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Existing human reliability analysis (HRA) methods were developed mainly for internal events (IEs) probabilistic
safety assessment (PSA). These methods often contain underlying assumptions, such as the availability of
procedures and level of basic training, which may or may not be applicable to the challenging and new environment
created by an external event.

For the evaluation of the operator actions (OAs) after an earthquake, the Swiss Regulator (ENSI) in its guideline
ENSI-A05 proposes the refined basic model. The advantages of the method are its relative simplicity and its
thoroughness. Naturally, this method has some disadvantages as well. Namely, for simple OAs with low values of
the IEs human error probability - HEPin:, the increase factor is already very high for medium-strength earthquakes.
Moreover, after a certain PGA-level, the human error probability as a response to an external hazard - HEPext
becomes practically indifferent on its corresponding HEPin.

On the other hand, in the U.S., HEPext are calculated using increase factors. One such approach is the EPRI approach
to HRA for external events with a focus on seismic. The HEPint are being multiplied by these increase factors, which
in turn are a function of a range of parameters, e.g. action location, plant damage state, time margin, memorized
OAs, ete. Although more time-consuming for implementation, the HEPext becomes not that steep and not indifferent
on its HEPint.

For the NPP Gosgen (KKG) PSA, a calculus of variations is carried out, using an approach that combines both the
above methods. The so-called hybrid-method — the novelty of the work presented - makes distinction between four
earthquake strengths and three time ranges. A distinction is also made between whether the action takes place in the
command room or outside the command room. This method has the advantage over the refined basis model approach
that the complexity of the human failure event (HFE) is directly incorporated into the HEP. Due to the large increase
factors, especially for short-term HFE, sufficient conservatism is also guaranteed.

The objective of this manuscript is to obtain and present a quantitative assessment of the relative change in the
computed plant risk if one swaps between the hybrid approach and the EPRI approach. A comparative analysis is
conducted and the results are discussed.

Keywords: PSA, HRA, Seismic-HRA, Realistic-NPP PSA.

1. Introduction challenge not just to all systems, structures
and components (SSCs) but also to the
personnel. Namely, after a certain peak
ground acceleration (PGA) threshold, the
human error probability (HEP) is expected to
be affected as well.

Substantial research has been performed
to-date to develop and improve methods to

In general, nuclear power plants (NPPs) have
and are being planned and designed in a
manner such that they can withstand certain
and mainly conservatively selected ground
motion accelerations, i.e. safe shutdown
earthquake (SSE). The special characteristic
of an earthquake is that it represents a
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perform Human Reliability Analysis (HRA)
in support of PSA. Existing HRA methods,
however, were developed primarily for
internal events PSA models and PSA
applications. These methods often contain
underlying assumptions, such as the
availability of procedures and level of basic
training, which may or may not be applicable
to the challenging and new environment
created by an external event. On the other
hand, for existing external events analyses
there is considerable variation in the methods
used to perform HRA. Variation exists
between methods used to evaluate different
hazard types as well as plant-to-plant variation
for evaluation of a given hazard type. The
former variation makes it difficult to compile
results in a meaningful manner to support a
risk-informed application that includes
multiple hazard types (Presley, 2016).

All in all, the so-called psycho-shock
effect of an earthquake on the personnel
performance, i.e. on the HEP, is quite an
important aspect that needs to be considered
and modelled as accurately as possible for one
to obtain PSA results and insights as
realistically as possible.

2. Methodology Overview

This section presents an overview of three different
methods for assessing the seismically induced
psycho-shock effect on the personnel HEP, i.e. the
two approaches the Swiss national regulator
suggests (ENSI, 2019) on one hand and the EPRI
one (Presley, 2016) on the other, as well as a brief
description of the approaches themselves.

2.1. ENSI — Simplified Approach

In case of earthquake, the HEPs can be adjusted
as follows (ENSI, 2019):

1. Up to an earthquake intensity of 0.2 g
(maximum horizontal ground acceleration at the
foundation level of the reactor building), the
failure probabilities for human actions can be
taken over from the model for internal events
(transients and LOCAs) without modification.

