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Management Samenvatting

Seismische dreiging- en risicobeoordelingsinstrumenten (HRA) van het
Groningenveld berekenen een voorspelling van het lokaal persoonlijk risico (LPR)
als gevolg van een bepaald gasproductiescenario door een reeks fysisch-
statistische modellen samen te voegen. Een belangrijk doel van de ontwikkeling
van de TNO-modelketen was het repliceren van de NAM HRA-modellen door
middel van een volledig onafhankelijke software implementatie.

Dit rapport vergelijkt de NAM- en TNO-implementatie van de afzonderlijke
componenten van het Seismisch Bronmodel (SSM), het Grondbewegingsmodel
(GMM) en het Schademodel (DM). NAM gebruikt Monte Carlo (MC) integratie in het
SSM en GMM; TNO gebruikt veelal numerieke integratie (NI).

Componenttesten reproduceren de geisoleerde resultaten van de genoemde
modellen exact. Daarnaast geven ketentesten van de volledige beslisboom in de
praktijk gemiddeld dezelfde LPR-waarde rond de Meijdamnorm. Ruimtelijk zijn er
kleine verschillen die variéren rond het gemiddelde. Deze variaties zijn voornamelijk
toe te schrijven aan de MC integratie in de NAM-implementatie.

Deze vergelijkende analyse van de NAM- en TNO-implementaties van de
Groningen HRA bevestigt beider numerieke gelijkwaardigheid bij gelijke
modelaannames. Tevens laat deze analyse zien dat de TNO-modelketen robuuster,
beter gesampled en rekenkundig efficiénter is dan de NAM HRA-modellen. Ten
slotte maakt de TNO-modelketen onafhankelijke updates van modelonderdelen en
onderzoek naar modelalternatieven in de Groningen HRA mogelijk.
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Executive Summary

Seismic Hazard and Risk Assessment (HRA) tools of the Groningen field calculate
a forecast of the Local Personal Risk (LPR), conditional on a specified gas
production scenario by concatenating a series of physical-statistical models. An
important goal in the development of the TNO Model Chain has been to replicate
the NAM HRA models through a fully independent software implementation.

Current analysis compares the NAM and TNO implementation of the individual
components of the Seismic Source Model (SSM), Ground Motion Model (GMM) and
Damage Model (DM). NAM uses Monte Carlo (MC) sampling in SSM and GMM;
TNO uses mainly numerical integration (NI).

Component tests exactly reproduce the isolated results of named models. In
addition, chain tests of the full logic tree show in practice equal LPR values on
average around the Meijdam norm. Spatially, small variations are observed around
the mean. These variations are attributed to MC sampling in the NAM
implementation.

This comparative analysis of the NAM and TNO implementations in the Groningen
HRA confirms their numerical equivalence for equal model assumptions. It shows
that the TNO Model Chain is more robust, better sampled and computationally more
efficient than the NAM HRA models. Finally, the TNO Model Chain allows for
independent updates of model components and investigation of model alternatives
in the Groningen HRA.
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1 Introduction

At the request of the Dutch Ministry of Economic Affairs and Climate, TNO-AGE
(Advisory Group of Economic Affairs) has carried out a comparative analysis of the
probabilistic seismic hazard and risk assessment (PSHRA) software tools for the
Groningen gas field, as implemented independently by the field operator NAM and
by TNO, and referred to as the “NAM HRA” and “TNO Model Chain”, respectively.

Both PSHRA tools calculate a forecast of the seismic hazard and risk, conditional
on a specified gas production scenario of the Groningen field by concatenating a
series of physical-statistical models. An important goal in the development of the
TNO Model Chain has been to be able to replicate the NAM models through a fully
independent implementation. The general layout of the TNO Model Chain, shown in
Figure 1, also represents the layout of the NAM HRA. Major components are the
Seismic Source model (SSM), the Ground Motion Model (GMM) and the Damage
Model (DM). It should be noted that both software tools are subjected to a
continuous development cycle, with NAM providing regular updates for all
components, and TNO making efforts both to replicate the models proposed by
NAM and to investigate model alternatives.

For the purpose of this comparison TNO aimed to replicate models used by NAM
for the “Seismic Hazard and Risk Assessment Groningen Field update for
Production Profile GTS-raming 2019” report on which “Winningsplan 2018” and
“Instemmingsbesluit Groningen gasveld 2018-2019” are based. Specifically, the
NAM SSM, GMM and DM are version V5 as documented in reports by Bourne et al.
(2019), Bommer et al. (2018) and Crowley & Pinho (2017), respectively. The results
generated for this comparative analysis are not based on an actual, real production
strategy and should therefore not be compared with NAM HRA 2019.

