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1. Introduction

During the last decade, the 
number of induced large-magni-
tude earthquakes due to injection 
activities increased dramatically 
(Keranen and Weingarten, 2018). 
Since then, numerous models 
have been developed to investi-
gate the mechanisms of these 
induced events, and to help miti-
gate them. During fluid injection, 
pore-pressure increases and, hen-
ce, decreases the effective normal 
stress state acting on faults and 
fractures. This decrease in effecti-
ve normal stress unclamps faults 
or fractures, thus facilitating slip. 
Although pore-pressure increase is 
widely accepted as the major dri-
ver of injection-induced seismicity 

(Healy et al., 1968; Raleigh et al., 
1976, Suckale, 2009; NRC, 2012; 
Ellsworth, 2013), induced earth-
quakes can occur as a result of va-
rious mechanisms depending on 
operation time scale and geological 
conditions (i.e. not necessarily ori-
ginated by one only mechanism, 
but rather a number of different 
interactions working together). 
For example, pore-pressure incre-
ase induces poroelastic stresses 
that might contribute to the indu-
ced events beyond the hydraulic 
front (Deng et al. 2016; Segall and 
Lu, 2015). Furthermore, during 
long-term operations, this injected 
fluid produces contractile stresses 
along fractures in high temperatu-
re reservoirs, which promotes slip 
along these fractures (Segall and 

Fitzgerlad, 1998; Ghassemi et al., 
2007; Sherburn et al., 2015).

In this paper, a hybrid Ther-
mo-Hydro-Mechanical statisti-
cal model is proposed, in order 
to investigate effects of injection 
rate, thermoelastic stresses, and 
elastic moduli on the evolution 
of injection-induced seismicity in 
a fractured reservoir. Following 
the hybrid modelling approach of 
Gischig and Wiemer (2013) and 
Rinaldi and Nespoli (2017), a set 
of local “seeds”, representing po-
tential earthquakes hypocenters, 
are implicitly embedded in an ela-
stic continuum medium. Shear 
and normal stresses perturbations 
along these seeds, in response to 
pore pressure change, poroelastic 
and thermoelastic stresses, are 
calculated and evaluated against 
Mohr-Coulomb failure criterion 
at every time step. In order to ac-
complish with this purpose, a di-
scontinuity plane with a specific 
orientation (i.e., strike and dip), 
representing a fracture or a fault in 
the real geological formation, is as-
signed to each seed. Both reversible 
(elastic opening) and irreversible 
(shear dilation) aperture condition 
of the seeds are implicitly conside-
red to estimate continuum-equi-
valent permeability enhancement. 
Shear displacements, used in irre-
versible permeability component 
calculation, are proportional to sei-
smic events magnitudes, which are 
statistically distributed over the se-
eds according to Gutenberg-Richter 
(1956) magnitude-frequency di-
stribution. In the simulations, the 
focus has been put on modeling 
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the induced earthquakes due to hy-
draulic stimulation and fluid circu-
lation in geothermal reservoir. Hy-
draulic stimulation of geothermal 
reservoirs consists mainly of hy-
droshearing the existing fractures 
and joints, without creating tensile 
fractures associated with hydraulic 
fracturing operations. However, 
the underlying mechanisms of 
injection induced seismicity apply 
to other injection activities except 
that hydraulic fractures induces mi-
croseismicity associated with mode 
I tensile fractures.

2. Modeling and 
Forecasting Induced 
Seismicity

Injection induced seismicity 
models can be classified into three 
main categories according to their 
input requirement, governing 
equations, and processing sche-
mes: statistical, physics-based, 
and hybrid models (Gaucher et al., 
2015; Kiraly-Proag et al., 2016). 
Statistical models aim to reproduce 
catalogs of recorded seismic events 
to forecast seismicity in quasi-re-
al time. Physics-based models are 
more complex and computational-
ly more expensive. They simulate 
the actual processes taking place 
in the reservoir and calculate the 
stress perturbations leading to in-
duced seismicity. The last category 
of models combines both the phy-
sical and statistical approaches in 
forecasting the induced seismicity.