2. In the case of an earthquake with intensity
from 0.2 g to 0.6 g, a linear interpolation between
the values for 0.2 g and 0.6 g (guaranteed failure)
shall be performed. Special case: for actions that

must not be carried out within an hour after the
earthquake, the failure probabilities up to an
earthquake of magnitude 0.6 g can be taken over
without modification from the model for internal
events.

3. From 0.6 g, all personnel actions shall be
considered as failed with probability one.

This simplified ENSI approach can be
graphically described on the following Figure

(Fig. 1).
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Fig. 1. Dependence of HEPs on the earthquake intensity
— ENSI simplified model

2.2. ENSI — Refined Approach

Having the obvious advantage of being quite a
straightforward approach, the ENSI simplified
approach has some drawbacks as well, mainly
related to its conservatism. Namely and as
obvious from Fig. 1, after a certain PGA of 0.6g
the HEP becomes 1.0, indifferent on the HEPiy
and regardless of whether the OA is a short term
or long term one. Hence, ENSI suggested a newer,
refined approach. Namely (ENSI, 2019):

1. In the earthquake PSA, those human actions
for which the:

a. instrumentation or

b. guidance within the emergency operating
procedures needed for diagnosis, execution or
monitoring is not available, shall be set as
guaranteed failed.

2. If the instrumentation and operating
procedures are available, the HEP is determined
as follows:

a. Up to a PGA of 0.2 g (at the foundation
level of the reactor building), the HEPs can be
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taken over from the model for internal events
without modification.

b. To determine the HEP when the PGA is
above the 0.2 g lower bound, the required actions
are divided into short term (required < 1 h after
earthquake), medium term (required 1-12 h after
earthquake), and long term (required > 12 h after
carthquake) actions. The limit (12 h) for
beginning of the long-term range can be reduced
to 8 hours, if precautions have been taken to
ensure external support within 8 hours even if the
earthquake accident occurs outside normal
working hours and involves the destruction of
normal access roads.

c. In case of a PGA above 0.2 g, the HEP increase
from HEP;y is modelled as a function of PGA via
a lognormal distribution, where @(...) is the
cumulative distribution function of the standard
normal distribution:

PeA-0.2g°

in
HEP,+(1-HEP, )@ [%-’Q] , short term actions

I PGA-D2g"

HEP = { HEP,,,+(1-HEP,,)® M] mid term actions

0.566

{ PGA-0. ZE)

"
HEP,+(1-HEP, )® {ﬁ"— , long term actions

short term =
~ medium term

HER

long term

Fig. 2. Dependence of HEPs on the earthquake intensity
— ENSI refined model

This method has the following disadvantages:

e For simple measures with a small HEPjy,
the amplification factor is already very high for
moderate earthquakes (the multiplication factor
can easily exceed 100).

e  The final, seismic HEP is only slightly
dependent on HEP;i, or not at all, so the method
does not adequately distinguish between simple
measures that the personnel themselves can
reliably implement even wunder difficult
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conditions and measures with a high HEPjy.
Measures with a high HEP;, are often complex,
implemented at different locations, or involve
numerous steps.

2.3. EPRI - Approach

According to EPRI (Presley, 2016), the seismic
hazard can have a wide range of impact on both the
environmental conditions and the plant SSCs. In
the PRA, external hazards are typically split into
bins so SSC failure probabilities can be calculated
across the spectrum of the hazard (“external hazard
bins” on Figure 3).

\ Damage State Bins | External Hazard Bins
iving PSF:
{ Driving PSFs |~¢ . (pga) .

Fig. 3. Damage state bins according to EPRI (Presley,
2016)

Both the screening HRA method and the detailed
HRA method start defining the damage states of
the plant following the earthquake.
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Fig. 4. Example mapping of plant-specific ground
motion bins to generic damage state definitions
according to EPRI (Presley, 2016)

The damage state bins defined for HRA must be
eventually mapped to the hazard bins, e.g. the
seismic bins in this case, as defined by the PSA.
The idea is to interface the HRA analysis with both
the internal events PSA as well as the fragility
analysis in order for the damage states to be
correlated, i.e. mapped against the hazard bins
(e.g., PGA intervals) as well as component
fragilities used in the PSA. This correlation will
consider the critical break points in terms of
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probability, number and types of SSC failures that
can produce a context that matches the qualitative
definitions, one example of which is presented on
Fig. 4. (Presley, 2016).

