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A single planar fracture geometry dominates the process of hydraulic fracturing in homogeneous,
isotropic and cohesive materials. However, this fracture geometry cannot explain the high recovery
efficiency observed in shale gas and enhanced geothermal energy. Experimental and numerical
studies reported here demonstrate that pre-fractured, structured reservoirs experience extensive
geometric distortion and dilation around the main opening-mode discontinuity generated by high-
pressure fluid injection. This kinematic dilation may decrease at high confining stresses because
blocks deform and split. Parameters such as the dominant fracture set orientation, block size and
slenderness and blocks overlap length characterise a pre-structured medium and determine its
deformation pattern and hydromechanical behaviour. Kinematically controlled dilational distortion
greatly improves fluid conductivity in the pre-structured medium. A sixth-power relationship is
anticipated between the enhanced hydraulic conductivity and the roundness of the main opening.
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NOTATION
cv-frac coefficient of pressure diffusion in the fracture (m2/s)

E Young’s modulus (N/m2)
e opening width or crack aperture (m)
e0 initial opening width (m)
Hb block height (m)
i block layer number

kb hydraulic conductivity of the rock block (m/s)
khyd hydraulic conductivity (m/s)
k0hyd initial hydraulic conductivity (m/s)
kN normal stiffness of the interface elements (N/m2)
kS shear stiffness of the interface elements (N/m2)
Lb block length (m)
LF length of the main opening (m)
N number of blocks composing the main opening

OF width of the main opening (m)
p fluid pressure (N/m2)
s inter-block overlap length (m)
T dimensionless time
t time (s)
zi distance between top of i-th block layer and the bottom

base (m)
z1 distance between top of the first block layer and the

bottom base (m)
α constant
β angle between the wing opening and the horizontal axis

(deg)
γ fluid unit weight (N/m3)
γb rock block unit weight (N/m3)
Δe change in the opening width (m)
ΔL change in the opening length (m)

Δzi change in the distance between top of i-th block layer and
the bottom base (m)

Δz1 change in the distance between top of the first block layer
and the bottom base (m)

η fluid viscosity (N·s/m2)
λ block aspect ratio (λ=Lb/Hb)

σx∞ far-field horizontal stress (N/m2)
σ′z0 initial vertical stress (N/m2)
σz∞ far-field vertical stress (N/m2)
ϕ internal friction angle (deg)
χ angle between contiguous points on opposite faces of wing

openings (deg)

INTRODUCTION
Hydraulic fracturing is commonly used to enhance
resource recovery from oil, gas and geothermal reservoirs
(e.g. Economides & Nolte, 2000; Jeffrey et al., 2010), for
deep waste injection (e.g. Delaguna, 1966; Tsang et al.,
2015), and to assess the in situ state of stress (e.g. Haimson &
Fairhurst, 1969; Zoback et al., 2003; Lakirouhani et al.,
2016).

Extensive studies have been conducted to understand the
evolution of hydraulic fractures in various geomaterials.
Cohesive intact rocks experience a single bi-wing planar
fracture; the fluid pressure required to propagate these
fractures reflects the rock tensile strength, the in situ stress
and pore pressure (Hubbert & Willis, 1957; Detournay,
2016). In addition, frictional granular materials develop
opening-mode discontinuities when either viscous drag or
capillary forces overwhelm the skeletal forces created by the
far-field effective stress (Shin & Santamarina, 2008). There is
also the case of pre-existing fractures, where most studies
have focused on the interaction between the propagating
hydraulic fracture and a single pre-existing fracture in a
homogeneous medium (Zoback et al., 1977; Lam & Cleary,
1984; Warpinski & Teufel, 1987; Teufel & Clark, 1984;
Cheng et al., 2015); in this case, the system response depends
on factors such as the approach angle, the in situ state of
stress, rock fracture toughness, fracture friction and aperture,
permeability of the rock matrix and fluid injection rate and
viscosity (e.g. Lamont & Jessen, 1963; Daneshy, 1974;
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Thiercelin et al., 1987; Cooke & Underwood, 2001; De Pater
& Beugelsdijk, 2005; Zhou et al., 2008; Zhang et al., 2009;
Wasantha & Konietzky, 2016; Wang, 2017).
Hydraulic fracture formation and growth in pre-

