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ABSTRACT

Numerical methods used to study hydraulic fractyrim low
permeability rock masses need to take into accdhet
interaction between the progressive failure medmnof the
intact rock matrix and the pre-existing naturatcfuaes. A fully
coupled hydro-mechanical 3D discrete elements mdedaling
with such interaction is presented here. The ulinwdjective is
to grasp the role of the rock-matrix failure on grepagation of
the main fluid driven fracture under different ssedfields and
pre-existing fracture orientations. The proposed thoe
provides the spatiotemporal distribution of theuoed crack
events which can be tracked during the simulationaking
possible the identification of the local mechanisieeding to
macro-failure in the rock matrix or reactivation dhe
discontinuity planes. A hydro-fracking experimentakt was
simulated and, is presented in this paper as péneovalidation
process of the model.

INTRODUCTION

With the expansion of shale gas and geothermaiveise exploitation, the technique
of Hydraulic Fracturing (HF) has been widely usedrahe past years (McClure, 2012; Britt,
2012). Despite recent advances in micro-seismailysis or numerical modeling (Nagel et
al., 2013), the way progressive failure of rockeets the fluid flow depending on the in situ
stress conditions or the rock heterogeneities igully controlled yet (Zoback, 2010).

In this work we focused on setting up a three-dis@mal discrete elements model to
study fluid driven fractures propagation. The imtemck is modeled by a discrete element
method (DEM) able to reproduce fracture initiatiamd propagation (Scholtes and Donze,
2013, Garcia et al., 2013). The pre-existing freed are explicitly modeled and can be
individually defined or be part of a discrete fraet network (DFN) (Harthong et al., 2012).
Their mechanical response is fully coupled with flo&l within a HM-DEM framework. The
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fluid flow and it's interaction with the intact mat and the pre-existing discontinuities is
modeled through a Pore-scale Finite Volume (PFWes® (Chareyre et al., 2012, Catalano
et al., 2014 ), specially enhanced for fracturezk nmodeling.

In order to validate the hydraulic fracture initet and propagation, a comparison is made
with a hydrofracking test performed in sandstonecspens (Stanchits et al., 2013). The
overall response of the specimen to the mechaarghhydraulic loading is compared.

NUMERICAL MODEL

DEM model

A 3D coupled discrete element model was used ferdtudy. This model is implemented in
YADE OPEN DEM (Kozicky & Donzé 2008, 2009), an extiable open-source framework.
A detailed description of the model can be foundémeral references (Smilauer et al., 2010,
https://yade-dem.org/dgcand only a short description will be given heFee DEM model
considers a set of discrete spherical elementsartiag through cohesive-frictional brittle
bonds with the possibility for near neighbor intgian. Scholtes and Donzé (2013) showed
the advantage of such feature to obtain realistittldness ratios and nonlinear failure
envelopes for various rock types. The cohesivéidn@al bonds behave according to an
elastic-brittle constitutive law. For the elastiondain, constant shear and normal stiffnesses
are computed depending on the size of the dis&letments and the desired macroscopic
parameters. Linear elasticity holds until sheateosile local bond failure occurs. The failure
criteria are expressed using a modified Mohr-Coliamiterion based on three parameters, a
friction anglep and two stress-like values defining the maximumiadible forces £ and
F."® are derived. After brittle rupture, frictional @action occurs between strictly contacting
discrete elements. Such interaction presents reldéestrength, and a purely frictional shear
resistance that depends on the friction apgl®verall, the DEM model for the rock matrix
includes six parameters (Scholtés & Donzé, 2013).