2.1 Statistical Forecasting 
Approach

Catalogs of recorded induced sei-
smicity are used to forecast indu-
ced seismic events. This is achieved 
after knowing the natural tectonic 
seismicity pattern and replicating 
past seismicity. These models are 

based on relations to describe 
frequency-magnitude pattern of 
events (Gutenberg-Richter, 1956), 
and to describe the evolution of 
aftershocks (Utsu, 1961; Reasen-
berg and Jones, 1989). Examples 
of this category are Bachmann et 
al. (2011); Hallo et al. (2014) and 
Ruiz-Barajas et al. (2017). Traf-
fic-light system is the most popu-
lar statistical approach available 
(Kwiatek et al.,2019).

2.2. Physics-Based Models

Advancement computational ca-
pabilities has enabled the solution 
of geomechanics-related problems 
in two and three-dimensions con-
ditions. The main outcomes of 
physics-based models are stresses, 
displacements, pore-pressure, and 
temperature distribution. Howe-
ver, this category of models requi-
res comprehensive characteriza-
tion of reservoir parameters, and it 
is more computationally expensive 
than statistical models.

Examples of physics-based 
models are provided by Kohl 
and Megel (2007); Rutqvist and 
Oldenburg (2008); Baisch et 
al. (2010); McClure and Horne 
(2012); Segall and Lu (2015); Urpi 
et al. (2016); and Dempsey and 
Riffault (2019).

2.3. Hybrid Models

Hybrid models combine both 
physics-based and statistical ap-
proaches to model seismicity. They 
take advantage of both approaches 
and mitigate the drawbacks of 
them. Currently, these approaches 
use geomechanical numerical mo-
dels to calculate stress changes due 
to injection and to adopt a failure 
criterion (Gaucher et al., 2015). 
Then, the results act as the input 
to the statistical model in order to 
evaluate the probabilities of indu-
ced events occurrence. Examples 

of these models are provided by 
Gischig and Wiemer (2013) and 
Rinaldi and Nespoli (2017).

3. Model Setup

A total of 12800 seeds represen-
ting potential earthquakes hypo-
centers are uniformly distributed 
in a region made of homogenous 
isotropic medium of unit thick-
ness along the vertical z axis, and 
dimensions of 1500 × 3000 m2 
along x and y axes, respectively.

Injection and production wells 
are represented by point sources 
and modelled as grid points. Grid 
cell dimensions used in meshing 
are 18.75 × 18.75 × 1.0 m3 to en-
sure sufficient resolution for po-
re-pressures, temperatures and 
stress perturbations, however, 
such cell size is too large to model 
the coning around the wells as they 
are beyond the scope of this paper.

The coupling scheme of calcula-
tions shown in Figure 1 is adopted 
to perform hydraulic, thermal, and 
mechanical time steps separately, 
and in the same time, to keep the 
system in quasi-static equilibrium. 
Strike-slip stress regime is assu-
med (σyH > σzv > σxh) (where σzv is 
the overburden, and displacement 
is restricted in the lateral and bot-
tom boundaries of the layer, so, 
only displacement is expected in 
the z direction at the top of the 
layer, and a constant overburden 
stress is applied at the top of the 
layer. These conditions recall the 
uniaxial-strain problem of an infi-
nite lateral reservoir. After initiali-
zation, the model is set to deform 
elastically and reach equilibrium.

Then, a stepping stage with in-
crease of injection rates, represen-
ting typical hydraulic stimulation 
schedule for a geothermal reser-
voir, is applied at the injection 
well during the simulation of the 
hydraulic stimulation. For simu-
lating the larger-temporal scale 
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fluid circulation in the reservoir, 
a constant injection rate and a 
constant down-hole flowing pres-
sure are applied at the injection 
and production well, respectively. 
Operating parameters and mate-
rial characteristics used in simula-
tions can be found in Table 1. The-
se characteristics resemble granite 
properties as one of the most com-
mon geothermal reservoir rocks. 
Injection rates implemented in 

the model are calculated for unit 
thickness of the reservoir.