structured media such as a fully fractured blocky rock
mass remain less understood (Last & Harper, 1990; Gale
et al., 2007; NAE, 2015; Lee et al., 2015). Field observations
and microseismic measurements hint to the strong influence
of pre-existing fractures and the development of complex
fracture patterns during hydraulic stimulation of pre-
fractured media (Warpinski et al., 2009; Dahi-Taleghani &
Olson, 2011; Ren et al., 2016). Furthermore, the predicted
stimulated volume does not agree with either the volume
inferred from microseismicity or from well production rates
(Mayerhofer et al., 2011; Maxwell et al., 2011; Nagel et al.,
2013). The generation and propagation of hydraulic frac-
tures in a pre-structured medium must reflect the coupling
between the in situ state of stress, geometric characteristics of
the formation (block size, slenderness and overlap) and its
global hydro-mechanical response, including opening-
dependent fluid conductivity, slippage, interlocking and
dilation.
This study combines laboratory experiments and coupled

hydro-mechanical numerical simulations to elucidate the
processes responsible for the response of structured blocky
media subjected to hydraulic stimulation. In particular, the
study explores the role of the rock internal structure on
kinematic dilation away from the main opening.

EXPERIMENTAL PROCEDURE AND RESULTS
The fractured medium tested in this study consists of
an assembly of impermeable, equal-size acrylic blocks
(25·4 × 13× 13 mm3). Tests involve two different internal
structures with inter-block overlap ratios s/Lb = 0·5 and 0·9,

where Lb is the block length and s is the overlap length
(Fig. 1).

Boundary conditions
The block layers rest on a rigid base, and two transparent
rigid plates hold the blocky specimen (back and front). Test
series involve two extreme lateral boundary conditions:
constant zero lateral stress, and zero lateral deformation.
The top boundary is free in all cases.

Procedure
A local displacement is imposed on a selected fracture or
block(s) in the bottom layer. The displacement rate is
0·5 mm/s for a maximum displacement of 13 mm.
The recorded data include the displacement field using
high-resolution time-lapse photography and the upward
force required to stimulate the medium.

Results
Figure 1 presents selected photographs gathered during
loading and unloading stages. The blocky mass experiences
extensive dilational distortion away from the imposed
displacement at the bottom boundary. Fabric distortions
reflect the internal block structure and boundary conditions.
Upward propagating wing openings bound most of the
far-field distortion and define the stimulated reservoir
volume for the fabric with small interblock overlap.
Columnar structures form when blocks are stacked with a
large overlap ratio.

Irreversible residual deformations remain locked-in on
unloading (Fig. 1 – unloading columns). This form of
‘self-propping’ results from blocks that slip under neighbour-
ing blocks (i.e. kinematic propping), or frictionally trapped

Overlap ratio s/Lb = 0·5 s = 0·5Lb

Overlap ratio s/Lb = 0·9
s = 0·9Lb

One block displaced One joint displaced Two blocks displaced

Loading Unloading Loading LoadingUnloading Unloading

Fixed

Free

Free

Fixed

(a)

(b)

Fig. 1. Configuration of the experimental model. Observed dilational distortion during loading and unloading for various cases of
imposed displacement: on a block, on a fracture and on two blocks at the bottom layer. Results are shown for two internal structures,
with overlap ratios of (a) s/Lb = 0·5 and (b) s/Lb = 0·9, under fixed and free lateral boundary conditions. Two white tapes are attached on
the lateral confining boundaries for reference
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block misalignment (i.e. static propping). Self-propping
implies block rotation-and-slip, and dilation of the fractured
medium (see also Riahi et al., 2014; Lei et al., 2015; Garcia
et al., 2018). The high efficiency of proppant-free or
waterfrac field treatments confirms self-propping effects as
well (Mayerhofer et al., 1997; Chen et al., 2000; Hossain
et al., 2002).
Figure 2(a) shows the block vertical displacement Δzi

obtained from digital image analyses at successive i-th layers
away from the main opening plotted against the layer
number i= zi/Hb; for comparison, Δzi data are normalised
by the displacement imposed on the first layer Δz1. The
increase in vertical displacement away from the source
reflects the gradual accumulation of dilational distortions
that occur in each layer.
Force−displacement data collected during these tests

exhibit a hysteretic, elasto-plastic response (Fig. 2(b)).
The force required to displace a single block is 5−10 times
the overburden weight above the displaced block. Higher
values apply to the structure with small overlaps due to the
increased transverse block interlocking.