Gas- Buildlng. Controls
production strengthening
Seismic Ground
source - motion - Models
model model
Ground Damage
Seismicity motion distribution Effects
distribution distribution
(Hazard) (Risk)

Figure 1 Layout of the Groningen Model Chain to illustrate risk forecasting on gas production. Note
that current comparative analysis only addresses model implementation (i.e. the
second row). TNO is not involved in the generation nor control of input (i.e. first row),
e.g. the spatial distribution of the reservoir pressure for various production scenarios is
simulated by NAM; KNMI monitors and assigns event locations, origin times and
magnitudes; the so-called exposure database is yet another input.
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The NAM HRA source codes, documentation and input data for V5 were made
available to TNO-AGE by Staatstoezicht op de Mijnen after TNO implemented the
Model Chain with the specific aim to facilitate comparison. In addition, the output
files produced by a full logic tree forecast using the NAM HRA tool was delivered by
file transfer directly from NAM to TNO. The reason for this transfer was that the
execution of such a run was beyond the computing capacity available in the project.
NAM has implemented the same HRA model in two programming languages, viz.
Python and C. Both codes have been used in the comparison, but most emphasis
has been on Python. The full logic tree results that were delivered by file transfer
had been generated by the C code.

The objective of current technical report is to compare forecast results of both
implementations, based on the same model components. Hence, the comparison
does not cover scientific model insights, nor model calibration. In addition, the
analysis does not treat the ‘controlling’ parts of the Model Chain, i.e., a gas
production scenario is treated as fixed input in the SSM to forecast induced
seismicity; and ‘strengthening’ of buildings over time is ignored using a single static
DM. Both software tools should therefore be able to calculate equivalent output.

The results are organized in ‘component tests’ and ‘chain tests’. Component tests
compare NAM and TNO implementations of isolated model components separately,
i.e. NAM output is compared to TNO output for SSM, GMM, and DM. The chain
tests compare the coupling between the separate models, where the output of one
model in the chain is input for the next model in the same chain.

The testing method is set out in Section 2. The results of the component tests and
chain tests are discussed in Sections 3 and 4, respectively. Explanation of the
differences and similarities in the obtained results is further discussed in Section 5.
Conclusions are provided in Section 6.
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2 Method

2.1 Computational integration strategies

The NAM and TNO implementations aim to adopt the SSM, GMM and DM literally,
and therefore should, with equal input, lead to equivalent results. The major
difference between the two implementations is the computational integration
strategy. The PSHRA procedure is based on probabilistic models, which aim to take
into account both natural variability and uncertainty in inputs and models (aleatoric
variability and epistemic uncertainty). To evaluate the probabilistic models two main
strategies may be applied. NAM has chosen to adopt a Monte Carlo (MC) sampling
strategy throughout most of their implementation, whereas TNO has opted to use
numerical integration (NI) on the basis of discretized probability densities where
practically feasible.

Figure 2 illustrates an important conceptual difference between the NAM and the
TNO integration strategies. In MC the probability density of a stochastic variable is
represented by sampling point density, while in NI the density is represented by
weights. It should be noted however that both strategies are theoretically equivalent
and should be able to converge to arbitrarily close results by increasing the number
of MC samples for NAM implementation and refining the NI level of discretization for
the TNO implementation. In practice however there will be differences.

stochastic parameter
(continuous PDF)

Integration by Monte Carlo sampling

discrete sampling
and summation

discretized PDF

Figure 2 Integration of the variability (or uncertainty) of a parameter, as represented by its
probability density function (PDF) on the left, may proceed in two distinctive ways. One
is by a stochastic Monte Carlo (MC) sampling of the parameter distribution as
illustrated on the top right. The second is numerical integration (NI) by explicit
discretization of the PDF as illustrated on the bottom right.

Table 1 provides an overview of the stochastic variables in the V5 models, i.e., the
variables for which the variability or uncertainty is quantified and accommodated.
NAM adopts a Monte Carlo (MC) sampling strategy throughout most of their
implementation, by simulating a large number of synthetic catalogues, including
random realizations of the stochastic distributions. For the full logic tree dataset that
NAM delivered by file transfer, the number of catalogues sampled per individual
branch was 750,000.



8/31

TNO report | TNO2019 R11997

9lesdaqul o1es3a1ul (eseqeiep 3uip|Ing) 2124051p uoriealyisse|d A3ojodAy m uip|ingsad
)
4«o1e4831u] PR ] Jew.ou(goj) Aaeded Suipjing :AuiBesy ng) = A3ojodAyiad
wo|dwe s :ysu Aljigenea
«21e1891ul ‘pinzDY a|dwes |ewuou(3o])| 9115-03-911S :9suodsal alIs NIND
saniiqenen] 9
juauodwod-o}-juauodwod m
xoldwes :ysu pUE ‘JUaA-UIYYIM JUIAD auoz
«2181831U1 *pipzZDY a|dwes (poziewwns) jewou(3o])|-usamiaq :|spow aouasalal AIND asuodsal 3315 Jad
FEICEIEENTT a|dwes |EWIOU PUB WUOJIun siglawedted aue|d aunidmni
FEITEENT a|dwes uoss|od S$300ySIalje Jo Jaquinu
aleJdaqu| a|dwes| (y¥-9)|enusuodxa paleduns] apniudew %
Sy13 y20ysiaifo 2
152310} 2181 AJIdIWsS|9s (oA1San234)
a1eidaiul a|dwes| |esodwail-onleds ;Juana uiow 3wl ‘U010 ayenbyues sad
91e4331u| a|dwes uoss|od SJUBA3 UleW JO J3qunu
wn
(saidwes JN 00001 Aq M
pa1uasaldal ‘uolieqglied wouy) S|2pow SY13 pue ‘snjea-q
aleJdaqul a|dwes pooyijay Joualsod| ‘s1es Alanoe jo sislaweled NSS an8o|ejed palenwis Jad
9leJdaqul a1es8aul (s3y81om 9243 2180]) 2124051p xapul youeiq 2a.12180] 5 uo11el33l 9241 2180|
ONL INYN uoinguiisip jo adAy S9|qeleA 2115eYyd01s|  S2135180] O4e) 9Iuo|A INYN