In the case of OAs which were adopted from the
internal events PSA into the external events PSA,
the internal events qualitative and quantitative
analysis can be used as the starting point for the
external events PSA quantification. In this
direction, EPRI suggest a multiplier matrix (Fig. 5),
i.e. a decision event tree for determining which
multiplier should be applied to the internal events
HEPs given different PGA-levels (Presley, 2016).

Multiplier
or

e s Time Margin Screening
Sufficlent? HEF

HiA [EPRAHEP 1

Yes A
X5er05
whicheves is
Bn3d4 TmeMagnz2mn NA fower® 2
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Foom IEPRAHEP &
Feasble X8 7
Operator HEP=10 8
Action Ves x5 ]
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Yes IEPRAHEP 15
Tirre Margin 230min
Bin 1 o %2 18
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Bin 2 Mo X 1%
Timw Margin <S0min HEF =10 0
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Tirns Margin =60min
Bin3 s x50 z
Time Margin <50min HEP=10 23
Bind HEP=10 4

Fig. 5. Multiplier Decision Tree for existing operator
actions from internal events PSA according to EPRI
(Presley, 2016)

For high damage states (e.g., Bin 4), the
uncertainties dominate, so for screening the HEP
should be capped at 0.01, even if application of the
multiplier provides a lower value. The time margin
is quite an important aspect in the above decision
matrix. Namely, the timeline of the internal events
OAs can be either accepted as-is from the internal
events PSA or can be adjusted in case the external
hazards imply an altered timeline of certain
accident sequence(s). This initial timeline,
however, is not expected to account for, in detail,
every potential delay caused by the impact of the
external event. Actions can be delayed due to

access issues, increased cognition time, delays due
to inter-organization/multi-unit coordination and a
host of other factors that are not explicitly
accounted for in a timeline built for a screening-
level analysis. Hence, the main question at this
node ("Is Time Margin Sufficient") is: is the action
still feasible from a timing perspective after
accounting for the impact of some of these
uncertainties. In this direction, EPRI suggests the
following delineation (Fig. 6).

HFE Type Damage State Bin 1 Damage State Bing 2.4
Immediate Operator Actions @ min 2 min
In-CR 10 min 30 min
Ex-CR 30 min &0 min

Fig. 6. Time margin requirements according to EPRI
(Presley, 2016)

The mapping between the PGA-intervals, considered
within the KKGPSA on one side, and the bins
suggested from EPRI, on the other, is as follows:

e Below Bin 1: SEIS1 (< 0.071 g): Earthquake
goes undetected, reactor will be scrammed;

e Bin I: SEIS2 to SEIS3 (0.071 g - 0.25 g):
Earthquake well below SSE

e Bin2: SEIS4 to SEIS5 (0.25 g - 0.60 g): Many
weaker components damaged, almost certain
LOOP

e Bin 3: SEIS6 to SEIS7 (0.60 g - 1.10 g):
Significant damage

e Bin4: SEIS8 (1.10 g - 1.70 g): Major damage
to the SSCs, potentially uncontrollable.

2.3. Discussion EPRI vs ENSI Approaches

The EPRI approach differs from the ENSI
approach in several respects. As can be seen from
the decision tree (Fig. 5), the critical times after the
earthquake are in the range of 10 to 60 minutes.
This contrasts with the refined approach described
above according to the guideline ENSI-A05
(Section 2.2).

Another difference from the ENSI approach is the
increased probability of failure even in the case of
very weak earthquakes. The most critical point,
however, is the question "Is Cue After Plant
Damage Assessment?", i.e., whether the signal that
triggers the action is only available after a damage
assessment has been carried out. Such an
assessment is not generally possible because the
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shift and the emergency response team are
primarily occupied with the safe shutdown of the
plant, and a comprehensive damage assessment
can only be performed after the plant's condition
has been stabilized.

