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Abstract

Decoupled hydro-shearing has been a decades-long paradigmatic mechanism of fluid-induced seismicity. A surging alternative
is coupled hydro-mechanical triggering, largely based on the theory of linear poroelasticity. Unfortunately, seismicity source
fractures and their geometric and physical alterations to a canonical poroelastic system are rarely accounted for, and seismicity is
typically forecasted using a Coulomb stress rate model without producing catalogs. Here, I present a new framework for modeling
fluid-induced seismicity in arbitrarily fractured nonlinear poroelastic media. The hydro-mechanical triggering is modeled using
our Jin & Zoback (2017, https://doi.org/10.1002/2017JB014892) computational model that resolves both fracture fluid storage
and nonlinear flow in addition to full poroelastic coupling. Seismological modeling is achieved stochastically by generating
stress drops based on the full inter-seismic poroelastic stressing history. The two steps are sequentially coupled and advanced in
time via a new prediction-correction algorithm, allowing for fracture stress updating and synthetic event catalog assembly. To
demonstrate model capabilities and effects of fractures and full coupling on overpressure, stress and seismicity, I perform three
microseismic-scale numerical experiments by progressively adding fractures and poroelastic coupling into a diffusion-only base
model. Some previously unknown mechanisms are elucidated. In contrast to existing models, my model produces repeaters
and linear clustering of seismicity. Poroelastic coupling enhances the clustering, inhibits near-field seismicity over time while
increasingly favoring remote triggering, and overall significantly reduces the event population. Meanwhile, some seismic source
statistical characteristics including the Gutenberg-Richter scaling relation overall remain unaffected, and the curious -value

elevation for microseismicity can be attributed to a mechanical origin.
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Key Points

e | consider an arbitrarily fractured, fluid-solid fully coupled and nonlinear poroelastic medium for
modeling induced seismicity

e | propose a new framework coupling hydro-mechanical modeling with poroelastic stress path-based
seismological modeling

e Three numerical experiments demonstrate model capabilities and effects of fractures and full
coupling on overpressure, stress and seismicity
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Abstract

Decoupled hydro-shearing has been a decades-long paradigmatic mechanism of fluid-induced seismicity.
A surging alternative is coupled hydro-mechanical triggering, largely based on the theory of linear
poroelasticity. Unfortunately, seismicity source fractures and their geometric and physical alterations to a
canonical poroelastic system are rarely accounted for, and seismicity is typically forecasted using a
Coulomb stress rate model without producing catalogs. Here, | present a new framework for modeling
fluid-induced seismicity in arbitrarily fractured nonlinear poroelastic media. The hydro-mechanical
triggering is modeled using our Jin & Zoback (2017, https://doi.org/10.1002/2017JB014892)
computational model that resolves both fracture fluid storage and nonlinear flow in addition to full
poroelastic coupling. Seismological modeling is achieved stochastically by generating stress drops based
on the full inter-seismic poroelastic stressing history. The two steps are sequentially coupled and
advanced in time via a new prediction-correction algorithm, allowing for fracture stress updating and
synthetic event catalog assembly. To demonstrate model capabilities and effects of fractures and full
coupling on overpressure, stress and seismicity, | perform three microseismic-scale numerical
experiments by progressively adding fractures and poroelastic coupling into a diffusion-only base model.
Some previously unknown mechanisms are elucidated. In contrast to existing models, my model produces
repeaters and linear clustering of seismicity. Poroelastic coupling enhances the clustering, inhibits near-
field seismicity over time while increasingly favoring remote triggering, and overall significantly reduces
the event population. Meanwhile, some seismic source statistical characteristics including the Gutenberg-
Richter scaling relation overall remain unaffected, and the curious b-value elevation for microseismicity
can be attributed to a mechanical origin.

Keywords: coupled hydro-mechanical modeling, seismological modeling, induced seismicity, fractured

porous media, poroelasticity, seismic source parameters
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1. Introduction

Fluid perturbations (i.e., injection or withdrawal) within the subsurface alter the pore pressure and
effective stress quasi-statically, inducing seismicity and dynamic stress release on certain fractures (in this
study, I do not distinguish between a fracture and a fault, both defined as an arbitrarily long pre-existing
permeable fluid pathway with frictional strength, and I shall use them inter-changeably). The occurrence
of fluid-induced seismicity on a source fracture is due to the maximum shear stress resolved on it exceeds
its static frictional strength. Adopting the classic linear Coulomb shear failure criterion, this can be
summarized as

CFF =|z | —p0'y =|:||G'f'ﬂf ||2_(G'f N ®n, )2]1/2_/15 (Glf N ®Df) ey

where ¢’ is the current effective stress tensor on the fracture in the presence of fluid perturbations, ¢’ |z
and CFF are the effective normal stress, the maximum shear stress and the Coulomb Failure Function
(i.e., Coulomb stress) resolved on the fracture, and ns and us are the unit normal vector and the static
frictional coefficient of the fracture. Hereinafter the subscript f is used to indicate fracture-related
guantities.

If fractures themselves are known a priori, i.e., n and u are given, then the mechanics of fluid-induced
seismicity fundamentally rests on the principle of effective stress (Dunham & Rice, 2008). For any given
fluid-pressurized fracture, the current effective stress state can be decomposed as

¢'. =6';,+00"; (2

where 6’1 is the arbitrary initial effective stress on the fracture and 66’;is the perturbation due to fluid
overpressure within the fracture.

The key step in the hydro-shear process described by equation (1) then lies in the calculation of d6’;. This
is traditionally done in a fluid-solid decouple manner. Specifically, the mass conservation law in the form
of fluid pressure diffusion is solved separately to obtain the overpressure within the fault, dp;. The
alteration to the fluid storage capacity due to solid deformation (i.e., the full volumetric strain for the
fracture itself or a fraction of the volumetric strain for the fracture-hosting rock) is not accounted for.
Following the Terzaghi simple effective stress law (Terzaghi, 1936), it is then assumed that the effective
stress tensor is modified through isotropic reduction of all normal components by the amount of &ps
whereas all shear components remain unchanged. Following a compression positive notation, it can be
summarized as
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—0op;
06, =—0p,1= = (3)
—dp,

Substituting equations (2) and (3) into equation (1), one recovers the familiar form of the Coulomb failure
function with the pore pressure effect (e.g., Byerlee, 1978)

2 2 1/2
CFF =|:||Glf0'ﬂf " _(“'fo N ®Df) ] M (6|f0 0y ®n _Spf)

=[50 [ -4, (O-lnfO_Spf )

(4)

where ¢’nio and || are the initial effective normal stress and maximum shear stress on the fracture from

9 ,fo.

Equation (4) shows that the fluid overpressure within the fracture leads to a direct increase in its Coulomb
stress (or effectively, a reduction in its static frictional strength) by the amount of up;. To induce
seismicity, i.e., the CFF is driven from negative to 0, the required dpsis simply (¢’ o-|zrol/us). This is
widely used as a paradigm in designing experiments on fluid-induced seismicity both in the laboratory
and on the field (e.g., Scuderi & Collettini, 2016; Mukuhira et al, 2017). This decoupled approach also
remains as the basis of some prevalent statistical models of induced seismicity (e.g., Shapiro et al., 2005;
Rothert & Shapiro, 2007). In this class of models, a statistically random critical pore pressure is used as a
proxy of the frictional strength of a pre-existing fracture and the pore pressure evolution is governed by
simple linear fluid diffusion; the modeled spatial-temporal distribution of seismicity, however, is often
inconsistent with observations. As a remedy, some nonlinear diffusion models have been developed by
adding a pressure-dependent diffusivity (Hummel & Shapiro, 2012; Johann et al., 2016; Carcione et al.,
2018) in an attempt for better data matching. The diffusion-based seismicity models can be further
extended by incorporating, e.g., random stress heterogeneity (Goertz-Allmann & Wiemer, 2012),
fractures following distributions derived from field observations (Verdon et al., 2015), and even empirical
seismic emission criteria for generating synthetic seismograms (Carcione et al., 2015). This decoupled
mechanism also underlies some studies that invert for distributions of permeability (Tarrahi & Jafarpour,
2012) and pore pressure (Terakawa et al., 2012; Terakawa, 2014) from induced seismicity data.

Equation (4) also underlies some recent physics-based models for forecasting injection-induced
seismicity. For example, the RSQSim earthquake simulator, originally developed in the absence of fluid
flow and is aimed at improved modeling of seismicity through the inclusion of rate-and-state friction
(Richards-Dinger & Dieterich, 2012), has been extended for forecasting induced seismicity by combining
it with an analytical pressure diffusion model (Dieterich et al., 2015; Kroll et al., 2017). A model based on
the so-called “seismogenic index”, which quantifies the seismotectonic state at an injection location

-4 -
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(Shapiro et al., 2010) and is locally calibratable using existing injection and seismicity data, has also been
proposed and applied to seismicity forecasting at large scales (Langenbruch & Zoback, 2016;
Langenbruch et al., 2018). The pressure rate used in the definition of the seismogenic index is derived
from the standard pressure diffusion equation decoupled from solid stress state.

Despite their successful applications in many cases, the decoupled class of models has two fundamental
drawbacks. First, they inherently cannot explain the remoting triggering of seismicity in areas not directly
subjected to finite pressure perturbations (Stark & Davis, 1996; Megies & Wassermann, 2014; Yeck et
al., 2016). They also incorrectly predict that pore pressure depletion increases the effective normal stress
on a fault and therefore will always inhibit seismicity. However, depletion-induced faulting has been
amply documented (e.g., Zoback & Zinke, 2002; Van Wees et al.,, 2014). The Biot theory of
poroelasticity (Biot, 1941) provides a viable avenue to eliminating such dilemmas and subsume all
observations under one paradigm. At its essence is the full monolithic coupling between the fluid and
solid. Specifically, the negative pressure gradient acts an equivalent body force that enters the force
balance law and drives changes in the solid deformation and stress; on the other hand, the volumetric
strain rate acts an equivalent fluid source in the mass balance law and drives changes in the fluid
overpressure (Segall, 2010; Jin & Zoback, 2017). Classic analytical solutions to a fully coupled linear
poroelastic system under various simplifying conditions have been derived (e.g., Rice and Cleary, 1976;
Cleary, 1977; Segall, 1985; Booker & Carter, 1986; Rudnicki, 1986; Segall & Fitzgerald, 1998; Wang &
Kimpel, 2003). Pioneering studies have utilized this theory to explain depletion-induced seismicity
(Segall, 1989; Segall et al., 1994) and more recently, probe its roles in injection-induced seismicity
(Altmann et al., 2014; Segall & Lu, 2015). Since then the application of the theory of poroelasticity seems
to have quickly arisen as a trend in establishing models of induced seismicity, and a rapidly growing body
of studies have been documented recently, either analytically based (Jin & Zoback, 2015a; Dempsey &
Suckale, 2017) or numerically based (e.g., Chang & Segall, 2016a; Chang & Segall, 2016b; Fan et al.,
2016; Deng et al., 2016; Chang & Segall, 2017; Zbinden et al., 2017; Postma & Jansen, 2018; Tung &
Masterlark, 2018; Chang & Yoon, 2018; Norbeck & Rubinstein, 2018). At a smaller scale, numerical
simulations of fluid-induced microseismicity, typically motivated by applications like stimulations of
hydrocarbon and geothermal reservoirs, have also been reported (e.g., Maillot et al., 1999; Angus et al.,
2010; Baisch et al.,, 2010; Zhao & Young, 2011; Wassing et al.,, 2014; Yoon et al., 2014,
Raziperchikolaee et al., 2014; Riffracture et al., 2016).