Table 1 Schematic overview of the stochastic variables in the V5 models, explaining the treatment

in both NAM and TNO computation integration strategies. The colors indicate distinct

parts of the model, including the Seismic Source Model (SSM), the Ground Motion

Model (GMM) and the Damage Model (DM), but also, in addition the exposure

database (ED) and the logic tree iteration (LT). The NAM and TNO columns indicate
the type of treatment of the respective implementations. ETAS and G-R mean
Epidemic-Type Aftershock Sequence and Gutenberg-Richter, respectively. The

asterisk (*) indicates that the procedure can be performed in advance and can

subsequently be made available in the form of exact equations (fragility) or lookup

tables.
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The NAM sampling process is organized in a hierarchical looping structure as
sketched in the leftmost column. In practice, the MC integration strategy comes
down to a normalized counting procedure, where counts of occurrences of certain
events of interest in the synthetic catalogues are divided by the number of synthetic
catalogues used to arrive at probabilities or rates.

The two rightmost columns of Table 1 indicate the treatment of the stochastic
variables in het NAM and TNO implementations respectively. NAM uses MC
sampling for almost all stochastic variables, except in the DM, since the use of
fragility functions essentially means that the stochastic distributions of building
capacities are integrated out. Also, the logic tree may be regarded as a discrete
stochastic variable that is integrated exactly using the chosen branch weights.

TNO, alternatively, uses exact or (mostly) numerical integration throughout almost
the entire Model Chain. An attractive aspect of the TNO approach is that many of
the time-consuming calculations can be performed in advance, without reference to
the effects of a specific production strategy. These preparatory calculations are
indicated with an asterisk (*) in Table 1. TNO also uses a Monte Carlo procedure in
one particular part of the code, where the correlated ground motion structures of the
GMM are combined with the fragility functions of the DM. Since these calculations
can be made in the preparatory phase, it is however feasible to use a very large
number of MC samples.

2.2 Test set-up

The comparative analysis has been carried out using two types of tests: ‘component
tests’ and ‘chain tests’. Component tests compare the individual components of
NAM and TNO. Chain tests compare the end results of both integrated (full) logic
tree calculations. The component comparison is primarily based on Python
programming language. The full logic tree output was generated by NAM using C
programming language. The component tests aim at (components of) the SSM,
GMM and DM in isolation. To this end, the NAM source code has been modified at
a number of places to be able to systematically iterate through the relevant parts of
the code and store the results. The results have subsequently been compared to
results from the TNO implementation.

After validation of the individual components of the SSM, GMM and DM in the
component tests, the next step analyses how the models are chained together. This
has been addressed in chain tests that evaluate the final results in terms of risk. For
comparative analysis of the chain tests, it is imperative that both implementations
start from the same source distribution. This was achieved by assembling the
earthquakes sampled in the NAM implementation into a discretized “empirical”
probability distribution that could subsequently also be used in the TNO
implementation.

Due to the long run times of the NAM HRA it turned out necessary to focus efforts
primarily on a single branch of the logic tree (Figure 3) for the chain tests for the
internal NAM-NAM and TNO-TNO comparison (see further in Section 4.2).
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Figure 3: Graphical illustration of the V5 logic tree, including 5 branching levels and a total of 504
possible combinations. Most tests include all branches of the logic tree. Stars denote
the single branch path used for the comparisons in Figure 16-18.

2.3 Comparative analysis

The implementation of the V5 seismic source model (Bourne et al., 2019), ground
motion model (Bommer et al., 2018) and the damage model (Crowley & Pinho,
2017) in the NAM HRA and TNO Model Chain is compared. The analysis involves
comparing the equations (deterministic part) as well as their application
(probabilistic part). Bommer et al. (2018) describe how all the variabilities need to
be taken into account in Monte Carlo sampling. The NAM HRA model uses Monte
Carlo for most stochastic variables both in hazard and risk assessment (Table 1).
For hazard, the TNO Model Chain does not depend on Monte Carlo sampling and
probabilities are computed directly by discretization. To make a fair comparison
between the two approaches, results are compared after the different probabilistic
techniques have been applied. The V5 damage model depends on correlated
ground motions as input. Although the method of correlation in Monte Carlo
sampling is given by Bommer et al. (2018), the implementations may differ. A
proper comparison of models encompasses this.

The two basic components in the TNO Model Chain that make use of the ground
motion and damage models are the computation of
1. the probability of exceedance curves for the spectral accelerations
2. the probability of exceedance of damage for all building typologies and
damage/collapse states.

