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Motivation: Groningen Gas Field

« Groningen gas field is the largest
gas producer in the NW Europe

- Discovered by the well at
Slochteren (SLO-1) in 1959.

» Has been operating since 1963
by NAM (Nederlandse Aardolie

Maatschappij)

- Estimated recoverable gas :
~2,800 Bm?

« Yearly production 53.9 Bm3up to
2013
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Induced seismicity

« Largest 3.4 magnitude quake took place in January 20180"]

«  Maximum production of 39.4 Bm* in 2016 down to 26.1bm?
this year.!"]

* Subsidence
* Fault Reactivation

Induced
Seismicity in

Groningen gas
Field

|

Coupled of Flow
and Geomechanics

NAM coping strategy ‘

¢

1. Reduce production rate

(shut-in & reopen)

2. Renew production strategy

[1] https://phys.org/news/2018-02-dutch-urged-groningen-gas-output.html
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Role of chemistry in fracturing

The effect of water and CO2 on friction in anhydrite and/or dolomite fault gouges at 120°C

—
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Decrease in friction
coefficient due to the
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[2] Pluymakers, A.M.H., Niemeijer, A.R., Spiers, C.l. Frictional properties of
simulated anhydrite-dolomite fault gouge and implications for seismogenic

i U DEIft potential (2016) Journal of Structural Geology, 84, pp. 31-46.



Rigorous modelling of faults

For accurate modelling of fault dynamics,
several phenomena should be considered:

» Multiphase fluid flow

» Continuous mechanics

» Contact mechanics

» Chemical reactions

Additional numerical requirements:
* Fully coupled simulation

* Fully implicit schemes




ADGPRS: Automatic Differentiation
General Purpose Research Simulator

« First prototype for gas injection EORI]
» Capabilities for thermal-compositional EOR“]

« Fully-coupled geomechanics with fractures and
effects of plasticityl®]

+ Current version - flexible multi-physics research
simulation platform(®!

« ADGPRS iIs the base for 10 PhD and 18 MSc
(including 12 at TU Delft) projects completed

(3] Vaskov D.V., Younis R.M. Tchelepi H.A., 2009: “General nonlinear solution strategies for multi- phase multi-
component EoS based simulation”. SPE Reservoir Simulation Symposium 1, 649-663.

i4] Zaydullin, R., Voskov, D.V., lJames, 5.C., Henley, H. and Lucia, A., 2014: Fully compositional and thermal reservoir
simulation. Computers and Chemical Engineering, 63, 51-65.

[5] Garipov, T.T., Karimi-Fard, M. and Tchelepi, H.A., 2016: Discrete fracture model for coupled flow and
geomechanics. Computational Geosclences 20 (1) 149-160.

|6] Garipov, 1.T., Tomin, P., Rin, R., Voskov, D.V. and Tchelepi, H.A., 2018: Unified thermo-compositional-mechanical
framework for reservoir simulation. Computational Geosciences, 22 (4), pp. 1039-1057.
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Reactive-compositional flow and transport

Mass balance for fluid components!’!:

77 (9przi) +V- Y. (PjxijV; — p;S;®D;jVxij) = Y Vi
J=l1 k
DBS or Darcy:
B  Hi . Kk;(S))
—Vp+—AV;,——=v; =0 V= — Vp=—KA;Vp;
¢ ’ K . J u} P jYPj
Mass balance for solids: Simple kinetic reaction:
oC n, Brine + Solid = Product
5
af - z btﬁkrk r = HC\'ZH
k

* Finite-volume discretization

* Fully coupled formulation

[7] Tomin, P., Voskov, D., 2018: Robust And Accurate Formulation For Modeling Of Acid Stimulation,
ECMOR XVI-16th European Conference on the Mathematics of Oil Recovery.
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Discrete Fracture Model

-

Flow equation

d(pre) k
a}; -V [Pfﬂ—f(VP - pr9)

* Finite Volume Method for flow and transport
« Fracture segments have separate volumes

+q=0

«  Momentum conservation equation

V-oa+pg =0

*  Finite Element Method
« Fracture modelled as a contact of two surfaces
* The system of equations solved implicitly
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Two surfaces In contact

» Following relations represents open regime!®!:

i(n =0and gy <0, open fracture

tr < F(in). g =0, and gy, = 0, stick state

tr = F(in), gr > 0, and gy = 0, slip state

[8] Gallyamow, E., Garipov, T., Voskov, D., Van den Hoek, P., 2018: Discrete fracture model for
simulating waterflooding processes under fracturing conditions, International Journal for Numerical

and Analytical Methods in Geomechanics, 42 (13), pp. 1445-1470.