It is worth noting that a fully coupled poroelastic model has two important distinctions from a decoupled
model. First, for the fluid, solid-to-fluid coupling can lead to non-monotonic solutions of the fluid
pressure, due to changes in the pore (and fracture) volume caused by the compression or dilation of the
solid skeleton. This was first observed in 2D by Mandel (1953) and later in 3D by Cryer (1963) and is
collectively referred to as the Mandel-Cryer effect. Successfully replicating this phenomenon in the
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numerical pressure solution is often considered as an important benchmark point (e.g., White & Borja,
2011). Second, for the solid, fluid-to-solid coupling generates a full and anisotropic poroelastic stress
tensor instead of an isotropic stress tensor with only normal components as predicted by equation (3).
Additionally, the magnitudes of the normal components differ from -6p;. This has been documented in
great details in Jin & Zoback (2017, 2018a, 2018b, 2019). In the context of induced seismicity, the second
distinction is of our interest and it can be summarized as

5Glfxx 6Glfxy 6Glfxz
de'; = do's,, d0';, (5)

symmetric do 'f .

Here, 60 i, 00 ty, 00’1z, 00’1y, 00’1, and da’x, are the six independent normal and shear components of
d6’s, which are to be solved for from the following quasi-static force balance law on the fault where the
Terzaghi simple effective stress law applies (it is to be paired with the mass balance law in a
monolithically coupled manner, details are not shown here, and the dependence of dp; on the mean stress
is indicated)

3(6a'm )+§(8pf (tr(3c",)))

0

S600,)+ 2 (507, )+ 2 (567, ) + (6 (e’ )

9
0z

0 (6)

(507, )+ (60'“2)+%(8p,(tr(Sc'f))):O

Note that here the equilibrium needs to be sought only among the perturbating state itself since the
arbitrary initial state is already in balance. In the coupled approach, the coulomb failure function equation
(1) thus takes a more general form with the poroelastic effect

CFF :|:||(6If0+86|f )‘ﬂf ”2 _|:(6'f0+80If ):Df ®n ]2}1/2 — [((r'm+86'f ):Qf ®ﬂf]

=70 +87¢ | -4 (O-'nf0+60-'nf )

()

Comparing equation (7) with equation (4), the difference between the poroelastic effect and the pore
pressure effect on seismicity triggering on a source fracture becomes clear. Generally speaking, 6¢’n # -
dps. The maximum shear stress on the fracture is also modified. The sense of 6z; can be the same as or
opposite to 7 and one must first sum up d6 s and o’y before calculating the CFF. The distinction between
equations (7) and (4) are vital as they can lead to radically different predictions on the time of rupture
nucleation, the co-seismic rupture velocity, rupture style and radiation pattern as well as the post-seismic
distributions of displacement and stress (Jin and Zoback, 2018a, 2018b).
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While it has become increasingly recognized that the seismicity-triggering force within the fault-hosting
rock is generated in a poroelastically coupled manner, there appear to be some unfortunate
misconceptions. The first misconception is that pore pressure effect and poroelastic effect are alternative
to each other and the former should be accepted as the correct approach when the Biot-Willis coefficient
o. of the hosting rock is less than 0.3 (Johann et al., 2016). The second misconception is that the pore
pressure effect and the poroelatic effect co-exist such that induced seismicity is a result of both (e.g.,
Goebel et al., 2017; Barbour et al., 2017; Keranen & Weingarten, 2018; Skoumal et al., 2018; Yu et al,
2019). The reason why neither is valid becomes evident at this point. As has been shown above, the key
difference between the pore pressure effect and the poroelastic effect in seismicity triggering lies in
equations (3) and (6), which can now be summarized as

36, '+3p;1 =0 onQ, (8)
for pore pressure effect and
V-(86, +8p,1)=V-36, '+ V3p, =0 on (9)

for poroelastic effect.

Here 1 is the unit identity (Kronecker delta), 0 and 0 are a second-order tensor and a vector with all 0
constituents and & is the fracture domain. Equation (9) needs to be closed with appropriate boundary
conditions. Obviously, the solution to equation (8) always satisfies equation (9); however, the solution to
equation (9) does not always guarantee equation (8). In other words, equation (8) is sufficient but not
necessary for equation (9). This is the case, for example, when dp;is not spatially uniform (i.e., a gradient
in dpsis present, V&ps# 0). Under this condition, one can readily see that Véps acts as an equivalent body
force vector and produces a full stress tensor. For the solution from equation (9) to be the same as that
from equation (8), two simplifying conditions are needed. First, the pressure change dpsis uniform such
that

Vép; =0 (10)

and second, the domain is subjected to zero incremental traction on the boundary, described by a
Neumann type boundary condition

(36, '+8p,1)-n; =0 on o, (11)

where 0% is the fracture domain boundary. Only under the conditions specified by equations (10) and
(12) can the solution to equation (9) also satisfies equation (8). Therefore, | point out that the poroelastic
effect (or more broadly speaking, the poromechanical effect in the presence of material nonlinearity like
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plasticity and non-Darcy flow) is the true and only effect; the pore pressure effect is the “reduced”
poroelastic effect under simplifying conditions and the two should not be considered as alternative nor co-
existing effects.

For the fault-hosting porous rock itself, the degree of poroelastic coupling is scaled by the Biot coefficient
a (typically below 1). Johann et al. (2016) hypothesize that for low-permeability rocks, a should also be
negligible and they cast doubt on the validity of the Segall (2015, 2016a) poroelastic models in which
>0.3. This hypothesis is impertinent. o is a measurement of the rock solid’s susceptibility to the
influence of the fluid and vice versa. Its exact form was first rigorously derived from basic linear
constitutive equations as (Nur & Byerlee, 1971)

a=1-— (12)

where Ky and Ky, are the bulk moduli of the porous rock and the solid skeleton grains, respectively.

The exact same expression was later re-derived from the first and second laws of thermodynamics and it
was shown that the Biot effective stress tensor arises naturally as power-conjugate to the rate of
deformation tensor of the solid phase (Borja, 2006). Low permeability does not necessarily imply low
porosity nor low «. The solid grains can be packed in a manner to maintain high porosity and low K,
(hence high o) with poor or little interconnections between pores (hence low permeability). As a matter of
fact, laboratory experiments confirm that o of low-permeability shale reservoir rocks is indeed primarily
between 0.3 and 0.9 (e.g., Hornby, 1995; He et al., 2016; Ma & Zoback, 2017). Returning to the first
misconception discussed above, the conclusion by Johann et al. (2016) that the pore pressure effect can
approximate the poroelastic effect when <0.3 is merely a coincidence in the parameter space. It the case
of a medium with overall low permeability, or with severe permeability contrasts (e.g., an ultra-low-
permeability shale embedded with high-permeability fractures), the differences between distributions of
pore pressure and poroelastic stress are drastic (Jin & Zoback, 2019).

The theory of poroelasticity is undoubtedly applicable to fluid-infiltrated and -saturated porous rock
across a wide range of permeability scales. Classic analytical solutions offer important insights but are
generally less applicable due to restricting conditions. Despite a surging number of numerical poroelastic
models as have been mentioned above, applications of them to induced seismicity are rather limited. They
are used to either analyze a single event or forecast seismicity rate based on the classic Dieterich
Coulomb stress rate model (Dieterich, 1994), without modeling the spatial-temporal evolutions of
seismicity nor their source and statistical characteristics. Notice also that these models either do not
explicitly include faults or include very limited number of them and treat them simply as a porous domain
with localized permeabilities, therefore the medium is effectively “porous” only. None offered the

capacity to model geometrically complex fracture networks. More importantly, some first-order fracture-
-8-
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related physics, for example, the Poiseuille flow behavior within the fracture and the associated
nonlinearity due to pressure-induced hydraulic aperture variations, are not accounted for. Furthermore,
limited within the capacity of commercial solvers, the fracture domain is often represented with
exaggerated thickness (and therefore artificially enhanced along-fracture fluid flow) to facilitate equal-
dimensional space discretization. These simplifications come with consequences and may diminish the
meaningfulness of modeling outcomes (Jin & Zoback, 2016a, 2016b).

To date, a general mechanic-based and physically representative model of fluid-induced seismicity in a
geologically realistic medium is not available, due to in part difficulties in establishing a suitable
theoretical and computational framework for fluid-saturated, arbitrarily fractured and nonlinear
poroelastic solid. As a result, effects of fractures and full coupling on triggering seismicity and controlling
its evolutional and source characteristics also remain largely unexplored. We are therefore motivated to
develop the following new hydro-mechanical-seismological modeling framework. Built upon our Jin &
Zoback (2017) fracture-poro-mechanical computational model, this framework offers the capacity to
handle arbitrarily distributed fractures and the associated new physics and nonlinearity. It also integrates
for the first time deterministic modeling of inter-seismic, quasi-static and fluid-solid fully coupled
triggering and mechanics-based stochastic modeling of co-seismic shear stress drop, and offers a natural
way to model multiple induced seismic cycles. An important outcome of the modeling is a synthetic event
catalog that allows for further statistical analysis. As a general tool, the model not only is capable of
producing many phenomena observed in real data, but also allows for numerically uncovering some
otherwise unknown effects of model configuration and physics on induced seismicity. Details are
described below. Throughout the text, space- and time-dependent quantities in all equations are marked
using (x, t).

2. Theory and Implementation

2.1 Calculating Effective Stress on Fractures

As has been shown in section 1, the pivotal piece in modeling fluid induced seismicity lies in the
calculation of the current effective stress tensor ¢ 5, defined on the fracture domain ;. While it suffices to
use & for describing the essence of poroelastic seismicity triggering (equations (2), (7) and (9)) and its
fundamental difference from pore pressure triggering (equations (1), (2) and (8)), the calculation of ¢ is
a different issue. Directly solving equation (9) (coupled with a mass balance law) obviously requires
discretizing an irregular stand-alone domain consists fractures with arbitrary locations and orientations as
well as lengths and thicknesses that typically differ by orders of magnitude. Additionally, the fracture
domain is coupled with the hosting rock through fluid and solid boundary conditions that are challenging
to implement. One can circumvent this dilemma by indirectly solving for ¢+ To do so, the traction
continuity condition across any given rock-fracture interface can be invoked,

-9-
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hosting rock fracture
—_—
o(x.t)-n, —(c'; (x,t)+ p, (x,)1)-n, |=0 Vn,,xeaf (13)
O

where ¢ and o are the current Cauchy total stress tensor within the hosting rock (i.e., matrix) and on the
fracture of interest, respectively, ns and 0 are the same as before, and of is the matrix-fracture interface.