Seeds number and spatial di-
stribution can be preferentially 
redistributed by re-meshing the 
medium. Additionally, their orien-
tations can be assigned preferen-
tially or uniformly distributed (Fig. 
2). For Basel Enhanced Geother-
mal System EGS case, seeds orien-
tations are preferentially assigned 
to resemble the prevailing fractu-

res oriented NW-SE to NNW-SSE 
(Häring et al., 2008), while for the 
parametric analyses, a uniform 
distribution of seeds orientations 
is assumed. Constant friction co-
efficient, elastic moduli, porosity, 
and initial permeability are used 
in initializing the model, however, 
heterogeneities and anisotropy 
can be introduced to the model by 
assigning different random distri-
butions to these parameters.

Simulations have been carried 
out using the geomechanical code 
Itasca FLAC3D (Itasca 2012). 
FLAC3D (Fast Lagrangian Analy-
sis of Continua) is an explicit finite 
volume method FVM for geotech-
nical and geomechanical modeling.

A number of models for induced 
seismicity are built using FLAC 
code by adopting an equivalent 
continuum approach to model 
both fractures and rock matrix in 
jointed reservoirs (Rutqvist and Ol-
denburg, 2008; Izadi and Elsworth, 
2012; Wassing et al., 2014).

FLAC3D has a built-in coding 
language FISH for any user-en-
tered constitutive relations. This 
language is used to introduce the 
seeds into grid cells, and to eva-
luate stability at each seed using 
Mohr-Coulomb criterion, and to 
calculate permeability enhance-
ment at every time step.

Activated seeds are not allowed 
to heal and keep slipping during 
the subsequent time steps; howe-
ver, this assumption may seem 
unrealistic in the real underground 
environment, as found in similar 
treatment (Izadi and Elsworth, 
2012, Wassing et al. 2014.

In this model only shear stimu-
lation (hydro-shearing) is conside-
red, without inducing new tensile 
fractures into the medium. This 
agrees with the hydraulic stimula-
tion at Basel field where the maxi-
mum downhole injection pressu-
re remained below the minimum 
horizontal stress value (Häring 
et al., 2008). Nevertheless, felt 
earthquakes usually result from 

Fig. 1. Coupling scheme used in HM calculations (top), and THM calculations (bottom).
Schemi di abbinamento di simulazioni tipo H–M (sopra) e tipo T-H-M (sotto).

Tab. 1. Parameters used in the simulation study.
Parametri usati nella simulazione.
Parameter Value Unit
Stress in z-direction, σz* 112.5 MPa
Stress in y-direction, σy 176.4 MPa
Stress in x-direction, σx 76.5 MPa
Bulk Modulus, K 30 GPa
Shear Modulus, G 11 GPa
Water Bulk Modulus, Kw 2.15 GPa
Rock Density, ρm 2700 kg/m3

Water Density, ρm 1000 kg/m3

Permeability, k 1.0247e-17 m2

Water Viscosity μ 0.1 cP
Initial Pore Pressure, p0 46 MPa
Porosity, Ø 0.01
Production Pwf 44 MPa
Fractures friction angle, Øf 31 °
Initial Temperature, T0 250 °C
Matrix Thermal Conductivity 3 W/m · K
Water Thermal Conductivity 0.606 W/m · K
Matrix Specific Heat, cm 790 J/kg · K
Water Specific Heat, cw 4186 J/kg · K
Matrix thermal expansion, αT 8.2e-6 m/m · K
Water thermal expansion, αTw 0 m/m · K

* Stress values are calculated at 4500 m depth 
* Le sollecitazioni sono calcolate per profondità di 4500 m.
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stick-slip along preexisting faul-
ts rather than during fracturing 
(Scholz, 1998).

3.1. Permeability Evolution

Permeability of fractured reser-
voirs is controlled by the perme-
ability of fractures, or by the im-
plicity embedded seeds as built in 
this model, which in turn depends 
on fracture aperture. Single joint 
can be described by an aperture 
between two parallel planes, and 
permeability parallel to the joint 
can be expressed by Poisseuille 
flow theory (Bear et al., 1993):

 k
w

f =
2

12
where w is the aperture of the 
fracture / joint.

