


PROJECT CONTEXT

» Groningen induced seismicity
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Mogelijk toch meer gaswinning in
Groningen dan afgesproken

Kamerbrief Door de vertraging van de bouw van een stikstoffabriek moet de komende
maanden misschien toch meer gas worden gewonnen in Groningen dan afgesproken.

# MarkMiddel © 9november2021 © Leestljd 1 minuut o o

Gaswinnings- en gasbehandelingsiocatie van de NAM in het Groningse Scheemda.

Foto Vincent Jannink / ANP &=
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Groningen vannacht opgeschrikt door
een zware aardbeving van 3.2 bij
Garrelsweer

Rob Zijlstra Groningen Deel ditartikel f w @@
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What:
A chain of physical-statistical models that translates the Groningen gas
production in a forecast of earthquakes and associated effects.

To assess the safety situation in the area and to steer mitigation policies
(production plans, building strengthening program)
To supply probabilistic ground motion forecasts for the building design
codes, for construction and (dis)approval

Isn’t that the operators job, with their (in)famous HRA model?
The TNO model chain and the NAM HRA model answer the same
guestion with (largely) the same models. Since 2021, TNO is
responsible for performing the annual hazard and risk analysis.
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PROJECT CONTEXT

huizen niet te controleren’

> NAM HRA tool used until 2020

Ook Lopster raad snapt niets van
versterkingsmodel

» Project assigned to TNO (2017)
> pSDRA: public Seismic Hazard and Risk Assement

» Advisory tool

‘CiifaVOIGbESRNISTUINEE0ESE ' Na veel kritiek van Inwoners kraakt ook de gemeenteraad van

Loppersum het risicomodel voor huizen in het aardbevingsgebied.

> Research tool

Wat is het ‘HRA-model’

> Public domain

» Client: Ministry of Economic Affairs and Climate

» Fully operational: pSDRA 2021

Wist je dat...

Er gemiddeld 41 aardbevingen per jaar zijn in Groningen




PSDRA CYCLE TIMELINE

> Roles TNO: executive + research & development + advisory

» October: Status report
) List available models
» Advice on pSDRA model selection
> December: Model development plan (long term, short term)
» February/March: Run pSDRA according to assignment, report
» April: Advice on Groningen development plan (Vaststellingsbesluit)

» All year: R&D model chain and components
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MODULE 1: SEISMIC SOURCE MODEL
GAS PRODUCTION - PRESSURE DROP




MODULE 1: SEISMIC SOURCE MODEL
PRESSURE DROP -> COMPACTION
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MODULE 1: SEISMIC SOURCE MODEL

PRESSURE DROP - DIFFERENTIAL
COMPACTION ON FAULTS




m innovation
B 1 for life ms ——

MODULE 1: SEISMIC SOURCE MODEL

PRESSURE DROP - DIFFERENTIAL
COMPACTION ON FAULTS
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MODULE 1: SEISMIC SOURCE MODEL

LEARNING PHASE
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MODULE 1: SEISMIC SOURCE MODEL
LEARNING PHASE

EXN I R R W
0.1 2000 0.001 0.2 1.0
0.2 2000 0.001 0.2 1.0
0.3 2000 0.001 0.2 1.0
0.4 2000 0.001 0.2 1.0
0.5 2000 0.001 0.2 1.0
0.6 2000 0.001 0.2 1.0
0.1 2500 0.001 0.2 1.0
0.2 2500 0.001 0.2 1.0
0.3 2500 0.001 0.2 1.0
0.4 2500 0.001 0.2 1.0
0.5 2500 0.001 0.2 1.0

0.6 2500 0.001 0.2 1.0
0.1 3000 0.001 0.2 1.0
0.2 3000 0.001 0.2 1.0
0.3 3000 0.001 0.2 1.0

Bayesian inference
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MODULE 1: SEISMIC SOURCE MODEL