Because equation (13) holds for any fracture of arbitrary orientation ny, it implies the following equality

o(x,1)—o,(x,1) =0, x edf (14)

Therefore, following the simple effective stress law, the effective stress tensor on the fracture of interest
can be expressed as

o' (x1) =0 (1)~ p; (X, )1 =0(X,) - p, 1(X,1), X € (15)
To show the initial and perturbing states, equation (15) can be further expanded as
o' (x,1) = (6, +36(X,t)) (o +3p, (X, 1)1, X € (16)

where the subscript “0” indicates initial states whereas “8” suggests perturbing states. Here, 6psis the
same as in equation (3) and is also referred to as the fluid overpressure within fractures or fault-zone
overpressure.

2.2 Two Sources of Changes in Total Stress and Overpressure

From equation (16), it can be readily seen that the focus of the problem is now diverted towards solving
for the two perturbing quantities: the Cauchy total stress tensor 6 in the poroelastic hosting rock and the
fluid overpressure dp; within fractures. Because the medium undergoes both fluid perturbations externally
and seismicity internally, both variables can be decomposed to reflect these two sources as

da(x,t) = SGp()_(,t)+ZSGS“)(§,t)H(CFF“)) (17)
j
3p; (x,1) =8p, (X, 1) + D 5Pl (x,t) H(CFF ) (18)
j —,—zo
Here,
H(CFF) = {0’ CFF <0 (19)
1, CFF >0

-10 -
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In equations (17), H is the Heaviside function, CFF is calculated according to equation (7), the subscript
“p” indicates poroelastic changes arising from external fluid perturbations, the subscript “S” indicates
seismicity-induced (i.e., fracture slip-induced) redistributions, and (j) refers to the number of episodes of
slip on an event-generating source fracture. Here it is worth noting that external fluid perturbations fall
into three categories: injection/withdraw pressure, surface flux (mass rate per unit area) and volume flux
(mass rate per unit volume), the former two described by fluid Dirichlet and Neumann boundary
conditions, respectively, and the last specified by a direct source/sink term. There appears to be some
growing interest on which relates to induced seismicity the most (e.g., Barbour et al., 2017; Almakari et
al., 2019; Alba et al., 2020; Hopp et al., 2020). Essentially, such differentiations are about testing the
sensitivity of the governing law to the prescribed boundary conditions which all become parts of an
external fluid mass vector for a linear problem and a residual vector for a nonlinear problem. Providing a
universal answer should not be attempted, rather, the analysis ought to be done on a case-by-case basis.

Recall that mode-II slip on a source fracture yields negligible changes in the overpressure within it
(volumetric strain occur in the hosting rock but not on the fracture), therefore, in this study, dps is
approximately O as is indicated in equation (18) such that dp:~ dps, and can be solely attributed to external
fluid perturbations.

Equations (17) and (18) must be substituted into equation (16) for determining if seismicity occurs on the
fracture of interest according to equation (7); if yes, the seismic cycle needs to be updated (j=j+1) for this
fracture. This process ought to be iterated over all time steps for all fractures. The major computational
cost then arises from the calculation of external perturbations-induced changes do, and dps, as well as
seismicity-induced changes de6,. The first two variables can be obtained from our Jin & Zoback (2017)
computational model. The last variable can also be solved for in a fully dynamic spontaneous earthquake
rupture problem with a loading history from the former two and this can be achieved using our Jin &
Zoback (2018a, 2018b) computational model. For an arbitrarily fractured domain with a large fracture
population, this task is perhaps computationally intractable. In this study, | seek intermediate solutions by
focusing on the inter-seismic evolution of induced seismicity but not the co-seismic dynamic changes,
therefore, rather than solving for all three for updating fracture stress, | will instead solve only for o, and
dps and insert them into a novel fracture stress updating algorithm to indirectly account for the effect of
d6s on source fractures without considering source-to-source interactions. The details of these two steps
are given in the following three sections.

-11 -
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2.3 Fracture-Poro-Mechanical Modeling

2.3.1 Objective and Challenges

The objective of this section is to calculate 56, within the hosting rock and dps, within fractures as inputs
for updating the Coulomb stress on fractures. Here, the total stress tensor ooy, is further decomposed as the
following according to the Biot effective stress law,

86, (x,t) =86" (X, 1) +adp,(x,1)1 (20)

where 86’yand dp, are changes in the effective stress tensor and the fluid overpressure within the hosting
rock due to external fluid perturbations, and « is the Biot-Willis coefficient.

Three major issues are posed here. First, from equations (16) and (20), it can now been seen that this step
indeed involves three unknown variables, &6’y op, and dps, and therefore requires solving three
governing equations, including one force balance law for the hosting rock and two mass conservation
laws for the hosting rock and fractures, respectively. This step is referred to as fracture-poro-mechanical
modeling. Second, d6’, must be solved for simultaneously with the associated fluid overpressure dp;, in a
fully coupled manner. Third, all three variables are functions of the arbitrary network of pre-existing
fractures, which not only introduces additional fluid behaviors but also spans over a wide range of scales.
While accounting for all fractures is probably computationally intractable, the subset of fractures at a
scale comparable to the model domain must be deterministically resolved, as they have amply been
demonstrated to have a first-order control of modeling outcomes (e.g., Berkowitz, 2002; Vujevic et al.,
2014; Hirthe & Graf, 2015; Hardebol et al., 2015). | hereinafter refer to these fractures as the large-scale
deterministic fractures (LSDF), which can be expressed as

LsDF =|J'F, (21)

where F; is the 1™ large-scale fracture and N is the total population.

2.3.2 Progressive Scenarios

To address the above issues and illustrate effects of the LSDF and full poroelastic coupling on seismicity,
three progressive scenarios are constructed, each physically more representative than the previous. In the
base scenario (case 1), | consider a fluid diffusion problem in a porous rock matrix €y,, which is governed
by the following mass conservation law accompanied by the Darcy’s flow equation. They read

(#00(Ca +C, ) P, (XD + V- V(XD =5(x ) xeQ, (22)
V(1) =777k, (X)-V8p, (x1) xeQ (23)

m
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where ¢no is the initial matrix porosity, C,, C, are compressibilities of the matrix and the fluid,
respectively, v is the fluid velocity, s is the fluid source/sink term divided by the initial fluid density, # is
the fluid viscosity, and ki, is the full matrix permeability tensor permitted to be heterogeneous and fully
anisotropic.

In the next scenario (case 2), | consider fluid diffusion in a fractured porous media by introducing the
LSDF into the porous rock. In an equal-dimensional representation, the fractured domain is denoted as
=0,V . For efficient computations without resolving transversal details across each fracture, Jin &
Zoback (2017) proposed a new formulation customized for hydraulically conductive fractures. Due to its
exceedingly thin nature, the fracture domain £ can be reduced into a lower-dimensional domain
superposed onto (instead of portioned from) the ambient matrix domain £,,such that &; c©,=2 where 2
is a mixed-dimensional approximation of Q. In this manner, fractures introduce no additional degrees of
freedom (i.e., the unknown overpressure is now dp,only rather than both p, and 6ps,), and the following
relation holds

3py, < 8p, (24)

However, the fluid storage capacity of the medium is now augmented due to the presence of fractures and
the mass balance over the fractured domain now reads (Jin & Zoback, 2017)

(A0 (N8e () (Cr +C, )+ (1= Ao (%))(C, +C, ))§6pp (X D+V-v(x, ) =s(xt) xeO (25)

where Ay is a locally defined geometric factor that depends on the initial hydraulic aperture of fractures
and Cg is the fracture compressibility.

Also, the hydraulic conductivity of the medium is enhanced and the addition of a nonlinear Poiseuille
flow equation is needed for describing the localized fluid behavior within fractures. It reads

V%0 =7 (B, 0+ C,p, () V8P, (x)  xe©, (26)

where by is the initial hydraulic aperture of fractures and V . is the tangential gradient operator.

Poroelasticity is not considered in scenarios 1 and 2. In the last scenario (case 3), | further introduce full
poroelastic coupling to the mixed-dimensional fractured domain 2. The mass conservation law shown by
equation (25) now needs a further modification to reflect a second change to the fluid storage capacity
due to the solid matrix volumetric strain. Following a compression positive notation, it reads (Jin &
Zoback, 2017)
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(Ao (X)o (X)(Cry +C, )+ (1= Ay () o () (C, +cp))§6pp(z,t>
(27)
—av(géup (x,t)jW V(X =s(xt) xeQ

Equation (27) is to be fully and monolithically coupled with the following quasi-static force balance law
\% ~(60'p(g,t) +adp, (g,t)l) =V-66' (X, t)+aVdp,(x,t)=0 xe Q (28)

In this study, | consider the fractured medium in its entirety as linear elastic and adopt the Hooke’s law
86’ (x,1) =D:VO8u (x,1) xeQ (29)

Here in equations (27) and (29), du, is the change to the solid matrix displacement vector due to external
fluid perturbations, D is the elastic stiffness tensor, V® is the symmetric gradient operator and “:”
indicates double tensor contraction.

Table 1 summarizes the three progress scenarios, the latter two being nonlinear. The nonlinearity is
sourced from equation (26) and is two-fold, as is manifested by first the pressure-dependent hydraulic
aperture and second, the fracture permeability as a quadratic function of the hydraulic aperture, therefore
the medium becomes nonlinearly poroelastic. Such form of nonlinearity is typically not included in
previous seismicity modeling studies.

Table 1. Three progressive scenarios

Governing equations

Scenarios | Fluid Solid Descriptions
Conservation | Flow Balance | Constitutive
Case 1 (22) (23) N/A N/A Fluid diffusion in a porous medium; linear
Case 2 (25) (23), (26) | N/A N/A Fluid diffusion in a fractured porous medium; nonlinear
Case 3 @7) 23), (26) | (28) (29) Fully _mor_molithically coupled flui_d difquion and _solid
' stressing in a fractured poroelastic medium; nonlinear

In seeking for a numerical solution, Jin & Zoback (2017) developed a hybrid-dimensional two-field
mixed finite element method for efficient space discretization while preserving the distribution of a given
set of deterministic fractures; the solution of the fully coupled semi-discrete system is advanced in time in
a fully coupled manner (as opposed to a sequentially coupled manner) following a fully implicit
(backward Euler) finite difference scheme; within each time step, the resulting nonlinear and fully
discrete equation is solved using a Newton-Raphson solver. This technique is adopted for case 3. For case
1, the discretization is done in space using a standard Galerkin finite element method and in time using a
backward Euler scheme; no linearization is needed. For case 2, the discretization and linearization
procedures resemble those in case 3 except for the use of a single-field interpolation scheme. To illustrate
the differences, for cases 1-3, | give their respective semi-discrete forms of the governing laws shown in
table 1 after space discretization. They read
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£ +KE ~F, =0 (30)

<!