NUMERICAL SIMULATIONS AND RESULTS
The simulation study uses finite elements to represent
both blocks and fractures in the pre-fractured medium.
The formulation is fully coupled in terms of deformations,

effective stress and fluid pressure. The two-dimensional
orthogonal structured medium is similar to the laboratory
specimens described earlier: horizontal layering, block
slenderness Lb/Hb = 2, inter-block overlap ratio s/Lb = 0·5
and plane-strain condition. The structured medium consists
of 651 blocks placed in 20 layers (19 200 block elements,
6840 interface elements and 72 510 nodes).

Algorithm
Figure 3(a) shows two blocks, each discretised into 8× 4
continuum elements. Each block element has eight nodes for
displacement (solid and empty nodes) and four nodes for
fluid pressure (solid nodes). Figure 3(a) also shows a fracture
discretised to 8× 1 interface elements. Interface elements
consist of six nodes for displacement and four nodes for pore
pressure. Interface and block elements share displacement
and fluid pressure nodes. Displacement and fluid pressure
fields satisfy force equilibrium and fluid mass balance
(Galerkin formulation). The fully coupled hydro-mechanical
formulation involves a semi-implicit time integration with a
Newton−Raphson iterative approach.

All elements are pervious and linear elastic. Interface
elements have normal and shear stiffness, and friction. The
normal stiffness kN is constant in compression. Note that a
minimal value of normal stiffness is maintained for numerical
stability when blocks separate. Fractures shear with a constant

0·9

1·0

1·1

1·2

1·3

1·4

0 4 8 12 16 20

N
or

m
al

is
ed

 d
is

pl
ac

em
en

t 
Δ

z i
/Δ

z 1

Normalised position above the injection point i = zi /Hb

2B (Free)

1B (Free)

2B (Fixed)

1B (Fixed)

(a)

0

2

4

6

8

10

12

0 0·5 1·0 1·5 2.0

N
or

m
al

is
ed

 f
or

ce
 F

/W
ov

er

Normalised displacement d/Hb

(b)

50% overlap

90% overlap

Fig. 2. Experimental simulation results. (a) Measured layer displacement normalised by the displacement of the main opening,
Δzi /Δz1, against position above the injection point normalised by the block height – that is, the layer number: i= zi/Hb, before unloading.
Test conditions: displacement imposed on one block (1B) or two blocks (2B) under either free or fixed lateral boundaries.
(b) Force−displacement data. Force required to displace one block normalised by the weight of the overburden, F/Wover, against the
imposed vertical displacement normalised by the block height, d/Hb
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shear stiffness kS until they reach the Coulombian frictional
resistance characterised by the friction angle ϕ.
Fluid flux through all elements follows Darcy’s law.

The hydraulic conductivity is constant in blocks. However,
the hydraulic conductivity khyd (m/s) through the fracture
elements is proportional to the fracture aperture e (m) at
each point along the fracture

khyd ¼ k0hyd 1þ Δe
e0

� �α

ð1Þ

The initial hydraulic conductivity k0hyd (m/s) and initial
fracture aperture e0 (m) are constant throughout the medium
at the beginning of the simulation, and the α-exponent is
fixed at 3·0 (Barton et al., 1985; Segura & Carol, 2008;
Souley et al., 2015). The fracture aperture e evolves as part
of the numerical solution. Table 1 summarises material
parameters and initial conditions.

Boundary conditions
The medium is subjected to a constant far-field vertical stress
of σz∞=1 MPa. The initial lateral confining stress is
σx∞=1 MPa; after equilibration under the applied confine-
ment, the medium is subjected to a zero horizontal displace-
ment boundary condition for the fluid-injection stage. The
bottom boundary allows for horizontal displacements only
and the vertical displacement is zero. There is no flow across
the lateral boundaries, and the pore pressure is constant at the
top and bottom boundaries. An incompressible fluid is
injected at a point located at the centreline, five layers above
the rigid bottom boundary (Fig. 3(b)).