DEM modeling of pre-existing rock discontinuities

Due to the spherical shape of the discrete elemgtamar discontinuity surfaces
cannot be described without being dependent oflideetization. For this reason, the present
model uses the smooth-joint model (SIM) proposedlby Ivars et al. (2011). The SIM is
applied to all interactions located across pretags discontinuity surfaces. The SJM
modifies the orientation of the interaction accogdito the orientation of the pre-existing
discontinuity. A frictional elastic-plastic behavias prescribed along the discontinuity
surface, with very small influence of the roughngeeerated by the spherical elements. The
SJM’s behavior is characterized by four parametarsmal and tangential joint stiffnesses, a
local joint friction anglep and a dilation angle. It is important to note th&t corresponds to
the resulting macroscopic friction angle of the wimbed discontinuity surface, unlike the
matrix, where the internal friction angle of the dnan does not correspond to the friction
angley defined at the bond scale (Scholtes & Donzé, 2012)

Fluid Modelling based on a PFV scheme

The numerical approach for simulating the rock mtaslsavior under fluid injection
uses a pore-scale finite volume (PFV) scheme whardbles the model to simulate the fluid
flow through the rock-matrix as well as through ftinectures (see Chareyre et @012,
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Catalano et al., 2014). This scheme offers the ipdigs to set up a complete
hydromechanical coupling by means of fluid forcppleed on the discrete elements and pore
fluid deformation as a function of the displacemehthe latters. The pore network model is
built through a weighted Delaunay triangulation roviee discrete element packing. The
discrete elements form the vertexes of the tetnamsdwhich represent an elementary pore
unit. The Voronoi diagram defines a pipe netwoikt ttonnects the pores one with each other.
The permeability of these pipes is defined eitheough a parallel plate model for pre-
existing fractures and induced cracks or througipa model for the rock matrix.

The fluid flow formulation characterizing the flowihrough cracks or pre-existing
joints, is based on the cubic law. Consideringoenalized width per length unit, the fluid
discharge can be expressed such as,

(ag+a)®
qdij — :Zlu AP (1)

Wheregq;; is the discharge from poreo porej, u the dynamic viscosity4P the pressure
variation, ag is the residual fracture aperture aadthe aperture that corresponds to the
relative displacement between interacting discreements acting at the edge of the
neighboring pore cells.

If the flow from porei to porej, takes place through facets without cracks, nside
the rock matrix, the discharge is given by,

RjA;; AP
B Lij

qdij — (2)

with a being a scaling factod; the area of the facek? the hydraulic radius ani;
the inter-pore length.
The model enables one to use either incompresSiinigé (Chareyreet al., 2012) or
compressible fluid (Scholtes al.,2014).

NUMERICAL SETUP

The mechanical properties of the rock matrix wdresen to ensure the simulated behavior to
be representative of Colton sandstone. The praseofi the medium are summarized in Table
1. The mechanical properties of the interaction ingakhe joint planes were selected to

simulate non-cohesive fracture surfaces (cohesigetensile strength set up to zero), with a
friction angle equal to 30° and a dilation anglef 5°.
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Table 1 — Rock properties

Parameters Values
Density [kg/n] 2500
E [Pa] 20.4x14
v [-] 0.2
UTS[MPaq] 3
UCS[MPa] 30
Rock matrix permeability [A) 4x10%®
Fracture aperture (zero confinemen 0.001
[m]
RESULTS

