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ABSTRACT: Fluid transport during hydraulic fracturing can be either proppant or asperity dominated. In the absence of
proppants, dilatancy of the natural fractures during shear reactivation is required to provide sufficient aperture and hydraulic
conductivity. If a hydraulic fracture intersects a natural fracture, the fracturing fluid enters the natural fractures, increasing pore
pressure and decreasing the effective normal stress on the fracture plane. If the effective normal stress becomes low enough, the
natural fracture may slip and dilate, resulting in increased aperture and hydraulic conductivity. To understand these processes, we
conducted direct shear tests on rock fractures with constant normal load and examined the effect of slip and dilatancy of asperities
on mechanical aperture. Using 3D coordinates of the surface asperities and measuring shear displacement and dilation during shear
testing, the evolution of the mechanical aperture was calculated as a function of slip and normal stress. The calculation suggested
that when effective normal stress is low, small slip events along a rough surface can induce dilatancy along the fracture surface that
will cause considerable increases in the hydraulic aperture of the fracture.

1. INTRODUCTION

Proppants are introduced during hydraulic fracturing to (Zoback et al. 2012). During hydraulic fracturing, two

increase fracture transmissivity during well production
(Cipolla et al. 2009). But can fracture conductivity also
be increased without proppant, for example, by water
fracing? (Mayerhofer et al 1997). In contrast to
conventional propped hydraulic fracture treatments,
water fracs rely on reactivation of natural fractures to
induce permanent shear induced dilation, which
enhances reservoir permeability (Chen et al 2000, Weng
et al 2015). Although the conductivity of un-propped
shear-induced fractures is relatively low compared to
that of the propped fractures, such conductivity can still
play an important role in enhancing the productivity of
ultra-low-permeability rocks like shale (Zhang et al.
2013, Weng et al 2015, Jansen et al. 2015).

Shear reactivation of natural fractures and fault planes in
shale gas reservoirs is likely to be the main deformation
mechanism during hydraulic fracturing stimulation

mechanisms can cause shear reactivation of natural
fractures; the first occurs when the elevated stresses
around the tip of the propagating hydraulic fracture
cause slip on the nearby natural fracture (Figure 1). This
mechanism is governed by the stress, failure properties
(cohesion and friction) of the fracture, and the
orientation of the plane, in addition to the length of the
hydraulic fracture (Maxwell et al 2015). If no fluid
enters the natural fracture, the pore fluid pressure will
remain unchanged. Thus slip occurs under high normal
loads, damage will occur along the rough asperities and
the net amount of dilation will be reduced.
Transmissivity along the fracture may increase only a
small amount or perhaps even decrease.
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Fig. 1. Shear reactivation of natural fracture caused by shear
stress at the tip of the hydraulic fracture (modified from
Maxwell et al. 2015). It is assumed that the hydraulic fracture
doesn’t intersect the natural fracture and that the matrix is
impermeable. Due to high damage and gouge production, this
mechanism may not create considerable aperture and
hydraulic conductivity.

For the second mechanism (Figure 2), the hydraulic
fracture intersects the natural fracture and if the natural
fracture is permeable enough, fracturing fluid can enter,
increasing pore pressure and decreasing the effective
normal stress and, perhaps, making it become tensile
(Maxwell et al 2015). The slip along the rough surface
that results can cause increases in aperture and hydraulic
conductivity. In this mechanism since effective normal
stress is low, less damage will occur and gouge
production will be small. After reactivation of the
natural fracture, even when pumping ceases and the
normal load along the fault is positive, the hydraulic
aperture can be increased because small-scale asperities
along the surface will not perfectly match. Thus, the
fracture may remain partially open (Mayerhofer et al
1997).

Weng et al. (2015) believe that low-viscosity fluids are
more favorable in inducing shear-slip because high-
viscosities will reduce the distance of fluid penetration.
Finally, it is important to remember that shear
reactivation of the natural fractures is an important
cultural factor because it is one of the major causes of
small or even large-scale seismic events (Warpinski et al
1987, , Holland 2013, Maxwell et al 2015).

Fig. 2. Shear reactivation of natural fracture caused by pore
pressure (Modified from Weng et al. 2015). The hydraulic
fracture hits the natural fracture. Natural fracture dilates due to
low effective normal stress and it creates aperture and
hydraulic conductivity.