FORECAST PHASE

235 240 245 250 255 260 265

- ENCESEEE

[# |« ]
0.1

0.2
0.3
0.4
0.5
0.6
0.1
0.2
0.3
0.4
05
0.6
0.1
0.2
0.3

L o | 0 | ru | x|
2000 0.001 0.2 1.0
2000 0.001 0.2 1.0
2000 0.001 0.2 1.0
2000 0.001 0.2 1.0
2000 0.001 0.2 1.0
2000 0.001 0.2 1.0
2500 0.001 0.2 1.0
2500 0.001 0.2 1.0
2500 0.001 0.2 1.0
2500 0.001 0.2 1.0
2500 0.001 0.2 1.0
2500 0.001 0.2 1.0
3000 0.001 0.2 1.0
3000 0.001 0.2 1.0
3000 0.001 0.2 1.0

0.01%
0.02%
0.06%
0.05%
0.04%
0.02%
2.0%
2.1%
1.9%
1.8%
1.3%
1.0%
3.2%
3.6%
3.9%

Posterior parameter distribution

Posterior
predictive
seismicity
distribution
Alx,y, t,m)




Gas
production

Seismic
source
model

Seismicity
distribution

MODEL CHAIN

Ground
motion
distribution
(Hazard)

Building
strengthening

Fragility and
Consequence
model

Fatality
distribution

(Risk)

m innovation
for life ms ——

Controls

Models

Effects



m innovation
for life wm;

MODULE 2: GROUND MOTION MODEL
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MODULE 2: GROUND MOTION MODEL
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MODULE 2: GROUND MOTION MODEL

Huizinge Event 16-8-2012 (Westeremden)

> Use ground motion attributes that can

be used for engineering purposes
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Figure 4.1

Vertical Component

Transverse Component

Time [s]

Radial Component

Time [s]

Accelerogram of the earthquake near Huizinge recorded at the 16" August 2012 by the accelerometer

located near Westeremden.
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MODULE 2: GROUND MOTION MODEL

» Ground motion attributes:
» Spectral Acceleration (Sa), T={0.01s,..., 0.2s, ..,5.0s, ...}
» Simulated single-d.o.f. building response

single d.o.f.
damped oscillators

40 stery
Citicorp
Equipment Buildings
10-20 stery
— 4 story
- 1 stary % . -
= r—— Figure: Crowley et al., V5 fragility
= =11
0.05 0.1 0.5 1.0—2.0 7.0



spectral acceleration (%q)
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MODULE 2: GROUND MOTION MODEL
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MODULE 2: GROUND MOTION MODEL

Gas Building
production strengthening
. .y . . . . Seismic Ground Fragility and
» Provides probabilistic description of ground motion = o | [

Ground Fatality

attributes conditioned on distance and magnitude Sesnich | [ o | | e
(Hazard) (Risk)
(and...)

10 ¢ T
P(PGA>1|m, 1)
1 = = - R
I S
<T = - . -
g
01¢F
[ e Target PGA
= Mean prediction
= = = Mean prediction +/- one standard deviation
0.01 !
1 10 100

Distance (km)

Distance (Km)

From: Kramer (1986) From: Baker (2008)
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MODULE 2: GROUND MOTION MODEL

Gas

» Provides probabilistic description of ground motion

attributes conditioned on distance and magnitude

(and...)
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MODULE 2: GROUND MOTION MODEL

- - rane - [

Geological areas, verscn 48|

» Ground Motion Model by Bommer et al.
) Includes site response model

V5 Non-linear, frequency-dependent
site amplification factors for zones,
defined as a function of Say 4(T)

Recordings of M,
2.5t03.6 EQs

AAA A \
«— Linear transfer & \
amplification factors
NS_B

Spectral acceleration at 23 periods
(0.01to 5s) and PGV at NS_B as
function of M, and R

rup

Inversion Simulations

? E Finite rupture scenarios
Ao, Q, R, Ky o, AF,
AR from M 2.5t0 7.5

-
-
=
o A
i i %
Figure: Bommer et al., 2017 =i Y, A, - B
[ ] Bt of Drorwgee it pho ke bufber — — —

e
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Site response zonation map (Deltares)
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MODULE 2: GROUND MOTION MODEL

/ Hazard map

Hazard curve
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MODULE 2: GROUND MOTION MODEL

> examples hazard output

PSA for 0.01s and return period 475 [g]
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MODULE 2: GROUND MOTION MODEL
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MODULE 2: GROUND MOTION MODEL