Results
Numerical experiments show the role of the pre-structured
medium in the evolution of block displacements (Fig. 4(a)).
A preferential opening forms at the injection point and grows
along the prevalent fabric direction in the blocky structure.
Furthermore, there is extensive kinematic dilation away from
the opening. The fluid pressure reflects the combination of
two processes: (a) leak-off and advection away from the main
opening – that is, pressure increases and (b) dilation and
kinematic distortion in the fractured system, thus hindered
fluid pressure increase where the fabric tends to dilate.

Figure 5(a) plots block displacement data along the
centreline and above the injection point. The vertical
displacement of the block 15 layers above the main
opening is 35% higher than that at the main opening wall.
Note that the stiffness-to-stress ratio is high in this numerical
simulation (E/σ′z0 = 1000).

Figure 5(b) shows the change in mean stress inside the
matrix. Blocks above the centreline bend with ends down,
while blocks above the tip of the main opening deform
upwards.

ANALYSES AND DISCUSSION
The regular fabric of pre-structured media assumed in this
study lends itself to simple geometrical analyses that provide
insight into the evolution of the blocky formation during the
generation of opening-mode discontinuities.

Wing openings
The inclination of wing openings with respect to the
horizontal orientation can be expressed as a function of the
block slenderness λ=Lb/Hb and the overlap ratio s/Lb (Fig. 1)

β ¼ arctan
Lb

Hb
1� s

Lb

� �� ��1

ð2Þ

The wing angle is β=45° for s/Lb = 0·5, and it reaches
β=79° for s/Lb = 0·9 (Lb/Hb = 2). This geometric analysis
assumes a stress-controlled upper boundary, and applies
for any lateral boundary condition. Contiguous points on
opposite faces of wing openings displace away from each
other at an angle χ=90− β with respect to the direction of
the wing opening. For comparison, displacements are at
χ=90° in mode I fractures and at χ=0° in mode II. These
wing openings tend to remain propped open even after
hydraulic fracturing, and become major conduits for fluid
transport during production.

Fractures normal to the main opening
Experimental and numerical results presented above show
the formation of the main opening-mode discontinuity and a
concurrent network of secondary gaps that result from
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Fig. 3. Configuration of the numerical model. (a) Two two-
dimensional rock blocks (1 × 0·5 m2) separated by a fracture.
Each pervious and elastic block is represented by 8×4
continuum elements; solid and empty nodes are used for
deformation, but only solid nodes are used for pore pressure.
(b) The pre-structured medium is represented by 651 blocks
placed in 20 layers. The fluid injection starts at the centreline on a
fracture between the fifth and the sixth block layers

Table 1. Material parameters and initial conditions for the
numerical simulations

Blocks:
Length Lb = 1·0 m
Height Hb = 0·5 m
Unit weight γb = 20 kN/m3

Stiffness E=106 kPa
Hydraulic conductivity kb = 10−6 m/s

Fractures:

Normal stiffness
kN=107 kN/m in compression
kN=10−2 kN/m in tension

Shear stiffness kS = 10 kN/m
Friction angle ϕ=30°
Initial fracture opening e0 = 1·0 mm
Initial hydraulic conductivity khyd = 10−2 m/s
Exponent α=3·0
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kinematic dilational distortion. The observed displacements
take place even in the absence of tensile failures. The main
opening involves a large number of blocks, LF/Lb≫ 1
(Fig. 6). The average aperture in fractures normal to the
main opening is a function of the main opening width, OF
and length, LF. Let us adopt a Pythagorean length

e ¼ ΔL
N

ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2
F þO2

F

q
� LF

LF=Lb
ffi Lb

2
OF

LF

� �2

ð3Þ

The simplified approximation obtained by Taylor expan-
sion highlights the benefits of rounder openings – that is,
larger OF/LF ratio. Consider a main fracture with LF= 20 m
and OF= 0·4 m. On average, the aperture of transverse
fractures will reach e=0·2 mm when blocks are Lb = 1 m
long. The evolution in fracture aperture reflects competing
processes: (a) opening that results from the increased fluid
pressure – that is, the injection rate is higher than the leak-off
rate and (b) closing due to the expansion of nearby
fractures. Pressure diffuses from the injection point into the
formation before decisive opening-mode discontinuities start
forming. The pressure required to open the main disconti-
nuity is �1·4 times the overburden stress in numerical
simulations.
Additional simulation results demonstrate that early

fracture-opening trends are similar regardless of the expo-
nent α in the conductivity aperture, equation (1). However,
the sensitivity of the hydraulic conductivity to the fracture
aperture plays an important role in the evolution of fracking
and determines the final ‘plumbing’ topology. Block and
fracture deformations (Figs 4 and 5) diminish dilational
distortion at high stress because the work of dilation exceeds
the energy required to break the rock at high effective stress.