In recent years, numerous theoretical, numerical and
experimental studies have investigated the effect of
variable roughness geometries and loading conditions on
asperity degradation and fluid flow through fractures
(Patton, 1966, Ladanyi & Archambault, 1970, Barton,
1973, Plesha 1987, Saeb & Amadei 1992, Gentier et al.,
2000, Grasselli & Egger 2003). Although in situ rock
fractures are subject to both normal and shear loading
(Ishida et al 2010, Moradian et al 2013, Gravel et al.
2015), many previous laboratory investigations have
considered only normal stress effects on the aperture and
hydraulic conductivity, and only a few researchers have
investigated the effect of shear displacement on fluid
flow (Olsson and Brown, 1993, Gentier et al. 1997, Yeo
et al 1998, Chen et al 2000 and Sharifzadeh et al 2008).
The mechanisms and processes during fault activation
resulting in earthquakes, and sliding along rock slopes
and in other engineering applications have been widely
investigated (Mogi 1962, Brace & Byerlee 1966, Scholz
2002, Moradian et al. 2010, McLaskey et al 2014), but
the mechanisms of shear reactivation of natural fractures
during hydraulic fracturing has not been fully studied
yet. Despite much recent work, a complete
understanding of the relationship between natural
fracture geometry, applied stresses and aperture has yet
to be achieved.

In this work, direct shear loading at constant normal
loads (CNL) was conducted on artificial surfaces cast
from natural granite joints. The effective normal stresses
were relatively small, in order to simulate the second
shear-reactivation mechanism discussed above. Our
calculations used 3D coordinates of the surface
asperities measured using a laser profilometer, to predict
the normal and shear displacements and the size and
distribution of mechanical apertures along the fracture
during shear reactivation.

2. FRACTURE SURFACE PREPARATION AND
ROUGHNESS MEASUREMENT

We consider changes in mechanical aperture for a rough
joint slipping under low effective-normal stress.
Rectangular-shaped joint replicas, 140x140 mm®, were
prepared by pouring non-shrinking cement mortar on a
fresh joint surface of an artificially split granite block
(Moradian et al. 2012). We assumed that upper and
lower surfaces were completely matched at the initial
stage of shearing. Thus, the initial aperture and contact
area were assumed to be 100% and 0% respectively. The
details of the experimental methodology can be found in
Fathi et al, 2015 and 2016.

The upper and lower surfaces of the joint replica were
scanned by a profilometer before the test. Each surface
was approximated by considering a large number of
planar surfaces tangent to the asperities at a given point



(Fathi et al. 2015). Each of these tiny windows could be
characterized by their heights above a reference plane
and their angle of inclination with respect to the
coordinate system. Each asperity was characterized by
several tiny windows. The frequency distribution and a
map view of tiny windows as a function of their heights
and angles are shown in Figures 3 and 4 respectively.
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Fig. 3. a) Frequency distribution and b) map view of tiny
windows of the fracture surface as a function of their heights.
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Almost half of the tiny windows (49%) have a negative
angle with respect to the shear direction (white zones in
Figure 4b). During the initial sliding, when windows
along the upper surface have negative angles, those
points do not sustain normal loads after a slip increment.
Dilation occurs at that point, increasing the mechanical
aperture (see Figure 5). Asperities with windows that
have positive angles (colored zones) interfere with the
opposing substrate, hinder sliding, and are locations
where damage can occur.
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Fig. 4. a) Frequency distribution and b) map view of tiny
windows of the fracture surface as a function of their angles.
The colored and white zones show tiny windows with positive
and negative angles toward the shear direction respectively
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Fig. 5. Asperities with positive and negative angles toward the
shear direction. Asperities with negative angles open right
after slip initiation while asperities with positive angle may
open later according to their heights and the amount of
dilation.



3. MECHANICAL APERTURE CALCULATION

Assuming laminar flow between two smooth parallel
plates, then hydraulic conductivity of the fracture is
given by the cubic law (Zimmerman and Bodvarsson
1996):

k =ge’ /12v

where k = hydraulic conductivity, g = gravity
acceleration, e = hydraulic aperture averaged over the
entire joint and v = viscosity of the fluid. This
assumption is a substantial simplification: The surfaces
formed during hydraulic fracturing are not smooth; and
the asperities along them have important consequences
on fluid flow. The most evident effect is that the flow
surfaces lose their parallelism; moreover, in comparison
with a smooth joint with equal aperture, a rough joint
can cause changes in both the local aperture and the flow
path. It is possible that all these factors can actually
reduce hydraulic conductivity in the reservoir (Scesi &
Gattinoni 2009). To consider these effects, the real
aperture between two surfaces must be calculated by
taking into account the effect of surface roughness. A
first estimation can be obtained by taking the mean
mechanical aperture as a measure of void spaces existing
between fracture surfaces.

Barton et al. (1985) proposed that the effect of roughness
on hydraulic aperture could be included by using the
following empirical relation:

e=(JRC)**(E/e)”

where e is hydraulic aperture (um), E is mechanical
aperture (um) and JRC is joint roughness coefficient.