Both of these are computed on a grid of rupture distances and magnitudes for all of
the 160 site response zones and all branches of the ground motion and damage
models logic trees. This covers everything related to the implementation of the
ground motion and damage models in the TNO Model Chain. The abovementioned
guantities are stored and used in the other modules of the TNO Model Chain where
they are combined with the seismic source distributions and integrated to the overall
hazard and risk results. Comparing the two types of quantities with the NAM HRA
model covers the entirety of use of the ground motion and damage models within
the TNO Model Chain.
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3 Results component tests

3.1 Seismic Source model
3.1.1 Seismicity model

Outputs of the NAM and TNO Seismic Source model (SSM) are compared. This
comparison only analyses the forecasting part of the seismic source model, not the
calibration of the model on historic events. Input for both seismic source models are
therefore calibrated model parameters from the NAM dynamic reservoir model.

For the Monte Carlo (MC) integration method used by NAM, the seismic source
model gives a large set (750,000) of catalogues that are possible realizations based
on the expectation value. For the numerical integration (NI) method used by TNO,
the seismic source model gives as output the expectation value of the number of
earthquakes exceeding a specific magnitude value, for a range of magnitude
values, for a given time period (typically a calendar year), within each spatial grid
cell. The frequency-magnitude distribution from the NAM and TNO implementations
is shown in Figure 4.

== TNO

14
10 — NAM

M

loﬂ 4

10-1 4

102 3

Number of earthquakes =

1073 5

104 3

2 3 4 5 6 7
Magnitude (M)

Figure 4 Frequency-magnitude distribution from the NAM and TNO implementations for the entire
Groningen field for a branch with Mmax=6.0

Output of both seismic source models are event densities for the year 2019, i.e.
number of events per magnitude and per location. Figure 5-6 give a forecast of the
number of events. This forecast is the average (mean) of all different combinations
of model parameters (posterior). Figure 5 shows the good match between the
spatial distribution of earthquakes of all magnitudes with M = 1.5 from both seismic
source models.
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Figure 5 Event density map (mean posterior) from the TNO (left) and NAM (right) seismic source
model for all events larger than or equal to the magnitude of completeness that are

modeled to occur in the year 2019.

The spatial distribution of only relatively large earthquakes (e.g. M = 4.5 in Figure 6)
shows a difference between the TNO and NAM SSM output. This difference is
related to the different sampling methods: NAM uses Monte Carlo (MC) sampling
versus direct numerical integration (NI) by TNO (Figure 1). In Poisson statistics,
relative differences between realizations and expectation values are higher for
smaller expectation values. Hence, MC sampling effects arise for events that are

less likely to occur, i.e. large-magnitude earthquakes.
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Figure 6 Event density map (mean posterior) from the TNO (left) and NAM (right) seismic source
model for events larger than or equal to magnitude 4.5 that are modeled to occur in

the year 2019.
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This mechanism is also visible in Figure 7, which shows the spatial ratio of the MC-
realized event densities from the NAM implementation relative to the expectation
values that are used in the TNO implementation. The colored band around the outer
rim of the Groningen field reveals large relative difference in regions where the
expected event density is low. Again, MC sampling effects arise for events that are
less likely to occur, i.e. earthquakes around the outer rim of the Groningen field.

Ratio event density NAM/TNO M >= 1.5
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Figure 7 Spatial ratio of event densities from the NAM and TNO seismic source models of all
events larger than or equal to magnitude 1.5.

3.1.2 Rupture model

The event densities shown in Figure 6 show event hypocenters. The SSM uses a
stochastic rupture model to translate hypocenters to rupture planes (or rupture lines
in map view). These lines run through the hypocenter and have a magnitude-
dependent length. The rupture strike and directivity are magnitude-independent. A
more complete description of the rupture model is given in Bourne & Oates (2018).

The Ground Motion Model subsequently uses the shortest distance to the rupture
plane as metric to describe the distance between an observation point and an
earthquake. In practice, the rupture translates the single, deterministic distance
from an observation point to an earthquake hypocenter into a probability distribution
of distances to the earthquake rupture. In the NAM implementation, for each
earthquake a single rupture plane is generated (sampled), resulting in a single
rupture distance for each combination of observation point and earthquake. The
rupture distances generated for all earthquakes in all sampled catalogues together
compose an empirical rupture distance distribution. In the TNO implementation, a
complete, effective and pre-calculated probability distribution is used immediately,
rather than by composing it sample by sample.
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It is therefore useful to compare the NAM and TNO implementations of the rupture
model at this point: the distance-magnitude distributions resulting from both
implementations of the rupture model, based on the same hypocenter distribution.
Any observed difference in distance-magnitude distributions can be attributed to
implementation differences in the rupture model.

For this comparison, this approach was followed: In the NAM implementation of the
SSM, 500,000 earthquakes were simulated to occur, spread throughout the field
according to a single selection of activity rate model parameters. These events
were manually assigned magnitudes of exactly M3.5, M4.5, M5.5, and M6.5. They
were then run through the NAM rupture model, which assigns a rupture plane. The
rupture distances to four observation points at the surface were recorded. This
gives a continuous distribution of Rnp distances to each observation point.

The 500,000 exact earthquake hypocenter locations from the NAM code were then
passed through a spatial 2D histogram to obtain a discretized hypocenter
distribution. This discretized distribution was passed through the TNO
implementation of the rupture model and recorded for the same four observations
points.