(M +ZN:MF, ( APF, )Jé:p "{K"'ZN:KF. (é:pF. )jé:p -F, =R, (31)

M+Y M, (Gy) —C {5p}+ K+ YKo () 0 {4}_{E3}:R -

0 o [ld C c|ld:) U

=p =P -

where M and M are fluid storage capacity matrices in the absence and presence of fractures, respectively,
K is the hydraulic conductivity/transferability matrix, G is the stiffness matrix, C is the coupling matrix,
F1, E;and E; which take different forms, are external nodal mass vectors for cases 1-3, Y is the external
nodal force vector, fp and d, are nodal values of dp and &u,, respectively, augmenting quantities
associated the LSDF are indicated with the subscript “F,” and | and N are the same as in equation (21).
The detailed expressions of the above discrete matrices and vectors can be found in Jin & Zoback (2017).
M, F1, F, can be obtained by removing the fracture effect and/or the coupling effect from their respective
counterparts.

Solving the fully discrete form of equations (30) - (32) gives their respective final numerical solutions.
For the two cases with fractures (cases 2 and 3), the numerical solution of fracture overpressure &pp,

denoted as ¢ £p» 1S then obtained by extracting a subset of the hosting rock pressure nodal values,

$p =05, (33)
where Q is a matrix with 0 and 1 constituents. Details can be found on Jin and Zoback (2017).

Additionally, for case 3, the numerical solution of 8¢’ is in the so-called Voigt notation and it is
calculated from d, as

dc', =DBd (34)

where B is standard finite element displacement-strain transformation matrix (e.g., Hughes, 2012).

2.3.3 Poroelastic Stress Invariants

In the fully coupled scenario (case 3), to examine and understand roles of poroelastic stressing in
seismicity evolution, the distribution of CFF within the hosting rock is often plotted. In the presence of
several faults with the same orientations, this step is straightforward (e.g., Chang & Segall, 2016a). In the
case with varying fracture orientations, however, it is pragmatic to define an equivalent CFF calculated
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from stress invariants. Here, two poroelastic stress invariants are calculated according to standard
formulations except for the use of the effective poroelatic stress tensor d6°,. Under plane strain, they read:

1,, 1 . '
gll :§(1+V)(60' px+8o— py) (35)

\/J_z'z\/%[(SG'W—SO"W)Z+(8G'py—v(8a'px+5a'py))2+(60'px—v(80'px+80'py))2}+(80"pxy)2 (36)

where v is the Poisson’s ratio, 6oy, 00y are the two normal components and do’py is the shear

component of 3e,’°, I1” and 4/J, are the first and second poroelastic stress invariants.

Using these two invariants, an excess poroelastic shear stress denoted as MC, is defined,

MC:\/f—sin(qﬁ)%ll' @37)
Here,
¢ =tan™(u,) (38)

Equation (37) is adapted from the invariant form of the Mohr Coulomb yield function (e.g., Borja, 2013)
by setting the cohesion to 0 and the Lode’s angle as /6. In a sense, MC is the invariant form of CFF.

2.4 Inputs Preparation

At this point, for the two scenarios with fractures (cases 2 and 3), equation (16) can now be elaborated as
the following

8p; (x.t), =8p g, (x.t)
o' (x1) :[60 +869(5’t)+28651 (Lt)H(CFFj)J_ Pto +8pfp(5,t)+25p§s(§1t) H (CFFJ) 1 xeof (39)
i

j
~0

Applying the simple effective stress law for fractures, equation (39) collapses into a more general form

o', (x,) =6'o+ 36", (5 1)+ 86"} (x, H (CFF) (40)

where 6’p=006,-0ps,p1 and d6’=505-0ps1 are the effective stress changes on fractures from external fluid
perturbations and seismicity, respectively, and their summation is 66’ shown in equation (2). Also, 66~

SGfs.
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Here, the numerical solution of 86’ vary among scenarios and its expression is obtained from equations
(3) and (33) for case 2 and equations (20), (34) for case 3. For case 1, since fractures are absent, the
definition of fracture effective stress does not apply. Nevertheless, to facilitate seismicity modeling, pre-
defined random critical pore pressure as described in Shapiro et al. (2005) can be seeded in the domain,
and an equivalent 36’5, (which indeed should be written as 56°,), can be defined similar to equation (3). In
mixed finite element discretization, numerical solutions reside at nodes for the fluid pressure but
integration points for the stress. The mixed-field elements in Jin & Zoback (2017) are equal-lower-order,
leading to element-wise constant strain and stress. Accordingly, to compute the element-wise effective
stress, the element-averaged nodal fluid pressure is used. Mapped back into the tensor notation, the above
is summarized as

—a(¢, )mea
8o’y = —(pr )meanl, case?2 (41)

(DB, ) o e +(S5), 1-(QC,) 1 case3

1, casel

2.5 Seismological Modeling

The modeling outcomes from section 2.3 provide essential inputs for seismicity modeling. The remaining
task here is to iteratively determine if seismicity occurs from equation (7), and if yes, update the stress on
fractures and generate a synthetic event catalog.

2.5.1 A Dual-Scale Discrete Fracture Network

A dual network of fractures, hereinafter referred to as the DF, is considered as the source for seismicity. It
consists of two complementary subsets A and B, where the subset A, denoted as LSDF, is an
approximation to the LSDF using a series of discrete fractures and the subset B is a stochastic
representation of small-scale fractures typically found in the surrounding hosting rock and is hereinafter
referred to as the SSSF. The above description can be summarized as:

DF = LsDF UsssF =(J £, Ju(U; 1) (42)

where f, is the a™ fracture in the subset A, f, is the b™ fracture in the subset B, and n, and n, are the
respective populations.

2.5.2 Stochastic Stress Drop Modeling Constrained by Poroelastic Stressing History

As has been discussed in section 2.2, fracture stress will be updated first using external perturbation-
induced changes and then corrected to account for slip-induced redistributions. To this end, two
simplifications are made. First, source-to-source interactions are neglected, i.e., stress on a fracture is not
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affected by slip on nearby fractures. Second, slip causes negligible changes in the effective normal stress
on the source fracture itself. This reads

8o’ (x,1):n, ®n; ~0 (43)
Combined with equation (40), equation (43) implies that
o' (%), ®n, = (o', (x)+36", (x.1):n, ®n (44)

Therefore the shear stress on the fracture after slip can now be re-written in the following form

\/"Glf (x,t)-n, "2 _(Glf (x.t):n; ®n; )2 :\/"(G'fo"'sclfp(lvt))'ﬂf "2 _((Glfo"'&"fp(l,t)): n; ®n; )2 _ZjATj (45)

Here, Az is the static shear stress drop on the fracture due to the j™ episode of slip. The constrained
stochastic stress drop modeling on a source fracture based on its full poroelastic loading history is
describe by

AT, =TAT, (46)

jmax

Here,
AT = 7 _ﬂd)(clf0+8‘7'fp(5vt;)):ﬂf ®n; (47)

In equations (46) and (47), t,-* is the time at which the j" episode of slip occurs, g is the fracture dynamic
frictional coefficient as is typically used in a slip-weakening law (Andrews, 1976), Atjmax iS the maximum
likely shear stress drop and r is a stochastic parameter between 0 and 1 in honor of potential non-full
degree of stress drop (see also Verdon et al., 2015). The distribution of Az is a convolution of
distributions of r and Azjmay. In this study, since Azjmay is deterministically modeled, only the distribution
of r is needed, which is assumed to be uniform on [0, 1]. Equations (46) and (47) state that first, the new
shear stress on a fracture due to seismicity is constrained above a lower bound defined by the residual
frictional strength of the fracture and second, the maximum likely shear stress drop on a source fracture is
determined by its full inter-seismic poroelastic loading history. This is an improvement on directly
prescribing the shear stress drop in previous studies (e.g., 1zadi & Elsworth, 2014).

2.5.3 Source Parameter Calculations

The key equations used in calculating the seismic source parameters are shown here. First, the seismic
moment My can be calculated from the fracture dimension and the recorded Az. Depending on the fracture
geometry and the faulting regime, various formulas are available. Here, | opt for the one suitable for a
rectangular dip-slip fracture (Kanamori and Anderson, 1975):
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, = TAR2) f 2 (48)
A4+ p)

where W is the fracture width (assumed as 1 m in numerical examples under plane strain), 4 and u are the
Lame’s constant and the shear modulus of the medium.

Second, the moment magnitude M,, is calculated from M, following (Hanks & Boore, 1984):
MW=§(Ig M, —9.1) (49)

2.5.4 Fracture Stress Updating Algorithm

Inspired by the prediction-correction type of algorithm in plasticity computational modeling, here |
propose the following incremental fracture stress updating and seismicity generation algorithm. The
overshoot in the inter-seismic prediction step can be minimized by reducing the time step used for
matching the solutions of equations (30) - (32).

List 1. Incremental fracture stress updating algorithm

for fracture f; % within the DF, equation (42)
for time step ty
get o' (f,t,), o', (f,t,_,) % calculated and stored in sections 2.3 and 2.4

get o', (f,,t.,), =, (f,,t._,), CFF(f,,t ) fromt,
predict &', (f..t.), 7 (f.t,), CFF(f,t,) from o', (f.,t,) =0, (f)+38¢", (f,t,) % equation (7)
% incremental poroelastic stress compensation on the fracture (inter-seismic)
o'n(fity) = O-Ifn(fi'tk—l)+(6-Ifn(fi'tk)_alfn(fi’tk—l))
7 (fit) =7 (fi’tk—1)+(ff (fi’tk)_rf(fi'tk—l))
CFF(f,,t,) = CFF(f,,t, ) +(CFF(f,,t,) ~CFF(f,,t, ,))
% correction for seismicity-induced shear stress drop on the fracture, if any (co-seismic)
if CFF(f,,t,)>0
Ar(f,t) =r(u —py)o'y, (f,1,) % equations (46), (47)
7 (f.,t) = o', (f.,t,)—Az(f,t,) % update the fracture shear stress
CFF(f,,t) =7, (f,.t,)—uo'(f.1,) =—Az(f;,1,)% update the fracture CFF
nos=nos+1 % number of seismic cycles
record and calculate seismic source parameters % section 2.5.3
end

end
end

In list 1, the fracture f; needs to be associated with a stress tensor d6”(f;, t). Since f; can intersect multiple
elements (or Gauss integration points if using high-order finite elements), here, | will use only the stress
tensor from the element nearest to its center. The above algorithm automatically produces multiple
seismic cycles and therefore offers a natural way of modeling repeating events. | am now at a place to

-19-



502
503
504
505
506
507

508

509

510
511
512
513
514
515
516
517
518
519
520
521
522

523

524
525
526
527
528
529
530
531
532
533
534

Confidential Manuscript Submitted to JGR: Solid Earth

proceed to the seismological modeling, see figure 1 for a schematic illustration. A complete seismicity
catalog containing information on, e.g., the event origin time to, the location x, the shear stress drop Ar,
the seismic moment My, the moment magnitude M,,, the fracture length L and the initial Coulomb stress
CFFy, can be assembled. Notice in equation (48), a unit length along the third dimension is used.
Additionally, the definitions of a triggered event and an induced event are given and they will be
elaborated later in section 4.3.3 and used there for classifying the modeled events.