Hydraulically driven fracture propagation experiment

The model was used to simulate a laboratory exmgrimarried out by (Stanchits et al., 2013)
on a Colton sandstone block. The objective wasvestigate the hydraulic fracture initiation
by means of acoustic emissions and volumetric meagnts. Among the different tests, the
fracture was hydraulically induced in an anisotcogiress field by injecting a highly viscous
fluid (2.5 kPa.s) into a vertical borehole. The exment was monitored such that the
injection pressure, acoustic emissions (AE) andumelric deformations were recorded
during the test. The tested rock block was aboGt£vm x 279.4 mm x 381 mm in size
(Figure 5a). The hydraulic fracturing test was aatidd by injecting the fluid into the
borehole at a flow rate of 0.83x1an%s. The borehole was drilled up to the center ef th
specimen and two longitudinal scribes were madegatbe slot to facilitate the initiation of
the hydrofracturation along a preferential directiperpendicular to the minor principal
stress). The vertical normal stress (along the Hmdee or y-axis) represented the major
principal stress with a magnitude @f = 4000 psi. The intermediate principal stressof
2000 psi was horizontal in the y-direction; the amiprincipal stress of, = 1000 psi was in
the x-direction. The stress state was maintainedhgluhe experiment (Figure 5b). The
experimental results of the fluid injection testoithe Colton sandstone block, i.e. borehole
pressure, volume of the injected fluid, lateral adefation of the specimen and AE
measurements, are shown in Figure 5b. The injectsalted in the fluid pressure increase
until the breakdown pressure of about 4700 psi veexhed. Then, fluid injection was
interrupted few seconds after breakdown, resultmdhigh pressure decay. Post-mortem
observations showed that, as expected, the verkiéalpropagated in the x- direction
perpendicular to the minor principal stress withamcake like shape. A major finding of this
study is that hydraulic fracturing initiated sigoéntly earlier than the pressure breakdown as
emphasized by AE measurements.
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Figure 1 — On the left (a), a schematic which repnés the experimental test. On the right (b)
the recorded data during the injection test. lighthe evolution of the volumetric
deformation along the axis of the appliegh, (E-W Volume), the cumulative injected volume
(Injected Volume), the corresponding pressure énlibrehole (Bore Pressure) and the
recorded acoustic emissions (AE) (from Stanchitd.e013).

Hydraulically driven fracture propagation model results

This experiment was simulated numerically in ordeverify the ability of the model
to reproduce the fracture path, injection pressune the progressive failure in relation to the
AE data. The simulations were run by injecting ampeoessible fluid with a viscosity
significantly lower than in the experiments (259aBesides this lower fluid viscosity, the
difference to the experiment lies in the fact tin&t injection was done in a pre-existing penny
shaped crack of 50 mm diameter, located at theecaitthe numerical model In addition,
injection was not interrupted after the breakdownnathe experiments. The resulting micro-
crack pattern within the simulated block is preednin Figure 6 (bottom) and its spatial
distribution is compared to AE hypocenters recoridetie experiment (top). As observed for
the AE in the experiment, micro-cracks coalescedotmn a vertical hydro-fracture, which
propagated from the borehole towards the model daynperpendicularly to the minor
principal stress direction (x axis). The localiaatand the time evolution of the simulated
micro-cracks are in reasonably good agreementtWé&hAE events. However, micro-cracking
and AE measurements, even though correlated, céimmaiactly (Figure 7). Indeed, several
micro-cracks can be part of a unique acoustic eVeatling to an earlier activity in terms of
micro-cracking. Because of that, the evolution loé ticro-cracking over time is slightly
different from the AE measurements and their spdigribution is more diffuse. Note that
current works are currently carried out to relatecroicracking to acoustic events
(Raziperchikolaee et al., 2014). The evolution led borehole pressure and as well as the
micro-cracking evolution are presented in FigureDéspite the assumptions made in the
simulation, the pressure breakdown value is contgp@r® the one obtained experimentally.
The overall evolution of the pressure matchesyawntll the laboratory data. The pressure
linearly increased up to the peak then decay pssgrely. Nonetheless, the pressure increase
exhibits an earlier and more pronounced departora finearity compared to the experiment.
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Figure 2 — On the top, two orthogonal projectiohdB hypocenters from the experiment
(Stanchits et al, 2013) are presented. On the iotiwo orthogonal projections of cracks
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Figure 3 — Crack and pressure history (time in sdsp

A 3D coupled DEM model, able to deal with fluiddn fracture propagation in rock
with pre-existing and newly created fractures igspnted. The model is using explicit
dynamic DEM to simulate the rock phase of the sysésd an enhanced pore-scale finite
volumes scheme able to deal with porous matrix feactures, to represent the fluid phase.
The coupling between the fluid phase and the frast(hewly or pre-existing) is based on the
initial aperture, residual aperture and the retatlisplacement of the elements involved in the

cracks.

Hydraulic fracturing in homogeneous, non-homogeseou jointed medium can be
considered by the model. Different stress fieldsnée by magnitudes and orientations of the
principal stresses can be also considered. Thiectide predictions shows a good agreement

with laboratory data.
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