If there are, for example, many events located at a certain rupture distance, the
rupture density for this distance is high. Hence, the ratio of the NAM-TNO rupture
distance densities as a function of the rupture distance density is illustrative for the
different implementations of the rupture model. Figure 8 compares the rupture
distance densities for four points in the Groningen field and four different
magnitudes. The two results diverge for lower densities. This is the expected result
due to MC sampling.
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Figure 8 Ratio of the NAM and TNO rupture distance densities for four points in the
Groningen field and four magnitudes. Results diverge only for lower densities.



15/31
TNO report | TNO2019 R11997

For this component test, an artificially high number of high magnitude earthquakes
(100,000 per magnitude) was used in the NAM implementation to obtain a smooth
distribution. In comparison, for a typical 750,000 catalogue run with Mmax=6.0, the
number of earthquakes samples needed is approximately 10 million (depending on
production scenario and year). This leads to the following number of events in the
higher magnitude ranges:

e Approximately 10000 events with M4.5 to M5.0

e Approximately 3500 events with M5.0 to M5.5

e Approximately 1000 events with M5.5 to M6.0

This relatively small amount of samples may lead to discrepancies on an integration
level.

3.2 Ground Motion model
3.2.1 Deterministic part

First the implementation of the equations of the ground motion model (GMM) is
investigated. This is carried out for all spectral periods, site response zones and
branches of the logic tree. As inputs to the GMM equations a grid of 40 rupture
distances and 60 magnitudes is used. The grid is chosen such that the different
branches in the equations of the ground motion model for different rupture
distances and magnitudes are all addressed, leaving not a single equation in the
GMM untested. The grid also covers the entire ranges of magnitudes and rupture
distances that can occur, so edge cases are tested as well. Besides 100%
coverage of the deterministic part of the GMM code, it is also a check that equal
coefficients are used in the GMM, that is, the bookkeeping of GMM model
coefficients from .csv files (see NAM, 2018a) to their usage in the equations is fully
covered.

This method is applied to compare all the GMM equations for the medians and
standard deviations at North Sea Base (NS_B) reference depth for the within-event,
between event, and arbitrary component variability. For comparison of the site
amplification factors a fixed vector of input accelerations was selected. In addition
they were used to function as input motions for site response. The range of the
input accelerations is selected such that the full range of site amplification factors
from the cut-off maximum at low intensities to the cut-off minimum at high intensities
is covered. The same is used to calculate the standard deviation of the site-to-site
variability.

With the TNO code data block of ground motion model output have been generated
and compared with the NAM code output for the same input. The scope!? of the
comparison is listed below.
1. Median GMM at NS_B, for 40 Rrup x 60 magnitudes x 24 spectral periods x
8 GMM branches: in total compared 460800 floating point numbers
2. Total sigma GMM at NS_B for the geometric mean, for 40 Rrup x 60
magnitudes x 24 spectral periods x 8 GMM branches: in total compared
460800 floating point numbers

1 Note: comparison of PGV has not been carried out, since PGV is not used in the HRA
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3. Total sigma GMM at NS_B, for the arbitrary component, for 40 Rrup x 60
magnitudes x 24 spectral periods x 8 GMM branches: in total compared
460800 floating point numbers

4. Median site amplification, for 8 Rrup x 12 magnitudes x 16 intensity
measures (i.e. reference accelerations) x 24 spectral periods x 160 zones:
in total compared 5898240 floating point numbers

5. Sigma site-to-site variability, for 8 Rrup x 12 magnitudes x 16 intensity
measures x 24 spectral periods x 160 zones: in total compared 5898240
floating point numbers

6. Median duration at Surface, for 37 Rrup x 60 magnitudes x 4 GMM
branches x 160 zones: in total compared 1420800 floating point numbers

7. Sigma duration, for 37 Rrup x 60 magnitudes x 4 GMM branches: in total
8880 floating point numbers

For all cases the TNO and NAM codes yield results identical to within a relative
tolerance of 1e-6 and an absolute tolerance of 1e-8 (used when numbers are very
close to zero).

3.2.2 Probabilistic part

A summary of the probabilistic part of the ground motion model V5 is given below:
In(Says g) = In(Says py) + €T + Esss + EcOcac

+ &2¢525(Sans p.g)

NS_B.g +f3]
J

Sa
In(AF(Sa))=fi + f> ]n[ -

L

[
In(AF(Sa), )

ln(sasur‘face) = ]n(SaN.S‘_B) + IH(AF(SQ) )

Here Sa are spectral accelerations with subscript NS_B for the North Sea Base
reference level and surface for surface level. The subscript u indicates the median.
T, Pss, Ocacr P2 @re the standard deviations for the between-event, inter-event,
arbitrary component and site-to-site uncertainties. The ¢, 5, &, €, are standard
normal distributions some of which are multivariate correlated standard normal
distributions between spectral periods and duration. The discussion of correlation is
treated in section 4.1.

All parts of the above equations have been compared in the previous section for all
possible branches, zones and periods. What remains unverified are the epsilon
distributions and the unit conversion between reference level and site response (the
arrows in the above equation).

