime (O) at early time to a toughness dominated regime (K)

via a viscosity dominated regime (M). Interestingly, the disappearance of the lag is gov-
erned by the same time-scale ¢,,, as for the case of constant injection rate in an infinite
medium. The transition from the viscosity to toughness regime in such an initiation regime
is captured by the timescale ¢, :

E'UW

t K’3€2/2

mk —
Another choice of length-scale also makes sense at early time: L, = (E'U)'/3. This
lengthscale corresponds to a hydraulic fracture with a volume of the same order as the
volume of fluid stored by compressibility in the wellbore during the pressurization phase
prior to breakdown. The volume stored during pressurization scales as U x Ap, while
the fracture volume scales as L2Ap/E’ (from elasticity), which gives L. = (E'U )1/ s,
This type of scaling corresponds to G, = G, = G, = 1. We will refer to the corre-

sponding lag, viscosity and toughness scalings as compressibility scalings (i.e. in rela-

tion to the injection system compliance).

The relative ratio of these two lengthscales £ = ¢,/ (E'U )1/ % controls which scal-
ings (initiation or compressibility lengthscale dominated) is more representative for a par-

ticular case. These early time scalings either based on the initial defect or compressibil-
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ity lengthscales are intrinsically similar: only the ratio £ enters the correspondance be-
tween these two types of early-time scalings. In most cases, the compressibility length-
scale is actually much larger than the initial defect length (£ < 1) such that the com-
pressibility based scaling is more appropriate - i.e. at early time, after initiation, the hy-
draulic fracture propagation is mostly governed by the release of fluid stored by compress-
ibility in the wellbore during pressurization. The timescale associated with the transi-
tion from viscosity to toughness dominated propagation in such compressibility scaling

is given by

o El5/2U1/2ﬂl B £3/2t )
mk K3 - mk

t
It is worthwhile to note that in these early-time scalings, the dimensionless injection rate
G, increases with time, highlighting the transition from negligible fluid flow entering the

fracture prior to its initiation (i.e. when the well is just being pressurized) to the con-

stant pump rate value at large time (see Table A.2).

Transition from initiation to constant injection

The transition from the early-time propagation to the large time constant injec-
tion regimes can be grasped by the transition time-scales ¢, from the compressibility
toughness scaling K to the large time constant injection toughness regime K, or similarly
Lim O tso. In fact, these different timescales are all related (see Table A.3) and can be
expressed via the ratio of transition time-scales between viscosity and toughness regimes

in the constant injection and compressibility scalings:

bk E/4Q3/2/J/3/2
t..  Keyl/2

mk

:Xj =

From the different scalings (Tables A.1 and A.2), we see that for a given configu-
ration, the hydraulic fracture will start its life from the initial lag-compressibility regime
(O) and evolves toward the constant-injection/infinite medium toughness regime at large
time. The ratio of time-scales 1) and x governs the trajectory of the hydraulic fracture

between these early and late time regimes.

Negligible effect of fluid compressibility inside the fracture

The effect of fluid compressibility cy in the fluid flow inside the fracture yields an

o1l
additional term in the dimensionless continuity equation (A.2): ¢ fP*tQE' In all the
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Scaling L, 0 W, P, Q«
O E'Y/3g2,2/3 K'242/3 Lou'1/3 E'2/3,,/1/3 2ut/3
K’2¢2/3 El4/3zoﬂ/2/3 E/1/3¢1/3 +1/3 E/1/3¢4/3
~ /1/3 /2/3 11/3 03,1173
M go ]- 51373 1/3 E 1‘?} /‘iu' E
t t1/ E/1/3¢473
. K/ZI/Q K’ K/ZS/2
O E2U?/3,,2/3 K242/3 Ul/3,n/3 E2/3,/1/3 E2/3y,1/3
K'2¢2/3 E/5/3U1/3,/2/3 $1/3 +1/3 473
~ , 1/3 U1/3#/1/3 E/2/3I_L/1/3 E/2/3U’u/1/3
M (E'U) / 1 s 11/3 1473
A ’ 1/3 KIUI/G ’ K/US/G
K (E U) / 1 E/5/6 E/1/67J1/6 E/1/6¢
0 B14/9Q2/3,14/942/9 K'242/9 u'2/9Q1/341/9 E/2/3,/1/3
o (e}
K'? EN3/9QL/3 5/9 E2/9 t1/3 Qo
E’1/9Q1/3t4/9 N/2/9Q1/3t1/3 E/2/3#/1/3
M M/lo/g 1 E/2O/9 +1/3 QO
E’2/5Qi/5t2/5 K’4/5Q(1)/5t1/5 K'6/5
K K'2/5 1 E’4/5 E/l/SQi/C’tl/S QO
1027 Table A.1. Characteristic scales in the different scalings.