Block splitting and corner crushing thus will hinder dilation.
Still, even a limited dilational distortion can significantly
enhance the permeability.

Enhanced conductivity in fractures normal to the
main opening
Post-stimulation fluid transmissivity will reflect the conse-
quences of kinematic dilation (Barton et al., 1995; Dyke,
1995) and shear-induced dilation along critically stressed
pre-existing fractures (Hossain et al., 2002; Damjanac &
Cundall, 2016; Liang et al., 2016). Indeed, there will be
a significant enhancement in fracture transmissivity
(Zimmerman & Bodvarsson, 1996; Ito & Zoback, 2000;
Johri & Zoback, 2013).

The conductivity khyd (m/s) of a rock mass is a function of
the fracture aperture e (m) and spacing Lb (m), and the fluid
unit weight (kN/m3) and viscosity η (Pa s) (Snow, 1965)

khyd ¼ γe3

6ηLb
ð4Þ

Equations (3) and (4) combine to highlight the strong effect
that the main opening roundnessOF/LF has on the rock mass
conductivity contributed by the transverse fractures

khyd ¼ γL2
b

48η
OF

LF

� �6

ð5Þ

CONCLUSIONS
High-pressure fluid injection in pre-structured media can
cause opening-mode discontinuities that are distinct
from hydraulic fractures in homogeneous cohesive media

T = 0·11

T = 0·51

T = 0·56

T = 0·61

T = 0·69

0·7

–0·7

Δp/σ 'z0

(a) (b)

Fig. 4. Numerical simulation results – test conducted at a constant injection pressure equal to 1·4 times the overburden. (a) Fracture
openings at different stages after the fluid injection starts (top to bottom); the line thickness is proportional to the aperture width.
(b) Fluid pressure field corresponding to each stage after hydraulic fracture starts; the fluid pressure is normalised by the constant
vertical stress applied on the upper boundary Δp/σ′z0. Note: images in successive rows correspond to dimensionless times
T= t× cv-frac/Lb

2 = 0·11, 0·51, 0·56, 0·61 and 0·69
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(e.g. intact rocks), or in frictional uncemented granular
media (i.e. soils). In particular, the internal structure-
dependent kinematic dilation emerges as an inherent
response of pre-fractured media. Parameters such as block
size, block slenderness and inter-block overlap length
characterise pre-structured media and strongly affect the
formation of opening-mode discontinuities.
The internal structure (a) biases the initiation of the

opening along the prevalent fabric orientation, rather than
normal to the minimum principal stress, (b) determines the
formation of either wing openings for short block overlap or
vertical displacement along columnar structures for long
block overlap and (c) affects the injection pressure required
to initiate the main opening. In fact, the pressure required to
disturb a blocky medium can be much higher than the
overburden due to interlocking.
Geometric distortion and dilation of the internal blocky

structure are extensive around the main opening. The work
of dilation against the confining stress increases with depth.
Eventually, block deformation, splitting or edge crushing
gain relevance; thus, dilation should decrease with depth.

Kinematically admissible dilational distortion has a
profound effect on fluid conductivity in the pre-fractured
medium. In theory, one can anticipate a six-power relation-
ship between the main opening roundness and the equivalent
hydraulic conductivity of the rock mass in the direction
normal to the main opening (equation (5)).

Frictional self-propping locks-in dilational distortion and
maintains a high hydraulic conductivity after depressurisa-
tion. Self-propping develops more readily in rounder main
openings as predicted by equation (5). High fluid flow rates
and high viscosities favour the creation of rounder main
openings.

The stimulation of pre-fractured, structured reservoirs
does not require the tensile failure of rock blocks.
Furthermore, dilational distortion extends the stimulated
zone away from the main opening to zones not reached by
the injection fluid pressure. These observations inform the
interpretation of seismic events; in particular, the association
between the stimulated reservoir volume and the volume
defined by seismic events require careful consideration.
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