3. New Method for Seismic HEP Modelling

The results of an EPRI pilot study (Presley, 2016)
have demonstrated that the generic damage state
bins can be aligned well with the plant-specific
hazard bins for some plants. Some plants have
unique issues such that the hazard bins do not align
well with the generic damage states, or the defined
damage states are too coarse for screening and/or
detailed analysis. In those cases, EPRI suggests
that the plant may choose to develop their own
plant-specific damage state bins and correlate the
contexts for each bin to conservative modeling
rules using the detailed analysis method in Section
6 of EPRI (Presley, 2016). Also, some plants may
find some other penalization factors more suitable
than the ones suggested in the EPRI approach as
well as they might find some of the decision
questions within the EPRI decision tree (Fig. 5) not
suitable (e.g. cue after assessment) (Pellissetti et
al., 2021). This approach — sometimes referred to
as a “hybrid approach” — is actually what KKG
opted for, as part of the development of their new
PSA. This approach distinguishes between four
earthquake magnitudes and three time ranges, i.e.
it is in accordance with the three time ranges
(short-term, medium-term, long-term) as
suggested by the refined approach from ENSI. It
also differentiates between whether the action
takes place within or outside the main control
room (MCR). Both the multiplication factors and
the time ranges are chosen to cover the EPRI
approach (Section 2.3). As with the EPRI
approach, the following distinctions are made:

e Bin 1: Earthquake < 0.25 g (corresponds to
SEIS1 — SEIS3): Nominal HEP according to
ENSI-A05;

e Bin 2:0.25 g- 0.6 g (corresponds to SEIS4 —
SEISS5): Multiplication factors for the HEP are
modified as follows depending on the
implementation location and time after the
earthquake:

Table 1. Multiplication factors for Bin 2.
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Short Medium  Long
Location term term term

(< 1h) (1-8h) (>8h)
MCR x5 X2 x 1
Outside x 10 x3 X2

MCR

e Bin3:0.6 g— 1.1 g (corresponds to SEIS6 —
SEIS7): Multiplication factors for the HEP are
modified as follows depending on the
implementation location and time after the
earthquake:

Table 2. Multiplication factors for Bin 3.

Short Medium  Long
Location term term term

(< 1h) (1-8h) (>8h)
MCR x 30 X5 X2
Outside x 50 x 10 X5

MCR

e Bin4: 1.1 g— 1.7 g (corresponds to SEISS):
Multiplication factors for the HEP are
modified as follows depending on the
implementation location and time after the
earthquake:

Table 3. Multiplication factors for Bin 4.

Short Medium  Long
Location term term term
(< 1h) (1-8h) (>8h)
MCR Fail. x 30 x 10
Outside Fail. x 100 x 30
MCR
4. Analysis

For the purpose of the analysis within this paper,
performed on a realistic PSA-model, a set of 37
different OAs was selected. These OAs (Table 2)
cover practically all the personnel responses, both
preventive as well as mitigative, modelled and
challenged throughout all the accident sequences in
cases where an earthquake is the IE.

Due to the partial or fully proprietary/confidential
nature the exact qualitative descriptions of the
analyzed OAs have or might have, these OAs are
referred  not according to their exact
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names/description herein, but simply as dummies,
with forth numbered IDs, i.e. "OA_1","OA 2" and
SO on.

The following tables (Table 4, Table 5) summarize
these OAs together with their corresponding HEPs
(point estimates only for the purpose of this paper),
both regarding implementing the EPRI approach
(Table 4 and as described in Section 2.3) as well as
the Hybrid approach (Table 5 and as described in
Section 3).

