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The so-called Enhanced Geothermal Systems (EGS) are characterized by a stimulation phase that aims to increase I

fluid flow and heat transfer between wells by increasing the permeability and transmissibility of the reservoir. . .
However, this technique induces low-magnitude seismicity that occasionally results in damage at the Earth’s sur- Fluid ‘

face. Numerical simulations able to reproduce the hydro-thermo-mechanical behaviour of geological reservoirs pressure

are an essential tool for the evaluation and forecasting of induced seismicity in such systems. In this study, the
numerical code CFRAC (e.g. McClure, 2012) is used to systematically evaluate how the orientation of fractures
with respect to the maximum compressive stress (01) influences seismicity, the injection rate and the fracture
sliding behaviour. After this, and seeing different sliding regimes in function of fracture orientation. Two charac- SINGLE
teristic sliding regimes were combined to see if the behaivour observed in single fractures is conservative for ori-

entation change fractures. FRACTURE vs:l?)icri‘tgy
MODELS

i ;
i
»
}
" i
i
ISD
45

2. Methods

The models were carried out with the discontinuous element code CFRAC (Complex ReseArch
Code v 1.3; McClure, 2012).

- Fully coupled thermo-hydro-mechanical problem is solved for fractures, which can either open or slide,
and the associated induced seismicity.

Injection rate &
event magnitude

- A microseismic event is considered to begin when the sliding velocity along a fracture exceeds a reference
velocity of 5 mm/s. A slip event is considered finished when the highest velocity in the fracture drops below

2.5 mm/s (McClure and Horne, 2011). Slip-seismic No dynamic No dynamic Marginally Critically Critically Marginally
- Friction coefficient is evaluated using the rate and state friction law (e.g. Scholz, 2002). regime slip (aseismic) slip Pressurised Loaded Loaded Pressurised
Figure 3. Fluid pressure (MPa), sliding velocity (m/s), injection rate (kg/s) and event magnitude evolution along fracture distance and time elapsed (s) for injection pressure of 75 MPa. White points indicate
3. Geometry and Model Set-up .~ [vpocentre of seismic events. The observed slip-seismic regime is also indicated.
The boundary conditions for all models were selected to be similar to those produced during the crisis of the N , B S— L A S S !
Basel EGS reservoir (Haring et al., 2008). The geothermal reservoir was assumed to be at a depth of 4,500 m with o & 1A / s
a hydrostatic fluid pressure gradient. The principal stresses 01 and 03 were horizontal, while 02 was vertical (ie. [T 777 77777777777~ T {2
strike-slip regime). The initial fracture properties and the rate-and-state frictional model were set with similar val- a b
ues than those by Gischig (2015) in his mechanical analysis of the Basel reservoir. SIGMOIDAL o ;. """" i 3
The first models contained a 600 m long single isolated fracture embedded in a 2D FRACTURE _50__ __________________ [ 35
ol=185MPa ¢ ire space (Figure 1). MODEL = | . - ‘
o« L =600m The investigated parameter was the influence of the fracture orientation (q, 1 /./ | 45
" defined as the angle between the principal compressive stress 01 and the fault P I Y e Y P S S S W |
- - normal) on the induced seismicity, injection rates, sliding behaviour and fluid o e 10 e 0o e 10

03=76 MPa| pressure accommodation. 21 models were run with a ranging between 15° and Figure 4. Event magnitude, fluid pressure (MPa), sliding velocity (log,, (m/s)) and void aperture (log,, (m)) along fracture distance and time elapsed (s). Coloured points indicate hypocentre of seismic events.

88° for 75 and 70 MPa.

’ . Then, two different ori- 5. Discussion 1 —onstable e T
e SRS ! entations were combided The results show that the seismic behaviour during injection is strongly influenced by the fracture orientation, at least for single-fracture cases (Piris et al ., 2017). Three main e - oo e
X 1 to observe if the parame- seismic regimes can clearly be distinguished: ~" - 4 N
Figure 1. Setup of single fault mod- ters commented before . . . : L . =78 ,OL:C%L:O‘ -0 = =0 = = AT
els. The blue circle represents the . for single schemes are 1) The fIItSt types are events that do not require a large fluid overpressure Patch on the fracture befo.re the onset and n.ucleatlon of a seismic event. A small perturb§t|on of ~ T /,,—'
injection point at middle of the conservative for geome- strength is enough to produce a critical load and fracture reactivation. The size of the rupture surface is larger than the size of the pressurised patch, and therefore, slip along * - fglﬁf
fracture. Fracture orientation (Q) try changes, this model the fracture can expand outside of the pressurised front leading to situations of uncontrolled rupture propagation. The fractures oriented between 50°<0a<76° follow this 'ajUS' " (W 1t
was d?fir_‘ed as the a”_‘o’|e between a- had 70 MPa as fluid injec- behaviour for both injection pressures 75 MPa and 70 MPa. /.
;:Z f;:]f;r:?tl r:z:nn?;fsswe stress 01 —) = &= on 2) The second type of response is defined by fracture orientations that require longer injection times before the onset of fracture slip. In this case, the onset of dynamic slip '\ R /
=76 MPa requires that a large part of the fracture is first uniformly pressurised. Seismic events in this case are not located near the injection point, but into the pressurised front. They B a0 Stable
Figure 2. Setup of sigmoidal fault models. are characterised by high slip velocities and surface run-outs that can expand outside of the pressurised region, but are still able to produce rupture surface along the whole « \W ~ o No slip
Thf—‘ blue .Circle represents the Injection fracture distance. This implies that, although the dynamic slip behaviour is efficient and there is weakening of the friction coefficient, the residual friction must be high enough %@\‘:::"O‘~~~ HeiniP < TpF
zcr:'tnatt?g:'ﬁ;;ev\?::h;ef;?;:g::ﬁ}czu;en;g to arrest and stabilise the perturbation. The fracture orientation ranges between 76°<0<86° and 45°<0<50° for injection pressure of 75 MPa and 76°<0<84° and 48°<a<50° . it P bte
between the principal compressive stress I for 70 MPa as injection pressure follow this behaviour. ‘ / :
01 and the fault normal. The modelled frac- ¥ s 3) Finally, a third case with the fracture oriented 0>85° and 0>84° for injection pressures of 75 MPa and 70 MPa respectivelly, can be defined. In this case, dynamic slip is not |
ture is showed in blue and the segments ’ observed and fracture propagation is arrested due to the increase of the dynamic friction coefficient during the raise of the slip velocity. The accommodation of loading, and ¢, T4 res/f nd 1
E:\fcieGSuTrcl)?;gd'ir:-;fragc:ierg,fraCture would M therefore the accommodation of a finite displacement along the fracture, takes place by means of slow motion events (i.e. low-magnitude seismicity) or by aseismic flow (i.e. Understress  (tp—t)itp
at velocities lower than the predefined by the threshold for seismic events). Figure 5. Different slip regimes as a function of the overpressure
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