3. Microseismic-Scale Numerical Example Model Set-Up

3.1 Step 1 for Fracture-Poro-Mechanical Modeling

As a microseismic-scale numerical example, a 200 m x 200 m 2D domain is constructed representing a
fracture-hosting porous rock. For cases 2 and 3, a LSDF with 100 constituents with lengths ranging from
20 m to 50 m, and orientations, from 0 to 360°, is resolved, see figure 2a. The model domain is then
discretized in space, see figure 2b, to arrive at the semi-discrete forms given by equations (31) and (32).
For case 1, no fracture is present; nevertheless, for meaningful comparisons, the same mesh is used for
arriving at equation (30). For cases 2 and 3, the nominal model parameters, including the hydraulic and
mechanical properties, the coupling coefficient of the hosting rock (i.e., the Biot-Willis coefficient a), the
fluid and solid boundary conditions and the time-stepping parameter are identical to those in Jin &
Zoback (2017). A particular quantity of interest is the hydraulic diffusivity of the hosting rock and the
LSDF in cases 2 and 3, which are 9.95x10 m?/s and 6.64 m?/s, respectively. For case 1, the parameters
are also the same except for the permeability of the hosting rock, which is 23 mD, leading to a hydraulic
diffusivity Dy, = 0.03 m/s. The rationale behind the choice of this value is explained in section 4.2. For all
cases, a plane strain assumption is made.

3.2 Step 2 for Seismological Modeling

The next step is to set up the DF for the seismological modeling, see figure 3, and this involves two sub-
steps, see equation (42). Take cases 2 and 3 for example, the first sub-step is to approximate the LSDF
shown in figure 2a with a LSDF as the subset A, see figure 3a, by honoring the original locations and
orientations. The second sub-step is to construct a SSSF in the hosting rock as the subset B, see figure 3b;
in principle, this can be derived from a statistical model if data is available (Jin & Zoback, 2015b). In this
example, for simplicity and this does not change the generality of the method, | assign only one fracture
to each element center shown in figure 2b as the modeling of fracture locations; for subset A, the
orientations are the same as the associated deterministic fracture; for subset B, the orientations are
randomly generated following a uniform distribution on [0, 360°]. Subsets A and B constitute the
complete DF for the seismological modeling, see figure 3c. In this process, the fracture length is
generated following a well-established scaling relation, which states that the number of fractures within a
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natural fracture system scales with the fracture length according to a power law (e.g., Watanabe &
Takahashi, 1995; Bonnet et al., 2001; Johri & Zoback, 2014):

N =CL® (50)

where N is the number of fractures of length L, C is a site-specific constant and D is the so-called fractal
dimension and a typical value is between 1 and 2. In this study, C=1.6861 and D=1.0015 (further details
in section 4.4.2). The generated L is randomly distributed to all fractures shown in figure 3c.

On the other hand, the base scenario case 1 is designed not to include any fractures. Instead, the concept
of random critical pore pressure (Shapiro et al., 2005) pre-allocated at seismicity seeds is adopted here.
Nevertheless, such seeds can be explicitly visualized as equivalent fractures. The magnitude of the critical
pore pressure translates to the fracture orientation with respect to the initial stress state. For calculating
source parameters, fracture length is also randomly assigned. Therefore, the above two sub-steps are
repeated for case 1. For meaningful comparisons, the locations of the seeds are identical to those in cases
2 and 3. In the first sub-step, however, equivalent fracture orientations are random and generated
following a uniform distribution. The resulting two subsets of fractures are shown in figures 3d and 3e
and the complete DF is shown in figures 3f.

In all cases, us=0.6, ug=0.4 and a homogenous initial stress tensor 6¢’9= ¢’ = [15 0; 0 5.05] MPa is used.
The initial effective normal stress and shear stress on all fractures are then calculated, forming a Mohr
circle, see figure 4a, where the color indicates the associated initial Coulomb stress CFF,. The same color
scale is used in figure 3 to show the susceptibility of a fracture to slip with respect to ¢’x. The peak and
residual frictional strengths, calculated from usand g, respectively, are also shown in figure 4a. Figure 4a
also indicates that the domain is nearly critically stressed. Figures 4b and 4c show the distribution of
CFFg, which is no longer uniform, despite a uniform distribution of the fracture orientation.

4. Results

4.1 Fluid Pressure, Poroelastic Stress and Seismicity

Figures 5 shows four snapshots of the distribution of dp, (figures 5a-5d) and the associated seismicity
(figures 5e-5h) for case 1. The radial outward diffusion of dp, with a smooth overpressure front (Shapiro
et al., 1997) activates a subset of the pre-seeded seismicity sources where the equivalent critical pore
pressure, usxCFFo, is breached by dp,, leading to a similar radially progressive distribution in seismicity.
Note here the “front” is a loose term and it refers to an isoline where changes in a quantity become
visible. It is important to recognize that this case has one critical difference from the Shapiro et al. (2005)
diffusion-only statistical model, that is, instead of using a pre-defined critical pore pressure value
following a uniform distribution, it is the pre-defined fractures with uniformly distributed orientations that
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are used. Because the orientation needs to be transformed through equation (1), the resulting CFF, and
the equivalent critical pore pressure, usxCFF,, follow instead an exponential distribution, see figure 4b.
Therefore, the modeled seismicity distribution here is indeed different. Also, the addition of the proposed
seismological modeling framework further allows for the calculation of seismic source parameters,
including M,, and Ar as are shown in figures 5e-5h. Notice, however, that the modeled seismicity
distribution fails to retain the evident linear feature of the pre-allocated source locations (figure 3f),
illustrating a fundamental drawback of this approach.

Figure 6 shows the same snapshots of the same two quantities for case 2. Here, the effect of the LSDF
(figure 2a) becomes evident. First, dp, increases primarily along those fractures and secondarily within
the hosting rock, leading to a highly non-smooth overpressure front (figures 6a-6d). Compared to case 1,
dpp here is of lower magnitude due to the LSDF diverting the fluid from the injector. Such a distribution
leads to clear linear clustering of seismicity (figures 6e-6h), a phenomenon frequently observed in the
field (e.g., Baisch & Harjes, 2003; Stabile et al., 2014; Deichmann et al., 2014; Block et al., 2015; Chen et
al., 2018; Currie et al., 2018). Second, the distribution of seismicity is not coincident with that of &p,,
instead, the clustering occurs only along certain fractures. By further examining the fracture orientation
(figure 3a), it can be seen that the seismicity is clustered near those that are well-oriented or sub-well-
oriented with respect to ¢’ (or 6’t) and meanwhile subjected to sufficient dp,.

Figure 7 shows the results for case 3. The distribution of &p, (figures 7a-7d) and the seismicity (figures

7g-7t) are shown together with three poroelastic stress invariants 1,°/3 (figures 7e-7h), \/]_2’ (figures 7i-71)
and MC (figures 7m-7p). Recall all three quantities are calculated from &o’, under plane strain as
discussed in section 2.3.3. Here, compared to case 2, complex effects of poroelastic coupling are
elucidated. First, the distribution of dp, is visibly different; the front of dp, is suppressed and the
magnitude is noticeably lower. Second, the poroelastic normal stress 1,’/3 develops, dominantly being
extensional near the fluid-penetrated fractures; however, the magnitude of 1,’/3 is lower than that of its
counterpart from the decoupled approach which predicts 1,’/3 = -0.675p, (appendix A.1) using dp, from

case 2. Third, a pronounced shear stress field \/E also develops and influences an even larger portion of
the domain beyond the region subjected to 1,°/3 and dp,, whereas its counterpart in case 2 is 0. Fourth, as
a result, the distribution of MC is different than its counterpart in case 2, which is 0.34 dp, (appendix
A.1). Specifically, within the dp, front (delineated in case 2, not case 3), the magnitude is lower; outside
the dp, front, it still prevails. This observation has important implications: within the fluid-pressurized
region (i.e., in the near field), poroelastic coupling tends to inhibit seismicity; outside this region (i.e., in
the far field), it can either remotely promote or inhibit seismicity depending on the fracture orientation.
The reason behind the former is that a fracture within the fluid-pressurized region acts as preferred flow
channel, leading to a discontinuous equivalent body force (-aVép,) acting away from it on the two sides,
and therefore, inhibiting shear mode failure by unclamping it (Chang & Segall, 2016a; Jin & Zoback,
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2016b; Jin & Zoback, 2017). This is reflected by the modeled seismicity. Like in case 2, here the
seismicity is clustered near fractures favorably oriented with respect to ¢’y (or 6’x) and meanwhile
subjected to sufficient excess shear stress. Notice the linear clustering is further enhanced by poroelastic
coupling. More importantly, the number of events in the near field is substantially reduced. Overall, the
event population is reduced to only around a third of that in case 2. These observations are further
elaborated in sections 4.2 and 4.3.1.

4.2 Spatial-Temporal Characteristics in the R-T Space

4.2.1 Fluid Pressure and Poroelastic Stress

The spatial-temporal characteristics of the modeled quantities are further illustrated using the so-called R-
T plot, where R is the distance from the origin and T is the time since the beginning of the injection. The
R-T plots of dp, for cases 1-3 are given by figure 8. Overlaying are several iso-diffusivity profiles (gray
dashed lines) calculated as R=./4mD,T +5m where Dy is the hydraulic diffusivity; \/4nD,T is a
characteristic profile derived from linear diffusion from a Heaviside point source injection in an isotropic,
homogeneous and porous-only medium, and it is referred to as the seismicity triggering front (Shapiro et
al., 1997; Shapiro et al., 2002). Notice the use of such profiles should apply only to case 1 (figure 8a).
Nonetheless, for reference, they are also plotted for cases 2 and 3 (figures 8b, 8c), where additionally, the
green and magenta lines corresponding to Dy of the hosting rock and the LSDF, respectively, are also
plotted. It is mentioned in section 3.1 that in case 1, Dy = 0.03 m?/s. This value is chosen such that the
modeled &p, front in the R-T space is approximately the same as that in case 2. In a sense, this value
reflects the overall effective Dy, of the fractured porous media in case 2. Case 1 shows a smooth variation
of dp, in the R-T space. In case 2, however, due to effect of fractures, the variations become non-smooth,
in addition to an overall reduction in the magnitude of p,. The effect of poroelastic coupling is reflected
by comparing case 2 and 3. The dp, front is slightly suppressed and the magnitude of dp, is further
reduced.