1 Sa[2.]
———— Sa[1.5]
Sa[1.]
Sa[0.85]
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= o\ VM /271 | Sal4]
XY / \ \ \\/ :/,!!{ ;‘ 'f Sal2.5]
-5 A AL W70 5T T Sa[3]
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spectral acceleration (g)
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MODULE 2: GROUND MOTION MODEL
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MODULE 3: FRAGILITY AND
CONSEQUENCE




MODULE 3: FRAGILITY AND
CONSEQUENCE
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MODULE 3: FRAGILITY AND
CONSEQUENCE MODEL




MODULE 3: FRAGILITY AND
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MODULE 3: FRAGILITY AND
CONSEQUENCE

» Examples risk output (random scenarios)
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UNCERTAINTY AND VARIABILITY

» The pSDRA model chain components are probabilistic models

» We calculate the expected hazard and risk by taking into account as many
uncertainties as we can

» Two types: aleatory variability and epistemic uncertainty
» Aleatory variability

> ‘Unknowable’
) Integrated out : marginalized
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UNCERTAINTY AND VARIABILITY

» Epistemic uncertainty
» ‘Knowable’, but we don’t
> Represented in a so-called logic tree
» Kept available to calculate Pxx values of
hazard and risk (e.g., P90)
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production
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source
model

Seismicity

distribution

Ground
motion
model

GroUnd
motion

distribution
(Hazard)

Building
strengthening

Fragility and
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model

Fatility
distribution

(Risk)

Magnitude M GMM GMM ¢ Fragility Consequences
Frequency Median-t
M, = 7.0
p=0.02625
Stress dependent /3 Mpax = 6.5 Upper Upper Upper Upper
p=02 p=0052 p=03 p=05 p=017 p=025
Mpmax = 6.0
Upper-central
p=0.07875 — |
° M, = 5.5 p=0. o Central Centra
p=0.1125 Lower-central p=0.66 p=0.5
Mo = 5.0
p=0.24375 ) ) L
- ower ower ower
Stress-dependent & Moy = 4.5
p=08 p=0.1 p=05 p=017 p=025

p=0.08625
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SEISMICITY FORECAST

50 T Ll T T 1 T T T T T T
—— Observed Average temperature
45 —— Simulated 1
95% confidence bounds
401 Model calibration period ]| 610000 A 0.012
[v]
0 351 i
; 0.010
8 30 - 600000 -
=
S 2s | 0.008
5 20 - 230000 0.006
.g
€ 15 .
= 580000 - - 0.004
10 b
: | - 0.002
570000 -
10995 20[00 20l05 20I10 20I15 20I20 20I25 20I30 20I35 20140 20145 20I50 ) J —-0.000
Yeur 240000 260000
Rate M3.5 M3.6 M4.0 M4.5 M5.0
GY2021/2022 5.64 6.78% 5.15% 1.46% 0.20% 0.03%
GY2022/2023 498 6.02% 4.57% 1.30% 0.18% 0.03%
GY2023/2024 4.56 5.51% 4.18% 1.19% 0.16% 0.02%
GY2024/2025 4.18 5.06% 3.84% 1.09% 0.15% 0.02%
GY2025/2026 3.85 4.67% 3.54% 1.00% 0.14% 0.02%
GY2026/2027 3.53 4.28% 3.24% 0.91% 0.12% 0.02%
GY2027/2028 3.27 3.96% 2.99% 0.84% 0.11% 0.02%
GY2028/2029 3.03 3.66% 2.77% 0.78% 0.11% 0.02%
GY2029/2030 2.83 3.42% 2.58% 0.72% 0.10% 0.01%
GY2030/2031 2.66 3.21% 2.42% 0.68% 0.09% 0.01%




HAZARD AND RISK

GY2021/2022
Sa[0.01] - return period 475 years
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LOGIC TREE SENSITIVITY