Table 4. Applied seismic HEPs for the EPRI Method

D Basis Bin 1 Bin 2 Bin 3 Bin 4
HEP HEP HEP HEP HEP

OA_1 1.02E-2  2.04E-2 1.00E+0  1.00E+0 1.00E+0
OA 2 139E-3 278E-3 695E-3 4.17E-2  1.00E+0
OA3  [1.11E-3 1.11E-3 1.11E-3 555E-3 3.33E-2
OA 4 10IE-3 202E-3 5.05E-3 1.00E+0 1.00E+0
OA5  1.08E-3 1.08E-3 1.08E-3 540E-3 1.00E+0
OA 6 340E-3 3.40E-3 3.40E-3 1.70E-2  1.02E-1
OA7  337E-2 6.74E-2 3.37E-1 1.00E+0 1.00E+0
OA 8  298E-2 1.0IE-1 149E-1  894E-1 1.00E+0
OA 9  750E-2 1.50E-1 1.00E+0 1.00E+00 1.00E+0
OA_10  507E-2 1.01E-1  1.00E+0 1.00E+00 1.00E+0
OA_11  341E-2 6.82E-2 3.41E-2 3.41E-01 1.00E+0
OA_12 188E-2 1.88E-2 1.88E-2 1.88E-01 1.00E+0
OA_13 274E-2 548E-2 274E-1 2.74E-01 1.00E+0
OA_14 1 62E-2 1.62E-2 1.00E+0 1.00E+00 1.00E+0
OA_15  1.13E-2 227E-2 1.13E-1 5.67E-01 1.00E+0
OA_16  135E-2 270E-2 135E-1 6.75E-01 1.00E+0
OA_17 1.00E-1 1.00E-1 1.00E-1 5.00E-01 5.00E-1
OA_18 1.00E-1  1.00E-1  1.00E-1 1.00E+00 1.00E+0
OA_19  534E-3 1.07E-2 534E-2 2.67E-01 1.00E+0
OA 20 1.00E-1 1.00E-1  1.00E-1 1.00E+00 1.00E-+0
OA 21 647E-2 129E-1 1.00E+0 1.00E+00 1.00E+0
OA_ 22  682E-3 136E-2 6.82E-2 1.00E+00 1.00E+0
OA 23 283E-2 5.66E-2 1.00E+0 1.00E+00 1.00E+0
OA 24  432E-3 8.64E-3 2.16E-2 1.00E+00 1.00E+0
OA_25 398E-4 7.96E-4 199E-3 1.19E-02 1.00E+0
OA 26 232E-3 4.63E-3 1.16E-2 1.00E+00 1.00E+0
OA_27  400E-2 8.00E-2 1.00E+0 1.00E+00 1.00E+0
OA_ 28 468E-4 936E-4 234E-3 1.40E-02 1.00E+0
OA_29 186E-2 186E-2 186E-2 558E-1 5.58E-1
OA_30 313E-4 626E-4 157E-3 939E-03 1.00E+0
OA 31 1.00E-2 2.00E-2 1.00E-1 1.00E+00 1.00E+0
OA_32  150E-1 3.00E-1 1.00E+0 1.00E+00 1.00E-+0
OA 33 520E-2 1.06E-1 529E-1 529E-01 1.00E+0
OA_ 34 312E-2 624E-2 3.12E-1 3.12E-01 1.00E+0
OA_35 1.00E-1 2.00E-1 1.00E+0 1.00E+00 1.00E+0
OA 36  572E-2 1.14B-1 5.72E-1 5.72E-01 1.00E+0
OA 37  354E-3  7.08E-3  3.54E-2  1.00E+00 1.00E+0

Hence, the goal of the analysis herein is to deliver
a comparative assessment on the quantitative and
qualitative effects on the Level 1 risk measure
(CDF) of the KKGPSA model, when swapping
from between these two approaches for modelling
the seismic HEPs.

Table 5. Applied seismic HEPs for the Hybrid Method

Bin 1
HEP

Bin 2
HEP

Bin 3
HEP

Bin 4
HEP

Basis

1D HEP

1.02E-2
1.39E-3
1.11E-3
1.01E-3
1.08E-3
3.40E-3
3.37E-2
2.98E-2
7.50E-2
5.07E-2
341E-2
1.88E-2
2.74E-2
1.62E-2
1.13E-2
1.35B-2
1.00E-1
1.00E-1
5.34E-3
1.00E-1
6.47E-2
OA 22 6.82E3
OA 23 2.83E-2
OA 24 432E3
OA 25 3.98E-4
OA 26 2.32E-3
OA 27 4.00E-2
OA 28 4.68E-4
OA 29 1.86E-2
OA 30 3.13E-4
OA 31 1.00E-2
OA 32 1.50E-1
OA 33 529E-2
OA 34 3.12B-2
OA 35 1.00B-1
OA 36 5.72E-2
OA 37 3.54E-3