To include the above and complete the comparison of the GMM model, the
probability of exceedance of the spectral acceleration for arbitrary component,
geometric mean (this should be computed by leaving out the .0, term) and
duration at the surface are compared. This checks if the Monte Carlo sampling
between the TNO and NAM models is equivalent, if the direct computation without
Monte Carlo in the TNO model is equivalent to the Monte Carlo sampling in NAM’s
model and if the unit conversion is done correctly. It is sufficient to do this for a
single branch, zone and magnitude/rupture distance combination, since in both the
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TNO and NAM models the engine to compute these probabilities is a wrapper

function around the GMM equations. Testing a single branch, zone,

magnitude/rupture distance combination uses all code lines of this wrapper and is a

complete comparison.

Figure 9-11 show results for zone 821 and Sa[T=0.01s] (the PGA) for a magnitude
4 event and at distances of 3.5, 10.5, 20.5, 30.5 and 39.5 km. Both geometric mean
(Figure 9) and arbitrary components (Figure 10) are compared. First the NAM

model results obtained through Monte Carlo are compared with the direct

computation with the TNO model. Subsequently, the TNO model direct computation
is compared with the Monte Carlo sampled TNO model (Figure 11). Results are in
full agreement down to probabilities of 1e-4. More samples give agreement down to

lower probabilities.

M=4.0, Rrup = [3.5, 10.5, 20.5, 30.5, 39.5]
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Figure 9 PGA exceedance curve for the geometric mean at magnitude 4 and rupture

distances 3.5 to 39.5 km for the NAM model (dashed line) and the TNO model
using direct computation (grey line).
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Figure 10 PGA exceedance curve for the arbitrary component at magnitude 4 and rupture
distances 3.5 to 39.5 km for the NAM model (dashed line) and the TNO model

using direct computation (grey line).
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Figure 11 PGA exceedance curve for arbitrary component at magnitude 4 and rupture

distances 3.5 to 39.5 km for the TNO Monte Carlo sampled GMM model
(dashed line) vs the TNO direct computation (grey line).
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Above analysis covers the probabilistic engine for the spectral accelerations. The
ground motion model also computes durations. These are not used for hazard, but
are needed in the damage model. The probabilistic duration model can be
summarized as Bommer et al. (2018):

In(Dss—75 surface) = IN(Dss—7sn_spu) T ExTps + EsPssps + €cOcacps + fsite Vs,30)

The median duration at North Sea Base reference level, In(Dgs_75 v sp,), the
between event standard deviation 7y, the inter-event standard deviation ¢gs ps, the
arbitrary component standard deviation o, ps and the site response term
fsite (Vs 30) have already been compared between the TNO and NAM
implementations in the previous section.

To complete the comparison, the exceedance curve for the surface duration
In(Dss—75 surface) IS compared. This is a check of the Monte Carlo sampling and
application of the ¢, g, &, standard normal distributions. Note that, since duration is
only used in the risk analysis the arbitrary component term is always included. No
geometric mean computation of duration is necessary.

Figure 12 compares the Monte Carlo sampled NAM duration exceedance curves

with the TNO curves computed through a direct method for zone 821, magnitude 4
at rupture distances of 3.5, 10.5, 20.5, 30.5 and 39.5 km. Subsequently a
comparison is shown in Figure 13 for the TNO model with Monte Carlo compared to
a direct computation.
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Figure 12 D5-75 duration exceedance curve for arbitrary component at magnitude 4 and

rupture distances 3.5 to 39.5 km for the NAM Monte Carlo sampled GMM model
(grey line) vs the TNO direct computation (dashed line).
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Figure 13 D5-75 duration exceedance curve for arbitrary component at magnitude 4 and
rupture distances 3.5 to 39.5 km for the TNO Monte Carlo sampled GMM model
(dashed line) vs the TNO direct computation (grey line).

Finally, note that the correlation structure of the GMM is not tested by using
marginal hazard curves only. Instead the correlation structure is verified by the first
chain test in Section 4.1.

3.3 Damage model

The V5 damage model described in Crowley & Pinho (2017) consists of two parts.
The first part is the fragility model that describes the probability that a building of a
specific typology exceeds a certain damage state, conditional on a ground motion
intensity measure. The second part is the consequence model that describes the
probability of fatality if (part of) a building collapses as a result of exceeding that
damage state.

The first part of the damage model consists of constructing an intensity measure
In(npm) based on the output from the ground motion model

ln(nD“M) = by + by In(Sa[T1]) + b, In(Dss5_75) + b3 In(Sa[T2])

and using that intensity measure in fragility functions of the form

_ ln(DLstate) - 1n(‘rlDllM)
PEDLstate =1-0 ﬁ
s

These give the probability of exceedance of the limit displacement. Here Sa[T1] and
Sa[T2] are arbitrary component spectral accelerations at the surface at two different
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periods T1,T2 in the unit g, and Dss_,5 is the arbitrary component of the duration at
the surface in s. ®() is the cumulative distribution function of the standard normal
distribution. The index state refers to the damage state, which can be one of three
damage states DS2,DS3, DS4, or collapse states €S1,€S2,CS3. For each building
typology, and for each of the 6 damage states, the coefficients by, by, b,, bs, the
periods T1,T2 and parameters DL, Bs are given in coefficient files (NAM,
2018b). These constants are not only given per building typology but also for each
of the three branches of the logic tree (Figure 3). Note that the fragility model is
used in integrated form (no MC sampling here, see Table 1). A deterministic test is
therefore conclusive (no sampling required — no probabilistic test).