Logic tree branch sensitivity

SSM: Mmax - _
SSM: Magnitude-Frequency A -
GMM: Median-T A -

FCM: Fragility 1 -
Il

FCM: Consequence -

GMM: ¢ss' I

107° 1078 1077 10°° 10-°
Exposure DB average of Mean LPR

Magnitude M nax GMM GMM ¢

Frequency M —70 Median-t

p=0.02625

Stress dependent 3 Minay = 6.5 Upper Upper

Logic tree branch sensitivity

FCM: Fragility

h GMM: Median-T

T GMM: ¢ss

b FCM: Consequence

0 50 100 150 200 250 300 350 400
Number of buildings with Mean LPR > 1e-5

Fragility Consequences
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p=0.24375
Mo = 4.5
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p=03 p=05
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p=03
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Stress-dependent ¢

p=017 p=0.25

Central Central

o /
p=066 p=05
\ Lower \ Lower

p=08 p=0.1 p=05

p=0.08625

p=017 p=0.25



RISK DISAGGREGATION

innovation
for life ms ——

— URMIF_E
0104 — URMIL 0.25 1
—— URMAL
-.g 0,08 - % 0,20 -
5 B
£ 006 B 0.15 |
= ]
c c
2 004 4 2 g0+
2 £ .
(. 0F 0.05 = K‘
0.00 - : ; . 0.00 ; . ; ; . : ; |
2 3 4 5 ¥ 10 20 ] 40 0.0 0% 1.0 15 20
Magritude [-] Ruphura distance [km] Augha (gl o
0.5 ond 0.5 I
E 0.4 £ § 0.4
{ o |
0.3 E
= ~ B b 0.3
2 FLEE 3
£ 0.9 £ 0.2
S # £
a1 0.2 - o1
0.0 ¥ - - T T 0.0 — v 0.0 T v -
4.0 45 5.0 55 60 65 1.4 NAM_v6_Itc MAM_vE_tanh Lowor Contrallowor  Contrallpper Uppor
Mmax Freguency-magnitude model GMM Median rmadel
0.7 1 05
0.7 -
0.6 4 05
g £ 5
0.5 4 - o
% 5 ;,,-#"’r % 0.5 - ',E 0.4
o n...' o 0.4 4 o 03
-l ] "
5% §03- E s
T i § 02
£ 7| —m- urM3L & 0.2 £
014 —E— URMAL 01 - 0.1
—m— lagic tree weight
0.0 -—r T 0 — T v 0.0 r -
phv_ss_low phi_ss_high Lower Middle Upper Lower Middle Upper
GMM Phi moded Fragility model Conseguence model

Loppersum



RISK DISAGGREGATION
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MODEL PREFERENCES TNO

SSM: Calibration provider

SSM: Magnitude-frequency A

GMM: Correlation A

FCM: Modification -

All above combined |
(yields GVA)

10°°

1078

MR | T AL |
1077 10°°
Exposure DB average of Mean LPR

0 200 400 600 800 1000
Number of buildings with mean LPR > 1e-5 per year
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Model development
Model chain facility
Updates and improvements of existing models
Open to new models from the community

Inclusion in the pSDRA model chain
Meet requirements
Review status
Impact
Performance
Efficiency
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> Performance assessment tool
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» Will be developed further in 2022

innovation
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Green if row model outperforms column model
Red if column model outperforms row model
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OUTLOOK

» Potential future contributions to the (Groningen) model chain

Pitches by the new projects from DeepNL Call 2a

1. Quantitative constraints on pre-production reservoir stresses in Groningen
Rob Govers (UU)

2. Deep, deeper, deepestNL; Imaging the Dutch crust and upper mantle using multi-geo-observables (DICTUM)
Islam Fadel (UT-ITC)

3. Impact of fluid extraction on the creep behaviour of clay-rich formations enveloping Rotliegend sandstone reservoirs
Suzanne Hangx (UU)

4. Geological analysis of multi-scale faults in reservoir systems and implications for fault mechanical behaviour in the
Groningen field
Ernst Willingshofer & Job Arts (UU)

5. LabQuakeAl - Al-driven prediction and monitoring of laboratory earthquakes from passive and active acoustic data
Ivan Pires de Vasconcelos (UU)

6. PhysMmax: Constraining the maximum magnitude in Groningen through 3D multi-physics, data-driven modelling
Jan-Diederik van Wees (TNO/UU) on behalf of Ylona van Dinther (UU)

7. 3DSOIL: 3D soil variability in Groningen for accurate, local site response analysis
Ranajit Ghose (TUD)
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TNO has developed a versatile and efficient probabilistic seismic hazard and
risk assessment tool

The model chain has been applied successfully to the pSDRA 2021

We are open to new models to be tested and incorporated