The techniques used to measure mechanical aperture
include injection, X-ray Computer Tomography (CT),
Nuclear Magnetic Resonance Imaging (NMRI), gas
volume balance, laser scanner and photogrammetry
(Hakami 1995, Chen et al 2000, Sharifzadeh et al 2008).
In this study, we used a profilometer to scan the 3D
coordinates of the joint surfaces. Since the upper surface
has been casted by pouring cement on the lower surface,
we assumed that the two surfaces were initially fully
mated, that the initial contact area was 100%, and
therefore, that the initial aperture would be 0%. In this

case, during the scanning, common reference points
must established to match the opposing surfaces (Fathi et
al 2015). If the two surfaces were not completely mated,
then the initial aperture would need to be measured
using displacement vectors at each of the reference
points.

During the shear experiment, the lower surface is fixed
and the upper one slides over it. After each increment of
shear displacement, we calculated new 3D coordinates
for each of the tiny windows of the upper surface using
the measured shear and normal displacements. The
coordinate system is selected so that x-axis is along the
shear direction, the y-axis is perpendicular and contained
within the reference plane, and the z-axis gives the
asperity height.

-}:in = :l':il..[.l + dx

‘:'J.'up = .TI"-iup

ziup = Ejyp T dz

where dx is normal

shear displacement, dz is

displacement and, Xjuge Mg Zivp and Xjups Tiup: Liup
are the initial and the new coordinates of the i" point on
the upper (mobile) surface respectively.The profile of
the lower surface was assumed to be rigid and fixed
during the test. In other words, the lower surface does
not damage or displace, neither normally nor
tangentially, as a function of shear and normal
displacements and all the damage and displacement
occurs in the upper surface.

We assume that there is no rigid body rotation or lateral
movement of either surface around or along the y-axis;
thus the y coordinates of points on either the upper or
lower surfaces do not change during the test. We also
assumed that shear and normal loads/displacements were
applied uniformly on the entire surface of the joints.
Thus, if there is 1mm shear or normal displacement, all
asperities displace 1 mm normally or tangentially. After
slip, the difference of the heights of the windows on the
upper and lower faces determines whether the two tiny
windows at a given x,y position are still in contact.
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Fig. 6. Assessment criteria for mechanical aperture calculation; a) zero aperture= tiny windows are just in-contact, b) positive
aperture= tiny windows are not in contact c) negative aperture= damaged has occurred and gouge materials have been produced

(Fathi et al 2015)

We did not consider elastic deformation in the shear
plane, but we did include elastic distortions in the
normal direction. Based on tensile tests on cylindrical
specimens the maximum elastic displacement for the
specimens was 0.01 mm. After taking into account the
elastic deformation, the criteria for mechanical aperture
calculation are as follows:
- if Ewﬂp - :"-I:'.-'.'{I'.-'.' < 0
damaged, negative aperture
B T Lyeyun
in contact, zero aperture
- iE0 = El.'l-':l.l_:l - E'.v-_l.'.v
contact, positive aperture
where £y, up and Ly, 1w are the height of the i" tiny
window of the upper and lower surfaces (Figure 6).
We considered negative apertures to be zones where
damage occurred and that the volume of debris formed
in the damage zones would fill the regions with positive
aperture. As a result, the total volume of mechanical
aperture available for fluid flow is the subtraction of the
negative apertures from the positive apertures:

tiny windows have been
— Lptw < Tiny windows are just

Tiny windows are not in

Tutal vnlume of mechanzcal aperoone = l:.Jl)&l:.fI)‘:l ko= l:.-l\{:'lx; = J‘.'\l::';'lx; = =hady

. . . 2
Where A is the area of a tiny window (0.2x0.2 mm”),
Azi>0 are positive apertures and Azi<0 are negative
apertures.

4. MECHANICAL APERTURE DISTRIBUTION
DURING DIRECT SHEAR TEST

We measured the force necessary to cause sliding during
direct shear test for several normal loads, and the actual
shear and normal displacements between the two joint
surfaces during slip. Dilation is the increase in the
relative normal displacement between the upper and
lower surfaces. The shear displacement rate was 0.1
mm/min; the tests were ended when the shear
displacement attained 10 mm (Moradian 2010). Figure 7
displays the direct shear test results for the tested
specimens.

We note that dilation monotonically increases up to 10
mm. This result probably owes to the fact that the shear
displacement would need to overpass the asperity with
highest wavelength before dilation would decrease. The
highest wavelength in the roughness distribution is about
22 mm, which is larger than the maximum shear
displacement (10mm). After the slip distance surpasses
the highest wavelength, dilation could decrease. But,
because the surfaces have random distributions of
asperity height, it is unlikely that dilation would go to
zero, unless gouge production is large. In this study, we
considered the case where both the applied normal
stresses and the amount of gouge materials were low.
Nevertheless, at higher shear displacements where the
contact area is reduced due to dilation, even this low
initial normal stress produces very high stress
concentrations and some gouge materials may be



produced. For these calculations, the positive effect of
dilation overcomes the negative effect of gouge
production, and therefore, aperture increases. Figure 8
shows the local shear stress as a function of shear
displacement for given normal loads using the actual
contact area calculated from the tiny window method.

