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Subsurface injection of fluids in a stress-sensitive naturally
fractured rock faces the problem of near-wellbore fracture
evolution and associated changes in rock properties. Numer-
ical modeling of the changes in permeability and poroelastic
properties of the near-wellbore region is challenging due to
the coupling between fracture dynamics and poromechanics
across multiple length scales of fractures and the host rock.
Wepresent a numerical framework tomodel anisotropic and
dynamic evolution in rock properties based on a coupled for-
mulation of fluid flow, rockmechanics and fracturing, where
fracturing-induced damage is used to update the rock prop-
erties. A generalized fixed stress method, which accounts
for damage-induced anisotropy inflow and deformation pro-
cesses, is developed to sequentially solve the equations of
flow, mechanics, and fracture evolution. We demonstrate
the usefulness of our framework in quantifying the effects
of injection rate variability, initial fracture distribution, and
in-situ stress state on the evolution in permeability, elastic
stiffness, and the Biot parameters. Our framework does
not require the computational mesh to conform to existing
or future fractures, allows simultaneous growth of multiple
randomly-distributed fractures, and can be implemented
relatively easily in existing coupled flow-geomechanics sim-
ulators to extend them tomodel fracturing at the reservoir
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1 | INTRODUCTION
Fractures control strength and brittleness of rocks under hydromechanical loads [1, 2]. Fractures also act as conduits of
fluid flow and heat transport in aquifers, geothermal rocks, and oil reservoirs [3]. In many engineering applications, it is
essential to understand the role of growing fractures onmaterial strength or fluid flow. As a result, various constitutive
models with different levels of complexity have been proposed over the years to model the flow and mechanical
response of fractured rocks [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. However, manymodels struggle to capture the evolving
complexity of propagating fractures of different orientations and length scales due to the role of local stresses, which is
time-dependent and difficult to capture via constitutivemodeling. Concentration of locally tensile stresses, especially
the deviatoric part, around grain and defect boundaries in rocks [6, 15, 11, 16] cause new cracks to originate from
defect boundaries, which grow along the directions governed by the principal stress directions and the locations of
other defects [17, 18, 19, 20, 21]. This is further supported by lower fracture toughness values at the grain boundaries
compared to the values inside the grains [22]. The result of such high stress concentration at the small scale is that
the rock fails at a far-field stress value that is much lower inmagnitude than predicted by the Griffith theory and the
molecular cohesive strength [23, 24, 25, 26]. Also, as the crack propagates, local stresses near the crack tip change in
magnitude anddirection [27] suggesting that one needs to solve poro-elastodynamics coupledwith fracture propagation
in order to capture the effect of such propagation on deformation and flow processes in brittle rocks. However, the
problems of dynamic fracture propagation and fluid flow through fractures can be highly nonlinear due to the geometry
and scale interaction issues [2, 25, 28].

To make the computational modeling of propagating fractures tractable, fractures are often treated as lower-
dimensional objects within a higher-dimensional matrix e.g. 1D fractures in a 2D domain [29, 30, 31]. Evenwith these
simplifications, it is challenging tomodel the dynamics of flow and fracture propagation in naturally fractured rocks due
to the complex geometry of the fracture network and the scale discrepancy between the fractures and the hostmatrix. A
common approach infinite element analyses involves representing a fracture as a displacement discontinuity discretized
with cohesive zone elements. The concept of a cohesive zone in fracturemechanics as proposed earlier [32, 33]. The
cohesive zone acts as a fracture process zone where a resisting force or traction acts on each crack surface as a function
of the displacement jump across the surfaces. Cohesive zonemodels have also been used to evaluate crack formation
and growth in concrete [34]. In cohesive zonemodels, the crack path is often defined a priori such that the locations of
the cohesive elements are known. The Discrete FractureModel (DFM) approach is similar in terms of its requirement to
know the fracture locations and path a priori [35]. These approaches lead tomesh-dependent fracture path solutions
because the fractures can propagate only along element edges. Simulation of flow and deformation processes in
fractured reservoirs using a mesh that explicitly represents multiple fractures and conform to individual fracture
geometry is computationally prohibitive. There is another hurdle in simulating naturally fractured reservoirs. During
production or injection periods, poromechanical properties might change around the well due to changing pressure and
stress conditions. These changes impact near-wellbore permeability, which is an important hydrologic parameter that is
used to evaluate the injectivity/productivity of the well and to determine the locations of future wells in the field.