1.02E-2
1.39E-3
1.11E-3
1.01E-3
1.08E-3
3.40E-3
3.37E-2
2.98E-2
7.50E-2
5.07E-2
3.41E-2
1.88E-2
2.74E-2
1.62E-2
1.13E-2
1.35E-2
1.00E-1
1.00E-1
5.34E-3
1.00E-1
6.47E-2
6.82E-3
2.83E-2
4.32E-3
3.98E-4
2.32E-3
4.00E-2
4.68E-4
1.86E-2
3.13E-4
1.00E-2
1.50E-1
5.29E-2
3.12E-2
1.00E-1
5.72E-2
3.54E-3

5.10E-2
6.95E-3
1.11E-3
2.02E-3
2.16E-3
3.40E-3
1.01E-1

1.49E-1

2.25E-1

1.52E-1

6.82E-2
3.76E-2
2.74E-2
3.24E-2
3.39E-2
4.05E-2
5.00E-1

1.00E+0
1.60E-2
2.00E-1

6.47E-1

2.05E-2
1.42E-1

2.16E-2
7.96E-4
1.16E-2
2.00E-1

9.36E-4
1.86E-2
6.26E-4
7.66E-3
1.87E-1

1.09E-1

6.24E-2
1.00E+0
5.72E-2
1.06E-2

3.06E-1
4.17E-2
5.55E-3
1.01E-2
1.08E-2
1.70E-2
6.74E-1
8.94E-1
1.00E+0
1.00E+0
3.41E-1
1.88E-1
1.37E-1
1.62E-1
2.26E-1
2.70E-1
1.00E+0
1.00E+0
1.07E-1
1.00E+0
1.00E+0
1.36E-1
8.49E-1
1.30E-1
3.98E-3
6.95E-2
1.00E+0
4.68E-3
9.30E-2
3.13E-3
3.83E-2
9.35E-1
5.44E-1
3.12E-1
1.00E+0
2.86E-1
7.08E-2

1.00E+0
1.00E+0
1.11E-2
3.03E-2
3.24E-2
3.40E-2
1.00E+0
1.00E+0
1.00E+0
1.00E+0
1.00E+0
5.64E-1

2.74E-1

4.86E-1

1.00E+0
1.00E+0
1.00E+0
1.00E+0
5.34E-1

1.00E+0
1.00E+0
6.82E-1

1.00E+0
1.00E+0
1.19E-2
1.00E+0
1.00E+0
1.40E-2
1.86E-1

9.39E-3
1.15E-1

1.00E+0
1.00E+0
9.36E-1

1.00E+0
5.72E-1

3.54E-1

OA 1
0A 2
OA 3
OA 4
0A 5
OA 6
0A_7
OA 8
0A 9
0A 10
OA_11
OA 12
OA_13
OA_14
OA 15
OA_16
OA 17
OA_18
OA 19
0A 20
OA 21
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4. Results and Discussion

Two variation Level 1 quantifications run were
performed, such that in the first one, the seismic
HEPs according to the EPRI approach were
assigned to the selected 37 OAs, whereas in the
second run — the seismic HEPS as derived
according to the Hybrid approach.

The obtained results imply an increase of the
seismic hazard contribution to CDF of ca. 19%
when the EPRI approach is applied instead of the
Hybrid approach.

The Hybrid method has the advantage over the
refined ENSI approach such that the complexity of
the OAs is directly incorporated into the seismic
HEP value. Furthermore, due to the large increase
factors, especially for short-term measures,
sufficient conservativeness is ensured. In
comparison to the EPRI approach as well, the
advantage herein lies with the better distribution of
the time intervals, i.e. incorporation of the ENSI
definition of short-, medium- and long-term OAs.
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