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Abstract. Development of hydraulic fracture in lab tests is accompanied by a
significant pressure drop in fracturing fluid. This is not normally observed in the
field. The pressure drop suggests the presence of a stage of unstable fracture
growth in the laboratory samples. The paper shows that unstable fracture growth
is produced by interaction between the fracture and free sample surfaces that are
parallel to the fracture. This is another difference from the field situation on top of
the scale difference, since in the field the presence of a nearby free surfaces parallel
and close to the hydraulic fractures is a rare occurrence. This finding is important
in analysing the results of laboratory experiments and developing methods of their
upscaling.
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1 Introduction

Pressure monitoring of fracturing fluid in the process of hydraulic fracture propagation in
the field shows at most a slight pressure drop (not exceeding the recorded pressure fluc-
tuations) corresponding to the time of hydraulic fracture initiation (e.g. [1, 2]). Opposite
to this, the laboratory experiments on hydraulic fracturing show considerable pressure
drop at the fracture initiation [3, 4] (in some cases almost to zero pressure, [5-9] as also
shown in the experiments described below).

While small pressure drops at the time of onset of the field hydraulic fracture can
be attributed to the difference between the pressure required to initiate the fracture and
the pressure needed to maintain the fracture growth, the considerable pressure drops
observed in the laboratory experiments require the presence of an unstable stage of
fracture propagation. Unstable fracture propagation, that is propagation under reduced
pressure, requires considerable increase of the stress intensity factor with fracture size,
R.If one assumes that the hydraulic fracture propagates under the pressure p of fracturing
fluid applied to the whole fracture surface, then the growth will be unstable as the stress
intensity factor K; o< p+/R increases as a square root of the crack size. However, the
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almost instantaneous pressure drop measured at the pump suggests that the fractures
have grown faster than the fracturing fluid could fill the fracture. (This would not be
the case in the field as the hydraulic fractures there are large enough to ensure their
filling with the fracturing fluid.) Therefore, the unstable fracture growth is produced
by the pressure concentrated at the fracture area of the order of the borehole diameter.
In the simplest case when the fracture is modelled as a 2D crack this corresponds to
the situation of the crack growing under the action of a pair of concentrated forces of
magnitude F' = 2al /L, where a is the borehole radius, / is the length of the pressurised
part of the borehole (between packers), L is the sample length. Such a loading leads to
the stress intensity factor K; o p/+/R decreasing as a square root of the crack size.

This paper investigates the above mechanism of fracture growth instability assuming
that the unstable fracture growth is induced by interaction of the fracture with the sample
free surfaces that are parallel to the fracture. (The other pairs of the sample faces are
assumed to produce little effect on the fracture propagation.)

2 Unstable Fracture Growth in Laboratory Experiments

Two tests [10] were conducted on 100 mm cubic samples of mortar (cement:sand: water
= 1:1:0.4). The sand particle sizes were under 0.15 mm. The properties of mortar sam-
ples are: density p = 2.3 g/cm?®, Young’s modulus (dynamic) E = 27.9 GPa, dynamic
Poisson’s ratio v = 0.19.

The experiments and equipment are shown in Fig. 1 [10]. Silicon oil of 97.77 cp
viscosity was used as fracturing fluid; it was pumped using a GDS high pressure pump
with volume control. Figure 2a shows schematics of the fracture-produced loading, a
model of borehole of radius ¢ = 2 mm and working (fracture-produced) length of /
= 30 mm. Sample size is L = 100 mm. The produced hydraulic fracture is indicated
by a circle (broken line). The pressure changes with time are shown in Fig. 2b, c. The
sample was also pre-loaded vertically (z-axis, Figs. 1b, 2a) with steel loading platens to
ensure that the fracture propagates vertically. During the tests the acoustic emission was
recorded by the AE sensors hosted by the upper loading platen, Fig. 1b. The accumulated
number of pulses is plotted in Fig. 2b, c. The displacement was measured on the face
parallel to the crack using the DIC with Phantom stereo-vision high speed cameras,
Fig. la.