To further illustrate the effect of poroelasic coupling in case 3, here | investigate the R-T characteristics of
the poroelastic stress invariants, see figure 9. Although the spatial distributions of 1,’/3 and dp, differ
(figures 7a-7h), the delineated fronts of 1,°/3 (figure 9a) and dp, (figure 8c) coincide in the R-T space.
This is explained by equation (27), which states that 1,’/3, which scales linearly with the volumetric strain
V-u,, diffuses together with dp,. Poroelastic coupling does, however, reduce the magnitude of 1,°/3
compared to its counterpart -0.67p (appendix A.1) where dp, is given by figure 8b. The effect of

poroelastic coupling further manifests itself in figure 9b, which shows the development of \/]_2’ one-order
of magnitude below p. This cannot be predicted by case 2. Also, it is evidently shown that the delineated

front of \/J," well exceeds those of p and 1,°/3 (figures 8c and 9a). Figure 9c results from the combination
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of figures 9a and 9b. The effect of poroelastic coupling is reflected by its difference in magnitude from its
counterpart 0.34p (appendix A.1) where dp, again is given by figure 8b.

4.2.2 Seismicity

Figures 10 shows the R-T distribution of the seismicity for cases 1-3 and the color indicates CFF,. In
figure 10a, a parabolic seismicity front is clearly delineated for case 1, showing also an evident “lag”
behind the dp, front (figure 8a). This lag reflects the effect of the initials stress with respect to the static
shear failure line (i.e., the peak strength, see figure 4). Here Dy, corresponding to the dp, front and the
seismicity front are 0.03 m?/s and 0.015 m%/s, respectively. In this case, if the seismicity front was to be
used to back calculate Dy, (e.g., Shapiro et al., 2002), D, would be over-estimated by 100%. This motivates
some nonlinear diffusion-based interpretations which incorporate pressure-dependent Dy, (e.g., Hummel &
Shapiro, 2012; Hummel & Shapiro, 2013). Here, my model is mechanics-based and it does not require the
somewhat equivocal definition of “relatively large” pressure which underlines the diffusion-only
statistical models (Shapiro et al., 1997). The effect of the LSDF can be seen in figure 10b. Notice the
increased curvature of the parabolic seismicity front, which is above the predicted characteristic profile
(second grey dashed line from the top) earlier and near the injector but below this profile later and away
from the injector. Hummel & Shapiro (2013) used a power-law type of pressure-dependent Dy, to correct
for this change. However, my model not only produces this change but also introduces additional
heterogeneity. Figure 10c shows further variations by accounting for poroelastic coupling. Compared to
figure 10b, here the number of events is greatly reduced, the heterogeneity becomes much more
pronounced, and some “outliers” are present. These are remotely triggered events to be elaborated in
section 4.3.1. Additionally, nearly all events are sourced from favorably oriented fractures. The result of
case 3 also shows qualitative agreement with a dataset provided in Hummel & Shapiro (2013).

4.3 Event Analysis

4.3.1 Near-Field and Remote Events (Coupled Case 3)

As has been discussed in section 4.2, poroelstic coupling tends to inhibit seismicity in the fluid-
pressurized area but is also capable of triggering events remotely. Such effects are further illustrated here.
To this end, the pressure front used here is defined as an iso-line on which dp, is 1% of the maximum
pressure, which is the prescribed constant injection pressure pgy in this study. The pressure front
demarcates the near field and the far field, the latter assumed devoid of any pressure influence. Seismicity
outside the pressure front is considered remotely triggered by only the remote poroelastic stress that is
simply defined as the excess poroelastic shear stress outside the pressure front,

RS :=H(0.01p, -5p,)MC (51)
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where H is the Heaviside function, MC is given by equation (37), and py is the fluid Dirichlet boundary
condition (i.e., injection pressure in this study).

Figures 11a — 11h are eight time slices illustrating the evolution of remote events (blue) occurring in the
far field (area colored by remote stress) in relation to the remaining events (magenta) located within the
near field (non-colored area). In each time slice, only events occurred at that time are shown. Over time,
poroelastic coupling inhibits near-field events and reduces their population while increasingly triggering
more events remotely. This transition of triggering style is further shown by figure 11i where the relative
sizes of the remote and near-field event populations are compared. Finally, figure 11j is the corresponding
R-T plot of the remote poroelastic stress superposed with near-field and remote seismicity. The space-
time is partitioned into two regimes, one dominated by remote triggering and the other, near-field
triggering. The transition, however, is non-smooth due to the presence of the LSDF.

4.3.2 Repeating Events

The detection of repeating events in induced seismicity catalogs have been documented by many studies
across scales (e.g., Baisch & Harjes, 2003; Moriya et al., 2003; Deichmann et al., 2014; Lengliné et al.,
2014; Duverger et al, 2015; Zaliapin & Ben-Zion, 2016; Hakso & Zoback, 2017; Cochran et al., 2018).
Identification of repeaters requires using cross correlation measurements to locate hypocenters as well as
robustly constraining rupture dimensions (e.g., Ellsworth & Bulut, 2018). Admittedly, true repeaters with
centroid separations less than rupture dimensions are difficult to search for, especially in small-magnitude
event catalogs. Nevertheless, they can be theoretically predicted. Indeed, the proposed modeling
framework here offers a natural way to modeling repeaters - shear stress loss on and around a source fault
can be compensated by poroelastic stress, provided with right combinations of fault orientations and
porolastic stressing history, and this process can be driven through multiple seismic cycles. This theory is
especially suited for induced seismicity where fluid clearly plays a role. Here, the modeled repeater
groups are shown figure 12. Each location indicates a doublet pair or a multiplet group (e.g., Poupinet et
al., 1984; Waldhauser & Ellsworth, 2002) which contains two or more events that occur on the same
source location but at different time; for visibility, a small-magnitude event is always plotted within a big-
magnitude one (see the concentric circles). The repeating events exhibit some characteristics in space
similar as those discussed in section 4.1. For example, the overall distribution is radial in case 1 but are
clustered near favorably oriented fractures subjected to sufficient dp, in case 2 and MC in case 3. Despite
the difference in the spatial pattern, the number of repeater groups and the total number of events are
similar between cases 1 and 2. In case 3, however, both drop significantly, suggesting poroelastic
coupling inhibits the occurrence of repeating events as it does to the overall seismicity. Finally, within
each group, an earlier event does not necessarily have a larger magnitude; the contrary is not uncommon.
This is due to the complex stress path and the non-full degree of stress drop as is reflected by the r in
equation (46). To see this, for each case, | chose one representative fracture that has generated the most
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repeating events and plot the associated complete stress path colored with time, see figure 13. In each
case, dp, or MC suffice to drive a fracture through multiple seismic cycles within 90 minutes. However,
the decoupled approach tends to over-predict both the number of seismic cycles and the number of
repeater groups. Notice the increasingly unfavorable orientation of the fracture from cases 3 to 1.
Additionally, within each seismic cycle, poroelastic coupling leads to a nonlinear stress path in case 3 as
opposed to a linear leftward one in case 1 or 2.

Additionally, | analyze the number of events within each group and the associated inter-event time (i.e.,
inter-seismic time), see figure 14. From figures 14a, 14c and 14e, one observes that in all cases, the
repeating events are primarily doublet pairs; multiplet groups are present, and the number of events within
these groups suggests that op, can drive a fracture through up to 8 seismic cycles within the simulated 90
minutes of injection; this number is reduced if poroelastic coupling is considered. For the entire catalog,
the inter-event time between any two consecutive repeating events are compiled. The results are plotted in
figures 14b, 14d and 14f and they all exhibit a Poisson distribution described by Pr=e”i"/(t!), where Pr is
the probability density function, A is the average number of repeating events per time interval and t is the
time interval (here | acknowledge a slight violation in notation; A also means the Lame’s constant in
equation (48)). Observations of such distributions have also been reported for real datasets (e.g.,
Langenbruch et al., 2011; Cochran et al., 2018). The best-fitting 2 with a 95% confidence and the
associated probability density function are shown in figure 15. Overall, variations appear small among the
cases, suggesting insignificant impact of fractures and poroelastic coupling on the inter-event time.

4.3.3 Triggered and Induced Events

In figure 1, the distinction between triggered and induced events is made based on the initial stress on a
fracture in relation to its peak and residual frictional strengths. This is a quantitative definition and it reads

\/"(rlfo'ﬂf "2 _(G'fo ‘N ®n; )2 < Hg (‘Slfo N, ®n; )7 induced (52)

Hy (G'fo <Ny ®Df)<\/||clf0'nf ”2 _(Glfo N ®n )2 < K ("Ifo e ®n )1 triggered

Equation (52) states that from a loading point of view, the key difference between the two lies in that an
induced event represents shear failure on a fault that is otherwise tectonically inactive with respect to the
background stress state, whereas a triggered event is indicative of a fault that is nevertheless expected to
produce an earthquake given the background stress state but the process towards failure is favorably
accelerated. This definition is consistent with the qualitative one provided by McGarr & Simpson (1997).
As a result, upon seismicity, a triggered event releases a substantial amount of tectonic stress whereas an
induced event releases mostly anthropogenic stress.
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The triggered and induced events are distinguished from each other according to the above definition. The
results are shown in figure 16. In cases 1-3, 93.3%, 92.8% and 98.5% of the events are triggered; the
remaining small number of events are induced and are distributed in close proximity to the injector, as
they occur on unfavorably-oriented fractures and require a significant amount of ép, or MC to be
activated. Again, for either type of event, accounting for the LSDF leads to the clustering and accounting
for poroelastic coupling significantly reduces the number of events.

4.4 Source Parameters

4.4.1 Stress Drop, Fracture Length and Moment Magnitude

Figures 17a, 17c and 17e summarize the modeled seismic source characteristics in the parameter space for
cases 1-3. For each event, M,, is plotted against the associated fracture length L and colored with Az. The
modeled events, with M,, between -3 and -1, occur on fractures of L ranging from 0.1m and 10m, and Az
ranges from below 0.1 MPa to above 1 MPa, consistent with many real induced micro-earthquake
datasets at a similar scale (e.g., Goertz-Allmann et al., 2011; Mukuhira, 2013). Such source characteristics
overall seem not affected by the LSDF nor poroelastic coupling. For a realistic range of Az, the parameter
r in equation (46) turns out to be a key controlling factor and the sensitivity of model outcomes to r
remains to be explored. | will leave this for future work. Figures 17b, 17d and 17f further show the overall
similar distribution of Az for cases 1-3. In each case, [0.1, 1] MPa is the dominant range. Notice, however,
that case 3 sees a bigger portion of events with higher Az (e.g., above 1 MPa). The reason underlies
nonlinear poroelastic loading paths with upward components, which lead to larger Azyax (equation (47))
compared to decoupled cases, see also figures 1 and 13c.