In reality, fracture aperture is 
not constant because it varies spa-
tially depending on roughness and 
asperities. Usually statistical ave-
rage of the aperture is adopted, 
and a constant Ckf = 0.1 is used to 
account for fracture roughness. To 
represent seeds permeability as 
a continuum equivalent permea-
bility parameter of the simulated 
medium, the effective up-scaled 
permeability of seeds is multiplied 
by aperture w and divided by seeds 
spacing L, which equals and avera-

ge of 18.75 m; then it is possible to 
obtain the permeability by using 
the cubic law:
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where wtotal is the total aperture 
change.

The aperture can change with 
fractures elastic opening and she-
ar dilation. Aperture change by 
elastic opening is considered re-
versible, and can be described by 
adopting Bandis et al.(1983) rela-
tion in which a hyperbolic defor-
mation is suggested by means of 
a correlation between the aperture 
decrease and the increase in nor-
mal effective stress Δ′n acting on 
the fracture plane:
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where a and b are constants: 1/a 
represents the normal stiffness of 
the fractures at zero normal stress, 
and a/b is the maximum value for 
fracture closure. Values considered 
for this modelled case are: a = 2.5 
× 10-8 and b = 10-4 (Wassing et al., 
2014).

Shear dilation of the fractures is 
considered irreversible and descri-
bed using the following relation:

 ∆wS = ∆us · tan (ψ)

where ∆us is the shear displace-
ment which is drawn statistically 
from Gutemberg – Richter events 
– magnitude distribution, and ψ is 
the dilation angle of the fractures, 
and it is assumed as 2°.

Finally, total aperture equals to:

 wtotal = winitial + ∆wn + ∆wS

4. Model Validation Using 
“Basel” EGS Data

The data used to test and valida-
te the presented model come from 
“Basel” geothermal field. Hydraulic 
stimulation of Basel EGS started 
on December 2nd and terminated 
after a ML = 2.8 occurred on De-
cember 8th (Häring et al., 2008). 
Later, and during shut-in, a ML = 
3.4 event occurred and the well 
was bled off.

During stimulation using 
injection rate schedule in Figure 
3 (Häring et al., 2008), wellhead 
pressure reached a peak value of 
29.6 MPa at the end of stimula-
tion. The two spikes appearing on 
the observed pressure plot are due 
to mechanical repairing in the well 
(Häring et al., 2008).

Seismicity showed proportio-
nal increase with the increasing 
injection rate during stimulation 
operation, and decreased dramati-
cally after shut-in, however, 3 ad-
ditional ML > 3.0 occurred within 
two months following the shut-in 
(Bachmann et al., 2011).

Basel geothermal reservoir 
is characterized by a strike-slip 
stress regime with stresses values 
shown in Table 1, and maximum 
horizontal stress nearly coincides 
with fractures strike (Häring et al., 
2008). During stimulation, more 
than 10,000 events have been in-
duced around injection interval at 
4.5 Km depth.

Results show good match betwe-
en our non-linear pressure diffu-
sion model and observed pressure 

Fig. 2. Seeds orientation distribution: (a) uniform random distribution, and (b) preferen-
tial distribution for steeply dipping seeds with strike NW-SE to NNW-SSE which is the 
fractures set orientation in Basel. Inclined line represents Mohr-Coulomb failure criterion 
for cohesionless fractures.
Distribuzione dell’orientazione dei punti sorgente: a) distribuzione casuale uniforme e b) di-
stribuzione preferenziale per giaciture acclivi con orientazione da NW – SE a NNW – SE, che 
rappresenta la giacitura delle fratture nel campo prove di Basilea. La linea inclinata rappresenta 
il criterio di rottura tipo Mohr – Coulomb per fratture non coesive.
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data Figure 3. Additionally, Figure 
4 shows permeability enhancement 
by two order of magnitude after the 
stimulation in agreement with pres-
sure transient analysis of the reser-
voir (Lander and Häring, 2009).