Hydraulic fracture growth proceeds with local interruptions and overlapping result-
ing in formation of bridges distributed across the whole fracture and constricting the
fracture opening [8, 9]. The effective stiffness k of the system of bridges relating stress
that opens the fracture and fracture surface displacement, o = kAu/2, where Au is
the average fracture opening can be estimated from the displacement measurements as
follows. Since the stage is considered when the fracture almost traverses the sample, the
average displacement related to the average fracture opening, Au/2 is approximately
equal to the average displacement of the sample surface. The average opening stress o
is taken as approximately equal to the peak borehole pressure since the fracturing fluid
moves inside the fracture. The effective bridge stiffness produces a characteristic length
[8-10], so-called constriction length A = E/k, where E is the Young’s modulus of the
sample material (mortar).
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The peak pressure, the (average) fracture opening at the peak as well as the estimated
effective bridge stiffnesses and the constriction lengths are summarised in Table 1. It is
seen that the constriction length is almost 2 orders of magnitude greater than the sample
size, which suggests that the effect of bridges can be neglected, and the fracture can be
modelled as a conventional crack with non-interacting faces.

Open section of
LY borehole

/

|y Cased section of
borehole

| |“~b Tubing

(©

Fig. 1. Laboratory experiments on hydraulic fracture [10]: (a) Experimental set-up; (b) tested
sample with a hydraulic fracture between two vertical loading platens; the upper loading platen
also hosts the AE sensors; (c) schematics of the model of borehole.
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3 Mechanism of Unstable Fracture Growth in Laboratory
Experiments

In the above experiments the size, 2R, of the produced fractures is of the order of the
sample size, L = 100 mm, Figs. 1b, 2a. This is much greater than the borehole radius a
=2 mm. This suggests a simplified way of modelling the fracture growth by considering
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Table 1. Parameters of the test samples and the inferred bridge characteristics.

Test | Peak fluid Fracture Stiffness of the | Young’s modulus | Constriction
pressure, p, opening, Au, bridges, k, of the sample, E, |length, A, m
MPa mm GPa/m GPa

1 12.1 0.44 8.8 27.9 32

2 152 0.26 13.6 27.9 2.55

it as a 2D crack opened at the centre by a pair of 2D concentrated forces F (such a crack
is shown in Fig. 3a) representing the opening action of the pressurised borehole.

!
F=2pa— 1
par (D

Here p is the peak pressure in the borehole, a is the borehole radius, / is the pressurised
part of the borehole, L is the sample size. In this 2D modelling the total force 2pal is
referred to the whole sample thickness, L.

The unstable growth of such a crack can be produced by interaction with a free
surface parallel to the crack [11, 12]; as soon as the crack length reaches a critical value
(corresponds to the minimum of the stress intensity factor) the stress intensity starts
increasing with the crack size and the crack growth becomes unstable.

In the case under consideration the fracture is located at the centre of the sample,
therefore the closest configuration would be the crack located at the centre of a free strip
with free surfaces, Fig. 3a. For this configuration the stress intensity factor reads:

F £ 2R
= S =
VAR (1 —5)3%’ 2R+ L

Function f(s) is tabulated in [13]. It is also shown to have two simple asymptotics:
f(s) ~ (1 — 5332 ass —> 0 and f(s) ~ +/3ws>?/2 as s — 1. This allows putting
forward the following approximation that incorporates these two asymptotics:

FG) = (1-5)3 +@s3/2 3)
Comparison of Eq. (3) with the numerical values given by [13] shows that the average
relative error over 7 points is 4%.
Dependence (2), (3) is shown in Fig. 3b. It is seen that as R increases the stress inten-
sity factor reaches minimum and then increases. The critical crack size, R, obviously
corresponds to the minimum, dK; /dR = 0. This gives:

@)