We present a framework to model flow and deformation in naturally fractured reservoirs based on a coupled
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formulation of fluid flow, rockmechanics and fracturing-induced damage processes. We extend the fixed stress method,
proposed earlier for isotropic deformation [36, 37, 38, 39], to model the anisotropic deformation and flow behaviors
observed due tomicrocracking at the reservoir scale [40, 41] and the core scale [42]. Role of anisotropy in altering flow
patterns [43] andmechanical strength of naturally fractured rocks [44, 45] has been emphasized recently. We use the
Irwin-Griffith theory [46, 47] combined with the ContinuumDamageMechanics (CDM) approach [48, 49, 50, 51, 52] to
model fracture propagation and associated changes inmechanical and hydraulic properties of themedium. The CDM
approach allows one to capture themacroscopic effects ofmicroscopic cracking, such asmaterial anisotropy, inelasticity,
pressure sensitivity, volumetric dilatation, and strength deterioration, into continuum scalemodels through constitutive
equations based on a damage variable defined using the crack length. Recently, the damagemechanics approach has
been used to simulate fracturing and permeability enhancement in brittle permeable rocks subjected to injection [53].
The approach consists of solving the coupled poroelastic problem simultaneously using COMSOLMultiphysics followed
by updating the elasticity tensor, permeability, and the Biot parameters as functions of the damage variable. Sequential
iterations are conducted over the poroelastic solver and the damage-based updater with a convergence criterion on
the global norm of the change in the elasticity tensor. This approach is expected to show poor convergence properties
and smaller timestep requirements during hydromechanical loading of stress-sensitive rocks, compared to establishing
convergence directly on the poroelastic solution of pressure and stress or displacement. In another implementation [54],
a damage-based updater for permeability is used tomodel permeability enhancement during injection for enhanced
geothermal applications. However, in that implementation, the flow problem ignores themechanical coupling arising
from the change in volumetric stress, and, therefore, it is not clear how the damage-induced permeability enhancement
interacts with the volumetric deformation-induced porosity and permeability changes [55], especially when the two
types of coupling act against each other.

Recent progress in using CDMapproachmotivates us to develop a sequentially coupled flow-mechanics-damage
model to investigate flow-induced changes in hydromechanical properties of a reservoir containing networks of cracks.
The capability of sequentially coupled flow-mechanics simulators to simulate well operations in fields spanning tens
of kilometers in space andmultiple decades in time has been demonstrated recently [56, 57, 38, 58]. In our approach
described below,we consider the changes in crack length and aperture due toflow-induced deformation and rock failure
as damage to the hydromechanical properties—permeability, elastic stiffness and the Biot parameters—which evolve in
space and time as the damage variable evolves with the deviatoric stress. We present results from numerical studies
using our simulator that validate our framework and illustrate the effects of well rate variability, fracture directionality,
and the boundary stress ratio on rock properties.

2 | PHYSICAL MODEL

Themodel domain is assumed to be a 2D Lx � Ly horizontal section of a reservoir containing the wellbore as shown in
Figure 1. The section is a fluid-saturated homogeneous rock embeddedwith randomly-placed idealized linemicrocracks.
Locations and geometric properties of suchmicrocracks can be estimated from electrical resistivity or acoustic logs
along boreholes [59], pressure transient tests [60], and seismic surveys [61], which are measurement techniques at
different length scales and resolutions. The domain is subjected to compressive loads representing the two horizontal
stresses on its top and right boundaries, �H and �h , respectively. The stress ratio is defined as SR = �h��H . The bottom
and left boundaries are fixed in the normal directions. No-flow conditions are prescribed on all boundaries. Themodel is
in hydrostatic andmechanical equilibrium, and the state of the rock before fluid injection is regarded as the initial or
undamaged state.
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F IGURE 1 Left: A horizontal injector placed in a naturally fractured reservoir containingmicrocracks and larger
fractures. Right: A two-dimensional conceptual model of a horizontal cross-section of the fractured reservoir showing
the injector intersectingmultiple pre-existingmicrocracks. Themodel domain containing the randomly distributed,
non-interactingmicrocracks is considered to be undamaged before the well becomes active.

3 | MATHEMATICAL MODEL
Consider the model problem shown in Figure 2. We classify the cracks into crack families defined using the surface
normal vector of the cracks. The subscript k is the crack family index and N is the number of crack families. A represen-
tative elementary volume (REV) containing a single elliptical crack with unit normalnk and subjected to total normal
stresses �xx and �y y is shown. A local coordinate system is defined with nk and the unit tangent vector along the
crack long axis. Themodel boundary conditions are as follows. Zero normal displacements are prescribed on the left
and bottom boundaries. Constant normal compressions are prescribed on the right and top boundaries equal to the
minimum horizontal principal stress �h and themaximum horizontal principal stress �H . Zero fluid flux is prescribed on
all the boundaries.

3.1 | Poroelastic problem in an isotropic domain
For the poroelastic host matrix, we use a classical continuum representation, where the fluid and solid skeleton are
viewed as overlapping continua. The governing equations of fluid flow andmechanical deformation are obtained from
themass and linear momentum balance statements of a quasi-static domain undergoing infinitesimal deformations [62,
25]. These equations form the basis of Biot’s self-consistent theory of poroelasticity [63], which describes the relation
between the changes in total stress, the pore pressure, and the fluid mass content in space and time. Fluid mass
conservation during isothermal single-phase flow through a poroelastic medium can be expressed as [62]:

dm

d t
ý + �w = �f qw ; (1)

wherem is the fluid mass (per unit bulk volume), �f is the fluid density,w = �f v is the fluid mass flux, and v = �„k ��”+p
is the Darcy velocity relative to the deforming skeleton. qw is the volumetric source term of the fluid phase at the
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