5. Parametric Analysis

In the absence of hydraulic 
fracturing propagation (i.e. tensi-
le fracture) where the downhole 
injection pressure is maintained be-
low the minimum horizontal stress, 

the spatial and temporal evolution 
of induced seismicity is controlled 
by pore pressure perturbation and 
the consequent stress relaxation 
where the increase in pore pressu-
re decreases the effective normal 
stress acting on the pre-existing 
favorably oriented fractures and 
cracks (Shapiro et al. 2007).

For the following parametric 
analyses, injection rates schedule 
in Figure 5 has been used, which 
can be considered as a typical hy-
draulic stimulation schedule for 
geothermal fields, and a uniform 
random distribution of seeds 

orientations is assumed (Figure 
2a). The seeds do not mutually in-
teract, and their orientations are 
independent of their locations.

It is possible to discuss in the 
following some of the involved pa-
rameters.
a) Concerning the effect of 

injection rate: similar to Basel 
EGS case, results of the base 
case show that the number of 
events increases with injection 
rate stepping-up (Figure 5). This 
can be explained as the rate in-
creases, pore pressure builds 
up, and hence, more fractures 
and faults are brought to failu-
re. Such results are in agreement 
with field observations (the 
Geysers geothermal field in Ca-
lifornia after Majer et al., 2007).

b) Concerning the effect of Ther-
mal Stresses: given the low 
thermal diffusivity (Popov et al. 
2012), and the low permeabili-
ty of most geothermal reservoir 
rocks thermal stresses appear 
to have effect in the long-term 
injection (weeks to years). Ther-
mal stress evolution has been 
modelled during 1 month of cir-
culation in the reservoir using an 
injection rate of 10 l/s, which is 
much lower than injection rates 
used in hydraulic stimulation. 
Simulations in Figure 6 show 
magnified reduction in effective 
normal stress and more seismic 
events in case of non-isother-
mal Thermo-Hydro-Mechanical 
THM coupling compared to the 
isothermal Hydro-Mechanical 
HM case. This can be due to the 
fact that cold water injection in-
duces contractile stresses in the 
rock which is transferred into a 
decrease in the effective normal 
stresses acting on the seeds.
 These results are in agreement 
with other numerical studies 
(Perkins and Gonzalez, 1985; 
Ghassemi et al., 2007; Izadi 
and Elsworth, 2012; Safari and 
Ghassemi, 2016). For example, 
Izadi and Elsworth (2012) found 

Fig. 3. Left: Injection schedule for Basel hydraulic stimulation. These rates have been divided 
by the thickness of Basel EGS, about 371 m, to obtain injection rate per unit thickness of 
the reservoir. Right: Wellhead pressure evolution for observed and simulated results. The 
two spikes appearing on the observed pressure plot due to mechanical repairing in the 
well (Häring et al., 2008).
A sinistra: schema di iniezione per la stimolazione idraulica del campo di Basilea. Le portate 
sono ragguagliate allo spessore dell’orizzonte modellato per il sito EGS di Basiles, circa 371 m, 
per ottenere una portata specifica per unità di spessore della formazione. A destra: evoluzione 
della pressione di pozzo con dati osservati e calcolati. I due picchi rilevati nelle misurazioni delle 
pressioni sono dovuti ad interventi manutentivi sui pozzi (Häring et al., 2008).

Fig. 4. Permeability enhancement after hydraulic stimulation operation in Basel field. Numeri-
cal simulations show two-order of magnitude enhancement in permeability after stimulation 
in agreement with pressure transient analysis PTA results carried out after the hydraulic 
stimulation of the field (Lander and Häring, 2009).
Incremento della permeabilità dopo stimolazione idraulica al campo prova di Basilea. La simulazione 
numerica mostra un incremento della permeabilità di due ordini di grandezza dopo stimolazione in 
accordo con l’analisi del transitorio di pressione PTA in campo (Lander & Häring 2009).
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in their Thermo-Hydro-Mecha-
nical-Chemical THMC model 
that at early time (days to mon-
ths), the increase of pore pressu-
re is the main driver of seismici-
ty, while, for long-term (months 
to years) heat extraction and 
possible chemical reactions 
mainly induce earthquakes but 
with a decaying number and 