The ground motion model computes accelerations at 23 different spectral periods
and there are maximally 23 different values of T1, T2 in the damage model.
Combined with duration the ground motion model gives 24 different outputs that can
serve as input for the damage model.

To compare the TNO and NAM damage models a random sampled grid of numbers
was generated of size 24 by 42. That is 42 random input ground motion vectors.
These were then used in the TNO and NAM damage models and the resulting
probability of exceedance of the limit displacement P, , ... Was compared. In total
were compared 42 ground motion input vectors x 54 building typologies x 3 fragility
logic tree branches x 6 damage states = 40824 floating point numbers and the
results have been found identical to within numerical roundoff errors.

In the test of the consequence model, the second part of the DM, it was revealed
that there were some differences between the values extracted from the report
(Crowley & Pinho, 2017) and the parameter files supplied by NAM. Subsequently,
we have proceeded with the V5 values supplied by NAM.

The component tests revealed that the entire GMM (section 3.2) and the fragility
part of the DM (including all branches of the logic tree, see Figure 3) provide
equivalent results to such a high degree of numerical accuracy that the
implementations may be regarded as identical in practice. Using higher sampling,
convergence can be obtained for arbitrary small probability.
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4 Results chain tests

4.1 Probabilistic coupling of the Damage model with the Ground Motion
model

In the previous sections it has been concluded that the damage model
implementation in the TNO and NAM models can be considered identical. The
same holds for the ground motion model in terms of the equations and the marginal
distributions of the spectral accelerations and duration at the surface. Because the
intensity measure ln(nD”M) that is used in the damage model is a sum of quantities
related to different spectral accelerations and duration, the intensity measure
distribution is dependent on correlations between these quantities. How this
correlation is implemented in the TNO and NAM models has not been compared in
sections 3.2 and 3.3 and will be compared here.

In the TNO model, the probability of exceedance of damage for all building
typologies and damage/collapse states and logic tree branches is computed on a
grid of magnitudes and rupture distances for all site response zones. This
computation involves many samples of the ground motion vector (23 spectral
accelerations and duration) at the surface and combining this with the damage
model. Comparing the exceedance of damage probability for all building typologies
in the TNO and NAM models is a solid test for the correlation structure of the
ground motion vector.

This test is carried out for (arbitrary) zone 2111, using an event of magnitude 5 at a
single source location using a single observation point at a rupture distance of 5 km.
All upper branches are used for the ground motion and damage models (Figure 3).
In total the ground motions for this event have been sampled 500 million times from
which the damage exceedance probabilities have been computed for all building
typologies.

In comparing the TNO and NAM model results it was initially found that the damage
exceedance results did not agree with differences of up to about a factor 2.5. Upon
investigation, it was discovered that both the NAM and TNO models use the period-
to-period-duration correlation at the reference level for the distributions &g, &, ..
However NAM also uses period-period correlation in the site response term for
distribution ¢, while TNO samples the ¢, distribution uncorrelated for the different
spectral periods. The implementations are based on the requirements stated on
page 79 of Bommer et al. (2018), which makes no mention of correlation between
spectral periods in the site response.

To replicate the choice by NAM, a switch has been programmed in the TNO model
to turn on the period-to-period correlations in the sampling of €,. With this switch set
on, the results of the TNO and NAM models are in agreement as shown in Figure
14 for damage state DS2 and collapse state CS3. For the purpose of numerical
comparison the switch is also applied for the integration tests in Section 4.2.
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damage state DS2, M=5, Rrup=>5, GMM upper, Phi upper, Frag upper branch
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and collapse state CS3 (bottom). All 54 building typologies are on the abscissa.

Figure 14 Ratio of TNO/NAM damage probability of exceedance of damage state DS2 (top)
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There is generally excellent agreement, except for the URM7L, W1L, W1M, W7L,
W7M, S3L typologies in the collapse state CS3 comparison. The reason is that
these typologies have very low exceedance of collapse probabilities, ranging from
le-7 to 1e-10. For proper convergence of these typologies, the number of sampled
ground motions should be even larger than the 500 million used here.

4.2  Full chain test

Previous component comparisons (section 3) were primarily based on Python
programming language. The full logic tree output for the full chain test is generated
by NAM using C programming language and by TNO using Python. To make a fair
comparison between the NAM and TNO implementation, local personal risk (LPR)
results are also compared using a single programming language for a single branch
of the logic tree.

First, Figure 15 compares the TNO and NAM full logic tree results, using a ratio plot
for the mean LPR for all building typologies (each a different color) distributed on a
regular grid over the field. One building for each defined typology is put on each grid
point for two reasons: i) this comparative analysis is independent of a privacy-
sensitive database and ii) this way, each typology is addressed over the entire field,
independent of its appearance. The same regular grid was used for both NAM and
TNO, such that the (hypothetical) buildings are in the exact same locations. The
horizontal axes represent the LPR according to NAM (top) and TNO (bottom) in
Figure 15, while the vertical axes represent the ratio of the NAM and TNO values
(top) or its inverse (bottom). In the following, TNO results are put as reference on
the horizontal axis and in the denominator on the vertical axis.