4.4.2 Magnitude-Frequency Scaling

I have introduced a power law that describes the commonly observed scaling relation between the fracture
length and the frequency (section 3.2). Meanwhile, earthquakes in nature are characterized with a
universal statistical relation between the magnitude and the cumulative frequency, namely the Gutenberg-
Richter law (Gutenberg, 1956), which reads:

lgN(m>M,)=a-bM,, (53)

where N(m>M,,) is the total number of events with a moment magnitude m above M,, and a and b are
constants.

In nature, the fractal dimension D shown in equation (50) is observed to be mostly between 1 and 2 (e.g.,
Okubo & Aki, 1987). The b-value fitted from natural earthquake catalogs is commonly around 1 (e.g., Shi
& Bolt, 1982) albeit a wide possible range of variations from 0.3 to 2.5, see, e.g., El-Isa & Eaton (2014)
for a comprehensive review. Studies suggest that D and b are inherently related. For example, Hirata
(1989) suggests a well-recognized D = 2b relation. A somewhat curious yet common observation is that
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for induced seismicity, especially microseismicity as is modeled here, b-value is frequently elevated
above 1 and even 2 (e.g., Vermylen & Zoback, 2011; Bachmann et al., 2011; Bachmann et al., 2012;
Eaton et al.,, 2014; Tutuncu & Bui, 2015; Mousavi et al., 2017; Chen et al., 2018; Brudzinski &
Koztowska et al., 2019), although a uni-modal distribution around 1 (Schoenball et al., 2015; Goertz-
Allmann, 2017) and a bi-modal distribution around both 1 and 2 (Igonin et al., 2018; Kettlety et al., 2019)
have also been reported.

In figure 18, for each case, the distribution of lengths of all fractures (figures 3c, 3f) is plotted (green),
together with the power law fitting line (magenta); the distribution of lengths of the activated subset of
fractures is also plotted (red), which clearly no longer obeys the power law decay, owing to that only
favorably oriented fractures are induced to slip. Nonetheless, the magnitude-frequency scaling relation
still holds for the induced events, as is illustrated in figure 19. For each case, the distribution of M,,, which
primarily varies between -3.5 and -1.0, is shown as the histogram (yellow green); the total humber of
events (i.e., cumulative frequency) is shown by the blue-green dots, which is then used to fit the
Gutenburg-Richter law, yielding a b-value around 2. Notice the similarities among all three cases in both
figures 18 and 19, suggesting that the b-value is likely to be independent from the LSDF and poroelastic
coupling. The breaking-down in the power law distribution of the length of the activated subset of
fractures might be responsible for the deviation in the b-value for induced seismicity. Similar mechanical
origins of the b-value elevation for induced seismicity have been suggested by other studies (Tafti et al.,
2013; Stormo et al., 2015). In the end, the specific b-value might be jointly determined by the fracture
network itself (Eaton et al., 2014; Afshari Moein et al., 2018), the poroelastic properties (Wangen, 2019)
and the stress state (Scholz. 2015).

5.Summary and Conclusions

I have developed a hydro-mechanical-seismological modeling framework for fluid perturbation-induced
seismicity in a fluid-saturated and arbitrarily fractured nonlinear poroelastic medium. Following
predefined distributions characteristic of a natural fracture system, a dual network of fractures is
generated consisting large-scale deterministic fractures (LSDF) and small-scale stochastic fractures
(SSSF) within the hosting rock. The modeling consists two steps, including first the quasi-static fracture-
poro-mechanical modeling and second the seismological modeling. In the first step, only the LSDF is
resolved, using a fluid-solid fully coupled nonlinear computational poromechanical model customized for
arbitrarily fractured media. This provides a LSDF-controlled full poroelastic stress tensor as a pivotal
input for the second step, in which the complete dual network of fractures is then considered. The
seismicity-induced shear stress loss on a source fracture is stochastically generated as a static quantity
without explicitly modeling the co-seismic dynamic rupture; it is dictated by the full poroelastic stressing
history in conjunction with the initial stress state. A prediction-correction type of fracture stress updating
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scheme is developed accordingly and advanced in time to produce seismicity catalogs. Three progressive
cases were designed to systematically showcase model capabilities as well as effects of fractures and full
poroelastic coupling on the resulting fluid overpressure, solid stress as well as seismicity and its source
characteristics. Compared to the prevalent fracture-free, coupling-free and diffusion-only class of
statistical models, my model produces induced seismicity with more realistic spatial-temporal and
statistical characteristics frequently seen in real data. It also goes beyond the scope of most current
models and provides a synthetic catalog of induced events, allowing for analyzing seismic source
characteristics and establishing connections between observations and model physics.

Several key new findings from the numerical experiments are highlighted here.

(1) The spatial-temporal evolution of the pore fluid overpressure &p,, the change in the solid effective
stress tensor 36’p,, the associated stress invariants 1;” and /J," and the excess shear stress invariant

MC=./J," -sin(¢)l,’/3, all differ in a porous medium, a fractured porous medium and a fractured
poroelastic medium. In space, the presence of the hydraulically conductive LSDF leads to marked
localization of these quantities around it. Poroelastic coupling tends to reduce the magnitude of ép, and I’

near fluid-penetrated fractures but also predicts an otherwise non-existing 4/J," within the entire domain.
As a result of, MC is reduced in the near field but increased in the far field. In the R-T space, dp, and I,

share the same front which is below the front shared by /J," and MC.

(2) In space, the LSDF leads to not only heterogeneity but also pronounced linear clustering in seismicity.
The clustering occurs only near fractures favorably oriented with respect the initial stress and meanwhile
subjected to sufficient excess shear stress. Poroelastic coupling further enhances the clustering; more
importantly, because of the way it generates the excess shear stress, poroelastic coupling inhibits
seismicity in the near field and promotes events remotely in the far field. The style of triggering is
dominated by near-field triggering at an earlier time and transitions into remote triggering-dominated
subsequently. Overall, poroelastic coupling significantly reduces the event population.

(3) External fluid perturbations and internal seismicity are the two sources driving stress changes, and
together they can drive a source fracture through multiple seismic cycles on a time scale relevant to the
problem. This provides a viable mechanism of fluid-induced repeating events with characteristic stepwise
stress paths. Poroelastic coupling, however, tends to inhibit the occurrence of repeaters as it does to the
overall seismicity, in addition to adding nonlinearity to the associated stress paths.

(4) Although collectively referred to as induced seismicity, the modeled events are indeed predominantly
triggered events rather than induced events. Because the latter are sourced on unfavorably-oriented
fractures that require significant excess shear stress, they concentrate near the source of fluid
perturbations.
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(5) Some statistical characteristics of induced seismicity appear to remain independent from the LSDF
and poroelastic coupling. For the given set of parameters, the inter-event time between two consecutive
repeater follows a Poisson’s distribution, the stress drop Az predominantly falls in between 0.1 MPa and 1
MPa obeying overall similar distributions and the b-value in the magnitude-frequency scaling relation is
consistently around 2, irrespective of the case. However, poroelastic coupling does favor higher Az due to
its upward bending of the stress path, leading to some slight differences in the distributions of Az and M,,
near the end of their distribution intervals.

(6) In the complete dual fracture system, the fracture length and the frequency obey a realistic power law
scaling relation with a characteristic fractal dimension; however, this relation breaks down for the
activated subset of fractures since only favorably-oriented fractures are induced to slip. This mechanical
origin might explain the curious deviation of the b-value from 1 to above 2 as has been commonly seen in
induced seismicity catalogs.
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Appendix

A.1 Equivalent Poroelastic Stress Invariants for Cases 1 & 2

For case 3, equations (35) - (37) are used to calculate 1,°/3, \/]—2’ and MC shown in figure 7. For cases 1
and 2 without the coupling effect, the pressure changes within the hosting from external fluid
perturbations can be translated to an equivalent change in its effective normal stress change as adp,l. This
is similar to equation (3) except for the use of Biot-Willis coefficient of the hosting rock. Substituting it
into equations (35) and (36) yields the following equivalent poroelastic stress invariants,

Il':—g(l+v)oz5pp (A1)

Wl

J3,' =0 (A2)

Given the parameters used in this study, specifically, v =0.25, o = 0.8 and us= 0.6, equation (A1) predicts
that 1,’/3 =~ -0.675p, and Mczm-sin(¢)ll’/3 ~ 0.343p, for cases 1 and 2.
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Nomenclature

1. Domains
Q, On

0%

of

Q0

LSDF, LSDF
SSSF

DF

Fi, N

fa Na

fo, Ny

fracture domain and hosting rock (matrix) domain

fracture domain boundary

fracture-hosting rock interface (also dimensionally reduced fracture domain)
bulk model domain and its mixed-dimensional representation

a large-scale deterministic fracture network and its discrete approximation

a small-scale stochastic fracture network

a dual-scale fracture network

I'" large-scale deterministic fracture in LSDF, total population

a" discrete fracture in LSDF, total population

b™" discrete fracture in SSSF, total population

2. Fracture domain properties & variables

CFF
Iz |y 740 |
|70 +87 |

Oty O nfos 00 ot

Ny

Hs,

Y

G’f, O"fo, SG,f
SG’fp, Sﬁ’fs

80',fxx, 60"fyy, SU’fZZ
30”1y, 00”1z, 00”1y,
Pr, Pro, OPr

6pfp; 6pfs

bo

Ci

A, ATjmax

r

L, W

Coulomb Failure Function (Coulomb stress), Pa
current and initial maximum shear stress, Pa

current maximum shear stress showing decompositions, Pa

current, initial and perturbing effective normal stress, Pa

unit normal vector, [-]

static and dynamic frictional coefficients, [-]

current Cauchy total stress tensor, Pa

current, initial and perturbing effective stress tensors, Pa

changes in the effective stress tensor due to external fluid perturbations and seismicity, Pa
normal components of do 1, Pa

shear components of do s, Pa

current and initial fluid pressure and fluid overpressure, Pa

fluid overpressure due to external fluid perturbations and seismicity, Pa

initial hydraulic aperture, m

compressibility, Pa™

static shear stress drop from the ™ episode of slip and its maximum likely value, Pa
a random variable, [-]

length and width, m

fractal dimension, [-]

a site-specific parameter for characterizing fracture length distributions, [-]

3. Porous hosting rock (matrix) domain properties & variables

Kn
Kp

bulk modulus of solid grains/skeleton, Pa
bulk modulus, Pa

-31-



Confidential Manuscript Submitted to JGR: Solid Earth

G, Gy, 00

36y, 005

67y, Opp

1),
MC

RS

dUp

D

Biot-Willis coefficient, [-]

initial porosity, [-]

compressibility, Pa™

Lame’s constant and shear modulus, Pa

frictional angle, °

permeability tensor, m?

current, initial and perturbing Cauchy total stress tensors, Pa

changes in the Cauchy total stress tensor due to external fluid perturbations and seismicity,
Pa

changes in the effective stress tensor and fluid overpressure due to external fluid
perturbations, Pa

first and second poroelastic stress invariants, Pa

excess poroelastic shear stress, Pa

remote poroelastic stress, Pa

change in the displacement vector due to external fluid perturbations, m
elastic stiffness tensor, Pa