magnitude.
c) Concerning the elastic Modu-

li: poroelastic effect results in 
change of vertical normal stress 
associated with the change in 
pore pressure. This change is 
described by the relation:  whe-
re  is Biot’s coefficient and its va-
lue ranges between 0 to 1. For 
laterally constrained reservoir, 

i.e, uniaxial strain conditions, 
pore pressure change results in 
horizontal stress perturbation 
described by the following rela-
tion (Mulders et al. 2003):

 ∆σ’h = – (α – γh)∆P
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zontal stress path coefficient, and 
ν is Poisson’s ratio. The change in 
effective vertical stress is higher 
than the change in horizontal 
stress. Furthermore, the stress 
path coefficient controls whether 
slip along faults initiates and how 
much the magnitude of stress per-
turbation is.

Four simulations using different 
Poisson’s ratio values shows how 
the poroelastic stress changes du-
ring fluid injection. Poisson’s ratio 
is calculated using:
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Results show that simulations 
with higher Poisson’s ratio un-
derwent larger drop in the mini-
mum effective horizontal stress 
than those with lower Poisson’s 
ratio, suggesting that higher Pois-
son’s ratio results in more desta-
bilizing poroelastic stress path in 
comparison to low Poisson’s ratio 
values (Figure 7).

Fig. 6. Evolution of normal effective stresses along the seeds after 1 month of circulation; 
top: isothermal case, bottom: non-isothermal case; results show that thermal stresses ac-
counts for approximately additional 16 MPa of tensile stresses.    
Evoluzione delle sollecitazioni normali efficaci lungo i punti sorgente dopo un mese di circolazio-
ne. Sopra: caso isotermo; sotto: caso non isotermo;, i risultati mostrano come le sollecitazioni di 
natura termica comportino un aggravio di circa 16 MPa nelle tensioni di trazione.

Fig. 5. Injection schedule used for parametric analyses and the 
number of events per hour during injection process. Injection 
rate: stepped profile; number of events: rough profile.
These rates are divided by 371 m to obtain injection rate 
per unit of thickness of the reservoir
Schema di iniezione usato nelle analisi parametriche e numero 
di eventi per ora durante la procedura di iniezione. Portata delle 
iniezioni con profilo a gradini; numerosità degli eventi con profilo 
irregolare. Le portate sono ragguagliate allo spessore di 371 m 
per ottenere un valore di portata specifica della formazione.
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6. Conclusions

Hybrid models show large po-
tential in modelling and mitigating 
injection induced seismicity. Their 
implementation of physics-based 
models allows investigating diffe-
rent factors affecting evolution of 
induced seismicity during injection 
operation, while adopting statisti-
cal approach to estimate probabili-
ty of induced earthquakes permi-
ts their use in real time injection 
operation, and exploring different 
injection scenarios with their indu-
ced seismicity probabilities.

In this paper, based on the idea 
of a simplied conceptual model, the 
role of some influencing parame-
ters has been considered: mainly 
injection rates, thermal stresses 
and elastic moduli have been con-
sidered factors on the evolution of 
injection-induced seismicity. This 
hybrid model succeeded to re-
produce Basel EGS results during 
hydraulic stimulation of the field. 
Furthermore, parametric analyses 
indicate an increase in the number 
of induced events when increasing 
injection rate. Results also indicate 
that thermal stresses play signifi-

cant role especially during long-
term circulation in both triggering 
and/or inducing earthquakes: this 
happens triggering events with 
small stress perturbation along 
previously critically stressed faul-
ts, and inducing events when large 
stress perturbation occur.

Furthermore, simulations using 
different Poisson’s ratios indicate 
that higher values of Poisson’s 
ratio results in larger drop in the 
effective minimum horizontal 
stress, reflecting the importance of 
detailed reservoir rock characteri-
zation to comprehensively under-
stand underground processes and 
stress perturbation induced by wa-
ter injection.
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