Ky

_ min __ ap l
R, =0237L, K" = 8'72—\/%L3/2 “)
The unstable fracture propagation commences when the pressure p is such that
K™ = Kie 5)

where K, is the fracture toughness of the material.
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Fig. 2. Results of laboratory experiments on hydraulic fracture (of radius R) in a cubic sample of
size L = 100 mm [10]: (a) schematics of the fracture-produced loading in the experiment; only
pressurised part of the borehole is shown (length / = 30 mm, diameter 2a = 4 mm); the acoustic
emission sensors are located between the upper loading platen and the sample; (b) results of test
1; (c) results of test 2, pump pressure (kPa) and total number of AE events versus time (s).
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Fig. 3. Unstable fracture growth due to interaction of with free surfaces: (a) crack at the centre of
a strip with free surfaces; (b) normalised stress intensity factor versus the normalised crack size.

4 Discussion

1. The obtained criterion of unstable fracture propagation (4), (5) can be interpreted by
introducing a characteristic microscopic fracture length [,, which is the minimum
size of the fracturing element. In the case of crack propagation it is an equivalent of
the process zone length, but instead of considering the non-linear processes within
this zone (which might well be material specific) we will use a simplified approach
[14-16] by considering the magnitude of the singular stress at distance [, from the
crack tip, Fig. 4, and equating it to the minimum tensile strength o; to express the
criterion of fracture propagation. (In [14] the non-singular terms were also taken into
account which lead to the expression of the scale effect in fracture toughness; in the
simplified model considered in this paper only singular terms are used.)

Subsequently, the criterion of unstable fracture propagation (4), (5) expressed in
terms of the minimum tensile strength o; reads:

K[min
2l -

The fracture starts from the borehole pressurised to pressure p, at the point with
the minimum strength, which is o;. Given that the stress concentration at the borehole
surface is p, one finds that o; = p. From here, using criterion (6) one can estimate the
characteristic microscopic length 1,, ~ 7 - 10~3mm. This is close to the lower limit of
Portland cement grain sizes, 1073 — 10~! mm (e.g., [17]). This suggests that fracturing
of mortar involves the scale of cement grains (that is the smallest scale) while the
presence of heterogeneities of larges sizes leads to complex fracture surface geometry
at the microscale. In particular, the fracture becomes patchy with local overlapping and
formation of bridges distributed all over the fracture, Fig. 5 [10].

Ot (6)
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2. The above approach ignores the effect of the other pairs of sample surfaces. The pair
of surfaces subjected to vertical load is in contact with the loading platens and hence
cannot be free due to the contact friction. The other pair of surfaces that is normal
to the fracture is not included because the model is two dimensional. A planned 3D
modelling will be directed towards investigating the effect of fracture geometry and
interaction with all sample surfaces.
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Fig. 4. The concept of crack growth criterion based on the introduction of characteristic
microscopic length /,;. The coordinate frame corresponds to that of Fig. 3a.

Fig. 5. Bridges (local interruptions and overlapping) observed on the fracture trace [10].

5 Conclusions

Laboratory experiments on hydraulic fracture are often used to investigate fracking in
the field. It is conventionally accepted that the major distinction between the laboratory
experiments and the field situation is the scale difference, which is to be addressed by
upscaling. This paper demonstrates that there exists another important difference—the
presence of the sample free surfaces in the laboratory tests, which are not normally
present in the field. (The faults or joints do not represent free surfaces as their faces are
in contact due to in situ compressive stresses.)
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Interaction between the growing fracture and the free surfaces oriented parallel to
the fracture turns initially stable fracture growth into unstable well before the fracturing
fluid is able to fill the fracture and thus ensures the continuation of fracture growth. This
leads to the sharp drop of the pressure not observed in the field.

The analysis also shows that fractures in mortar samples grow by breaking micro-
scopic elements at the cement grain scale. This produces patchy fracturing leading to
local overlapping and formation of distributed bridges [8—10].
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