In contrast, if normal stresses were higher, dilation might
be less significant, and gouge production could play a
dominant role in changing the aperture and hydraulic
conductivity (Barton and Quadros 1997). Using the
methodology in section 3, the mechanical aperture of the
joint surfaces under different normal loads and after each
shear displacement increments was calculated from the
shear and normal displacements of the two surfaces.
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real contact area has been calculated and the shear and normal
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than the whole area between the joint surface.

Figure 9 displays the frequency and distribution of the
tiny windows as well as their aperture after slip
displacements of 0.2, 0.4, 1, 6 and 10 mm.

As can be seen in Fig. 9, mechanical aperture (white
color zones) starts increasing as shear displacement
begins. From Figure 9c, it can be inferred that a shear
displacement as low as 1 mm is enough to increase
mechanical aperture to 2 mm and the volumetric
aperture up to 90%. Further shear displacements (e.g. 6
mm or 10 mm) increase the mechanical aperture up to
3.5 mm and the volumetric aperture up to 99%.

Figure 10 and 11 show the change in mechanical
aperture as a function of normal stress and slip
displacement. While aperture is reduced by increasing
normal stress, it is increased significantly by slip
displacement.
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5. DISCUSSION

While the results have shown that the shear reactivation

of natural fractures increases the aperture of the natural

fracture, the following conditions are important in
determining the changes in the transmissivity of the un-
propped natural fractures:

I. The hydraulic fracture must intersect the natural
fracture so that the hydraulic fracturing fluid can be
exchanged.

II. The natural fracture must be permeable so that the
fluid can penetrate a significant distance into the
natural fracture.

III. Matrix permeability must be low compared to
fracture transmissivity. If matrix permeability is
high, natural fractures will have a small effect on the
fluid transmisivity (Weng et al 2015).

IV. Pore pressure must be close to Gumin, SO that effective
normal stress is reduced close to or even below zero.

This is because the natural fractures are too strong to
slip as the hydraulic fracture approaches, but they
begin to fail as the fracturing fluid enters and
decreases the effective normal stress (Maxwell et al
2015).

V. The azimuth/orientation of the natural fracture must
be at an angle with respect to the in situ principal
stresses that is sufficient to produce a substantial
shear stress resolved on the slip plane. Similarly,
larger stress anisotropy is more favorable in
inducing shear slip propagation (Weng et al 2015).

VI. These experiments and calculations considered rigid
sliding of fractures where shear damage is relatively
small. In this case, primarily where normal loads are
small, dilation happens, aperture is produced and the
amount of gouge materials is not significant. Under
higher effective normal loads, aperture and hydraulic
conductivity may not change significantly because
of the competing effects of fracture dilation and
gouge formation. Because gouge production
systematically reduces hydraulic conductivity,
considerations of this case will demand a change in
viewpoint from that of parallel plate or channel flow
to flow in porous medium with changing
microstructure (Barton and Quadros 1997).

VII. Shear slippage of the natural fracture must not

exceed a certain amount (shear slippage < highest
asperity wavelength and shear slippage<opening of
the hydraulic fracture), because:

A. If we overpass the highest asperity wavelength,
the dilation decreases and the natural fracture
may close.

B. Since shear-slip makes a relative shift of the joint
surfaces on two sides of the natural fracture, it
forms a small offset in the main hydraulic
fracture. It is therefore possible that too much
shear-slip can cause a shift exceeding the fracture
width, cutting off the main hydraulic fracture at
the natural fracture junction (Weng et al 2015).

6. CONCLUSIONS

A methodology was proposed for calculation of
volumetric mechanical aperture of two joint surfaces
under different, but low, normal loads and slip distances.
The calculations suggested that shear reactivation of
natural fractures during a proppant-free hydraulic
fracturing  operation can significantly  enhance
mechanical aperture, which eventually leads in an
enhancement in hydraulic aperture and conductivity.

One of the interesting topics considered in these
calculations are the competing effects of dilation and
gouge production. Under low effective normal stress,
natural fractures dilate more than damage, and therefore
aperture increases.

Under these conditions, the slip distance affects



mechanical aperture more than the effect of normal
stress. Shear displacements as low as 1 mm are enough
to increase the mechanical aperture (= 90%) up to 2 mm.
Further shear slip (e.g. 6 mm or 10 mm) increases the
aperture volume by about 98% and the aperture up to 3.5
mm.
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