4. Other properties and variables

a, b

fluid velocity vector, m/s

fluid viscosity, Pa:s

external fluid source/sink term divided by the initial fluid density, s

geometric factor reflecting effects of fractures on medium fluid storage capacity, [-]
fluid Dirichlet boundary value (injection pressure), Pa

seismic moment, N-m

moment magnitude, [-]

Gutenberg-Richter constants, [-]

5. Numerical discretization (fractures)

fluid storage capacity matrix of the 1™ large-scale deterministic fracture

hydraulic conductivity matrix of the 1™ large-scale deterministic fracture

6. Numerical discretization (hosting rock/matrix)

,M

O O O X 2

fluid storage capacity matrix in the absence and presence of fractures

hydraulic conductivity matrix

coupling matrix

elastic stiffness matrix

a matrix for extracting fracture nodal pressure from matrix nodal pressure in a hybrid-
dimensional approach

standard finite element displacement-strain transformation matrix
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&y dy nodal values of dp,and du,
F1, E2 F3 external nodal mass vectors
Y external nodal force vector
Ry, R residual vectors

7. Math operators & identities

tr(-) trace (diagonal sum)
H(-) Heaviside function
vV, V9, v, gradient, symmetric gradient and tangential gradient operators
V- divergence operator
dot product
double tensor contraction
® Dyadic product
1 unit identity (Kronecker delta)
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Figure Captions

Figure 1. Schematic illustration (not to scale) of the hydro-mechanical-seismological modeling of fluid-
induced seismicity plotted in the fracture effective normal stress-shear stress space. Based on the peak and
residual frictional strengths of a fracture, as are depicted by the red and green lines, the space is divided
into two parts defining the initial stress regime for a triggered event and an induced event, respectively (to
be elaborated in section 4.3.3). The blue and magenta dots are given as two examples, both located on a
Mohr circle defined by ¢’1. For either type of event, the modeling consists two steps. The first step is to
predict the fracture stress by compensating the fracture with o’¢, which requires the pore pressure
modeling for case 1, the fracture-pore pressure modeling for case 2 and the fracture-poro-mechanical
modeling for case 3, the latter two resolving the LSDF. The outcome of this step is indicated by the green
and red arrows. The second step, which does not vary among the three cases, is to stochastically model Az
on source fracture as indicated by the dashed arrows to approximately account for the effect of ¢’;
meanwhile, At remains constrained on a range Atrma as IS indicated by the yellow arrows and it is
computed from the poroelastic loading history ¢’ in conjunction with ¢’p. Two consecutive seismic
cycles j and j+1 are shown, and the complete stress updating scheme is given in list 1.

Figure 2. (a) The model domain for cases 2 and 3. It consists of a LSDF embedded within an otherwise
porous matrix. The color suggests the index | (see equation (21)). For case 1, the LSDF is removed from
the domain. (b) Conforming space discretization of the fractured domain and the resulting unstructured
triangular finite elements used in arriving at the semi-discrete forms. For case 3, all elements represent the
porous hosting rock; the grey elements are the standard two-field (fluid pressure, solid displacement)
mixed FE elements; the colored elements are ‘hybrid’ mixed elements in which at least one edge is also
used as a lower-dimensional element to discretize the fractures; the color of an element indicates the I
deterministic fracture with which it is associated. If a hybrid element conforms to multiple fractures, only
the largest | is used for coloring. For case 2, the elements have similar meanings as in case 3 except they
are no longer mixed (i.e., only used for interpolating the fluid pressure). For case 1, all elements are the
standard single-field elements. Adapted from Jin & Zoback (2017).

Figure 3. The dual fracture network (DF, equation (42)) consisting of 12800 fractures used for the
seismicity modeling, shown together with its two subsets A and B. (a)-(c) Cases 2 and 3, and (d)-(f) case
1. In case 1, fractures are essentially explicit visualizations of seismicity seeds assigned with random
critical pore pressure values. Figures 3a shows the subset A with deterministic fracture locations and
orientations as an approximation to the LSDF shown in figure 2a; figure 3b shows the subset B as a
stochastic realization of fractures in the hosting rock; figure 3¢ shows the hybrid deterministic-stochastic
DF in which the fracture length distribution follows a realistic power-law scaling relation. Figures 3d-3f
resemble figures 3a-3c except for the stochastic fracture orientation in figure 3d. In all figures, the warm
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color indicates the fracture is favorably oriented with respect to 6’ Whereas the cool color indicates
otherwise.

Figure 4. The initial stress used for the seismological modeling. In figure 4a, the initial effective normal
stress and shear stress on all fractures (figures 3c, 3f) are plotted. Because the fractures sample all likely
orientations, a Mohr circle is formed. The color indicates CFF,. The peak and the residual strengths are
also shown for reference (same as those in figure 1). The geometric meaning of CFF, is shown for one
fracture as an example. Figures 4b, 4c show the histograms of CFF, for case 1 and cases 2-3,
respectively.

Figure 5. Snapshots of the spatial distribution of the modeled quantities at four time steps for case 1. (a)-
(d) The fluid overpressure dp, and (e)-(f) the seismicity sized with M,, and colored with Az. Only the 100
m x 100 m area around the center is shown. The time is indicated at the top of each plot.

Figure 6. Same as figure 5, but for case 2. The LSDF is shown in the background.

Figure 7. Snapshots of the spatial distribution of the modeled quantities at four time steps for case 3. (a)-
(d) The fluid overpressure dp,, (e)-(h) the first poroelastic stress invariant 1,’/3, (i)-(l) the second

deviatoric poroelastic stress invariant \/j_’ , (M)-(p) the excess poroelastic shear stress invariant MC=\/E -
sin(@)l,’/3 and (q)-(t) the seismicity sized with M,, and colored with Az. Only the 100 m x 100 m area
around the center is shown. The time is indicated at the top of each plot. The LSDF is shown in the
background.

Figure 8. Space-time plots of the fluid overpressure dp,. (a) Case 1, (b) case 2 and (c) case 3. The
distance is only plotted from 0 to 45 m. The color scale is the same as in figures 5-7. Several
characteristic diffusion profiles are shown (see text) as references, including the green and magenta lines
calculated using the diffussivity of the hosting rock and the fractures, respectively. The differnces
between cases 1 and 2 show the effect of the LSDF and the differences between cases 2 and 3 show the
effect of poroelastic coupling.

Figure 9. Space-time plots of the poroelastic stress invariants for case 3. (a) 1;°/3, (b) /J2' and (c)

MC=\/]—2’-sin(¢)I1’/3. The distance is only plotted from 0 to 45 m and the characteristic diffusion profiles
are the same as those in figure 13. The color scale is the same as figure 8. The counterparts of the three
quantities in case 2 without the coupling effect can be obtained by multiplying the dp, in figure 8b with -
0.67, 0 and 0.34 (appendix A.1).

Figure 10. Space-time plots of all seismic events, sized with M,, and colored with CFF,. (a), (d) Case 1,
(b), (e) case 2 and (c), (f) case 3. The distance is only plotted from 0 to 45 m and the reference
characteristic diffusion profiles are the same as those in figure 13. The differnces between cases 1 and 2
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show the effect of the LSDF and the differences between cases 2 and 3 show the effect of poroelastic
coupling.

Figure 11. Evolution of near-field events versus remotely triggered events in the fully coupled case 3. (a)
- (h) Snapshots of the distribution of remotely triggered events (blue dots) overlaying areas undergoing
poroelastic stressing (magnitude shown by the color) and negligible pressure changes, together with near-
field events (magenta dots) overlaying areas (non-colored) where pore pressure changes are present. (i)
The population of remote events (blue) relative to that of near-field events (magenta) plotted against time.
Over time, the predominant triggering style transitions from near-field triggering to remote triggering. (j)
R-T plot of the remote stress superposed with seismicity. The colored domain indicates possible space-
time for remote triggering whereas non-colored domain indicates space-time for near-field triggering.
Near-field events dominates at smaller distances and earlier time while remote events take over at greater
distance and later time.

Figure 12. Repeating events sized with M,, and colored with t,. (a) Case 1, (b) case 2 and (c) case 3. Only
the 100 m x 100 m area around the center is shown. The number of groups and the total number of events
are indicated at the top left. The LSDF in the background for cases 2 and 3.

Figure 13. Representative complete stress paths. (a) Case 1, (b) case 2 and (c) case 3. The color indicates
the time. The number of seismic cycles is 6 in cases 1 and 2 and 3 in case 3. The pore pressure effect and
the poroelastic effect are indicated.

Figure 14. Characteristics of the repeating events. (a)-(b) Case 1, (c)-(d) case 2 and (e)-(f) case 3. Figures
14a, 14c and 14e show the location of each group containing repeating events, colored with the number of
events within that group (i.e., the number of seismic cycles the associated fracture has undergone).
Figures 14b, 14d and 14f are histograms showing the distribution of the inter-event time between two
consecutive repeating events.

Figure 15. Poisson’s distribution of the inter-event time between consecutive repeating events and the
associated parameters.

Figure 16. Triggered and induced events sized with M,, and colored with t,. (a)-(b) Case 1, (c)-(d) case 2
and (e)-(f) case 3. Only the 100 m x 100 m area around the center is shown. The number of events is
indicated at the top left. The LSDF is shown in the background.

Figure 17. The top row shows relationships among M, L and Az of all modeled events. Overlaying are
four contours corresponding to Az=0.01 MPa, 0.1 MPa, 1 MPa and 10 MPa. The bottom row shows the
histograms of At together with the cumulative frequency using 1000 equal-sized bins on the range [0.01,
10] MPa. Additionally, the number of events with Az<0.01 MPa, 0.01MPa<Az<0.1 MPa, 0.1MPa<Az<1
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MPa and Az>1 MPa are counted and the percentages are shown. (a), (b) Case 1, (c), (d) case 2 and (e), (f)
case 3.

Figure 18. Histogram of fracture lengths using 1000 equal-sized bins, plotted on a log-log scale as
discrete sequences. The green sequence indicates the distribution of lengths of all fractures, which follows
a power law decay as is fitted with the magenta line. The fitting parameters are also shown, specifically,
the fractal dimension D is 1. The red sequence shows the length distribution of activated fractures only
(fractures undergone at least one seismic cycle). Because it is primarily the favorably oriented fractures
that are activated, the distribution no longer follows a power law decay. (a) Case 1, (b) case 2 and (c) case
3.

Figure 19. Histogram of the modeled M,, (yellow green). The bin size is 0.05, and the y-axis is on a log-
scale. The associated distribution of N follows the classic Gutenberg-Richter law (blue green); data points
with a M,, above -2 are used for fitting (the magenta line), yielding a b-value around 2, which is
commonly observed for induced micro-seismicity. (a) Case 1, (b) case 2 and (c) case 3.
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