+ O constant injection-lag scaling Ge = G, =G, =G, = G = 1

» M constant injection - viscosity scaling G. =G, =G, =G, =1V =1

» K constant injection - toughness scaling G =G, =G, =G, =0 =1

« O initial defect - lag scaling G, = G, = Go, =Gm=0r=1

« M initial defect - viscosity scaling G =G, =Gy, =Gm =9 =1

« K initial defect - viscosity scaling Ge =G, =Gy, =G, =9 =1

« O initial compressibility - lag scaling Ge = Gy = Gy = Gm = Gr = 1

« M initial compressibility - viscosity scaling Ge =G, =G, =G, =9 =1

+ K initial compressibility - viscosity scaling Go =G, =G, =G, =9 =1

1035 Figure A.l.

Definition of the different scalings used in terms of dimensionless groups.
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1033 Table A.2. Dimensionless numbers governing fracture propagation in the different scalings,
1034 expressed as functions of the characteristic transition time-scales.
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Table A.3. Correspondence between transition time-scales from early time to late time propa-

gation.

scalings derived, the dimensionless opening and net pressure are of similar order, such
that the intensity of the effect of fluid compressibility is directly related to the dimen-
sionless quantity Gy = cyP.. From the expression of P, in the different scalings, we see
that the effect of fluid compressibility will always decrease with time, except for toughness-
based scalings where that effect is constant. Taking a fluid compressibility ¢y = 5 x
10710 representative of liquid water, using the parameters of the experiments discussed
in this paper (Tables 3-4), we can see that c; P, is of the order O(1073) in the toughness-
based scalings and becomes negligible for times larger than micro-seconds in all the other
scalings. The effect of fluid compressibility on the fluid flow inside the fracture can thus
be neglected compared to the elastic fracture compliance in the fluid mass conservation
equation (2). As shown in this paper, the effect of fluid compressibility in the injection

system is, however, not negligible at early time.

B: Nomenclature

s a wellbore radius [m]

. cy fluid compressibility [Pa~!]

g leak-off rate from the fractures faces - per fracture area [m/s|
o Ly initial notch length [m)

e p normal net loading on the fracture face [Pa]

* Deaw fluid cavitation pressure [Pal)

* pf fluid pressure [Pa]

* Dini fracture initiation pressure [Pa)

* Pmaz maximum fluid pressure (breakdown) during a test [Pa]
. q fluid flux per unit length [m?/s]

o radial coordinate originating from the wellbore axis [m)]
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1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

t time [s]

to(r) time at which fluid reaches point of coordinate r [s]

tmk transition time between late time viscosity and late time toughness dom-
inated regimes [s]

1793 transition time between early time viscosity and early time toughness
dominated regimes [s]

tom characteristic time related to the coalescence of the fluid lag and the frac-
ture tip [s]

w fracture width [m)

c’ total leak-off coefficient - C’ = 2C, [m.s~%%]

05

L Carter’s leak-off coefficient [m.s™

E Young’s modulus [Pal]

E’ plane strain Young’s modulus - E' = E/(1 — v?) [Pa)
K’ reduced fracture toughness - K’ = \/?;?KIC [Pa.mP9)
K mode I stress intensity factor [Pa.m%?]

K. fracture toughness [Pa.m?5]

L, characteristic fracture extension [m)

P, characteristic fluid pressure [Pa]

Qin fluid rate at the entrance of the fracture [m?3/s]

Q- characteristic flow rate [m?/s]

Qo injection pump rate [m3/s]

R coordinate of fracture tip [m]

Ry coordinate of fluid front [m]
injection system compliance [m?/Pal]

U
14 fluid velocity [m/s]
Vi

inj volume of the injection system [m?]
W, characteristic fracture opening [m]
A dimensionless wellbore radius [—]
G. dimensionless groups appearing in the dimensionless system of equations
K dimensionless toughness [—]
L dimensionless initial notch [—]
£, length of notch transverse to the wellbore [m]
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1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

Vf

Hr

Oo

01, 02

X

dimensionless fracture tip [—]

dimensionless fluid front [—]

fluid viscosity [Pa.s]

reduced fluid viscosity p' = 12u5 [Pa.s]
Poisson’s ratio [—]

dimensionless fluid pressure [—]
radial coordinate scaled by the position of the fluid front [—]
minimum principal stress [Pa
maximum and intermediate principal stress [Pa]

ratio of time-scales ¢/t . ;, evolution parameter governing the transition

k>

between compressibility dominated to constant injection regimes [—]

(4

ratio of time-scales t,,k/tom evolution parameter related to the disappear-

ance of the fluid lag [—]

v
Q.
U

dimensionless fluid rate [—]
dimensionless fracture opening [—]

dimensionless number related to the presence of a fluid lag [—]
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