For the range of LPR-values between 0.5 and 2.0 times the Meijdam norm of 10
(indicated by the dashed vertical lines in Figure 15) the logarithmic mean and
standard deviations are calculated and displayed in the top right corners of Figure
15. The difference in the mean is much smaller than the variability of the scatter
around the mean.

Next, the basis of the observed scatter is examined by comparing the standard
deviations for both implementations and both programming languages used by
NAM. Since we do not have access to the full logic tree output from NAM for
different seed values, we did these reference calculations for a single branch, as
indicated by the blue stars in Figure 3.

The differences between both Python and C language implementations of NAM
relative to TNO are displayed in Figure 16. The mean LPR for the NAM C (top) and
NAM Python language (bottom) are equal. Variations are much smaller than the
random scatter. Since they are different in sign, it turns out that for these
computations and this metric, the TNO results happens to fall in between both
implementations of NAM.

To better appreciate the scatter of LPR values around the mean, the internal
variability in the results from both NAM and TNO implementations is assessed. This
is achieved by comparing internally the results of two random realizations based on
two different seed values for the random generator.
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For the single branch (see Figure 3) the mean LPRs and standard deviations are
compared between two seed-realizations of NAM. Figure 17 (top) demonstrates
that the two different seed-realizations in the NAM C code produce an equal mean
LPR in practice. In addition, Figure 17 (bottom) shows that the mean LPR for a run
in NAM C language is equal to the mean LPR for a run in NAM Python language in
practice. The scatter around the mean, however, can be attributed to the inherent
randomness present in the MC integration method.

From Figures 15-17 it becomes clear that similar variations as observed in the
NAM-TNO comparison are also present in the NAM-NAM comparison, as
represented by the more or less equal standard deviations. Interestingly, the
internal variation of the mean LPR in the TNO-TNO comparison in Figure 18 is
much smaller than the variations seen earlier in Figures 15-17. From this analysis
we infer that the observed uncertainty of the mean LPR originates from MC
sampling in the NAM implementation. The NI implementation adopted by TNO is
therefore more robust.
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Figure 18: Comparison between two realization of the TNO results based on two different random
seed values for a single logic tree branch calculation using Python programming
language. Legend as in Figure 15.
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5 Discussion

The major advantage of the NI strategy in the Groningen HRA is its greater
computational speed, especially with regard to the effects of large magnitude
earthquakes. Accurate characterization of the effects of these rare events (which
are in the tail of the distribution) requires a high number of MC samples, whereas
for the NI approach the computational effort required is independent of the
earthquake magnitude. As a result, the TNO implementation — with computation
times counting in minutes — is much faster than the implementation of NAM, with
computation times counting in hours for a single branch (even up to days for all
branches) on a single processing core.

A particular disadvantage of the NI approach is that it is more complex and more
difficult to implement than an MC approach. Also, each choice of integration
scheme leads to numerical errors that are more difficult to characterize than the
errors introduced by the MC sampling, which are easily assessed by comparing a
number of random realizations.

It must be noted that TNO currently also uses an MC strategy in the integration of

the GMM and the fragility part of the DM to efficiently accommodate the correlation
structure within the GMM. However, these MC sampling computations, which may
also take days on a single core are made only once for a given model set and can

subsequently be used very efficiently for the various hazard and risk assessments
under this model set.

For the calculations used in this comparison, TNO has used 5,000 samples for each
combination of magnitude and distance, where magnitudes are discretized in units
of 0.1 and the distance range is discretized in 80 logarithmic bins between 3 and 40
km. In the NAM MC strategy, the samples are distributed over the magnitude range
according to the model distributions. Due to the nature of the Gutenberg-Richter
magnitude distribution, more samples are contributed to the lower magnitudes
compared to higher magnitudes. Especially for the higher magnitudes, TNO
therefore effectively uses a much higher number of samples, which is reflected in
the lower variability of the risk results.
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6 Conclusions

Comparative analysis of the NAM and TNO implementations in the Groningen
Seismic Hazard and Risk Assessment (HRA) shows that the TNO Model Chain
reproduces the NAM HRA results accurately.

Component tests of the individual Seismic Source Model (SSM), Ground Motion
Model (GMM) and Damage Model (DM) give exact or arbitrarily precise
reproduction of the isolated results. Monte Carlo (MC) integration is mainly
implemented by NAM and numerical integration (NI) is mainly used by TNO.

Chain tests of the full logic tree show equal mean Local Personal Risk (LPR)
around the Meijdam norm from the NAM and TNO implementation in practice.
Different integration strategies, different programming languages and different
seed-realizations, however, yield an average numerical difference being much
smaller than the random scatter.

Additional chain tests of two different random seed values for a single logic tree
branch calculation demonstrate that the internal TNO-TNO variation of mean LPR is
+1%, while the internal NAM-NAM variation is +12%. This variation as represented
by the standard deviation is attributed to the uncertainty in MC sampling.

Current comparative analysis of the NAM and TNO implementations in the
Groningen HRA confirms their numerical equivalence for equal model assumptions.
It also shows that the TNO Model Chain implementation is more robust, better
sampled, computationally more efficient and yields a lower variability of the risk
results than the NAM HRA.
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