“]
TUDelft



Mathematical Model of a Fault

- Afault is represented as two surfaces in contact
-  The DFM approach is used to model fault activation

» Activation occurs due to change of fluid pressure and also
depends on minerals concentration

u = tan(¢)

Pressure and
stress changes

Inthal state

t, — shear traction

——————————————————————————————————————————————

t,, — normal traction
Mohr-Coulomb
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Friction dependency on chemistry

effect of changing 75 -
fnction coefficient

— Water only
- ﬂ:-ﬁil{lil"iiltd waler

_ &
poro-/thermo-clastic =
effect of changing =
pore pressure

and/or temperature

0
direct effect of changing o 0 20

pore pressure only
(or of cooling only)

a * [MPa]
=== Original siress state

Friction reduction due to minerals concentration change:

G —C
Co

U= Uit | 1-

9] Rohmer, )., Pluymakers, A., Renard, F., 2016: Mechano-chemical interactions in sedimentary rocks

1‘- U De I f t in the context of CO2 storage: Weak acid, weak effects? Earth-Science Reviews, 157, pp. 86-110.
11



Validation of the simulation framework
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Solution comparison: pressure and tractions

« Validation against simulation study performed in NAML'0
* In addition to validation, the effect of dynamic was studied!]
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[10] Bogert ,P.A.l. van den., 2015: Impact of various modelling options on the onset of fault slip and
the fault slip response using 2-dimensional Finite Element modelling, NAM report,

[11] Ihsan, G.K., 2018: Study on the effect of production dynamic to fault reactivation. M5c thesis.
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Solution comparison: shear stresses
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Non-conductive fault
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Conductive fault response

« Rocks with low friction is
easier to break.

« The failure propagates
towards the weaker rock.

+ Early failure at depth 3045 e

m1VD results in water
seeping into the fault.

“]
TUDelft

1000 = 124943%e.31 1000 ] 5’35?‘?}-3‘-
-2780 -2780 2780 - —yl.
2845 28452845 -84t

& 1

3125

3500 35003 .
1000 ) ) 249430311000 8 5952103
Y 2
1000 - .24943e-31 __ 1000 ‘ 8.50521e-3]
r, 2780 2780 2T8(
2845 2845 o840
L INAS anac
K\ o 199 9
3125 125 3125 312
3500 %00 3500 350K
1000 = 1.24943e.31 - 100@ 85052183
&
17

$13613

1253125

A

¥




Fault response with dissolution

Stress map and failure status after
213 days with constant friction
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Fault response with dissolution

Stress map and failure status after Stress map and failure status after
213 days with constant friction 121 days with alternating friction
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Conclusions

» The fault properties depends on chemical
Interactions with in-situ fluids (brine)

* We developed a simulation platform for
coupling of chemical interactions in the
fault (or matrix) with mechanical response

* The modeling approach was validated
against existing numerical study at NAM

« Sensitivity and uncertainty analysis will be
performed and compared against
experimental results
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Science4Steer project

1. Characterize the inelastic and hysteretic mechanical compaction and
decompaction of sandstone reservoir rock under stress reversals

2. Characterize the frictional response of fault rocks under (multiple)
combinations of pore pressure, normal stress and shear stress reversals.

3. Characterize the evolution of microseismicity, mechanical and acoustic
properties, and reservoir rock under (multiple) stress reversals.

4. Develop modelling capabilities for laboratory-scale compaction and
friction experiments and scaling relationships of (near-)fault response

O. lo assess and quantify, through multi-scale numerical simulation up to
fileld (segment)-scale and the effects of temporal and spatial changes in
pore pressure in response to production

6. Investigate and quantify the controllability of pressure and deformation
states through manipulating injections and production rates in space and
time, and to develop methods for robust optimal control of operational

variables to minimize induced seismicity
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