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A scenario, where a nuclear power plant has experienced an earthquake, and lost its automation systems and main
control room, is improbable but exceptionally severe. Then, the mission of the operators is to steer the plant to a
safe and as stable as possible state, and secure residual heat removal. In this paper, the scenario is described. Factors
affecting operator performance in the scenario are considered. A human reliability analysis model for the scenario is
proposed, and its main features outlined. The model consists of treatment of timings and of human errors. Concerning
timings, an activity network model is proposed. Concerning human errors, special features of the scenario are treated
in performance shaping factors (PSF); central PSFs are identified and factors affecting them are described.

Keywords: human reliability analysis, human performance, seismic, earthquakes, scenario, performance shaping
factors, timings, loss of main control room, loss of automation.

1. Introduction

Earthquakes are a major hazard to nuclear power
plants (NPP). As hazards, they are nonspecific:
almost any system, structure or component (SSC)
may fail when subjected to an earthquake. After an
earthquake, the crew of an NPP may face several
challenges: the plant has to be steered to a safe
stable state (usually shut down). Initially there is
no reliable information on whether some SSCs of
the plant are damaged, and if so, which ones and
to what extent.

In this paper, we consider crew actions in a
particular seismic scenario, where scram has been
successful but the main control room of the plant
unit, as well as its automation, have been lost.
Then, the crew’s task is to manually secure resid-
ual heat removal. The scenario is improbable, but
its consequences may be serious, and the crew
plays an even more essential role than in more
conventional incidents. Although there is a con-
siderable amount of research published in seis-
mic human reliability analysis (SHRA) (e.g. )Park
et al. (2015)), it seems that this scenario has not
attracted any attention to it.

We consider the question of how likely the

crew’s actions are to succeed in the framework
of SHRA, a subfield of human reliability analysis
(HRA). We aim to shed light on the following
questions. How to model this scenario? What fac-
tors influence the execution of the actions? How
should it be taken into account that the task is
executed in the aftermath of a seismic event?
How to take earthquake strength into account in
a meaningful way?

2. The scenario

The following scenario has been identified at
Loviisa NPP as a potential threat to plant safety,
and one to which the HRA methods currently in
use at the plant are not necessarily applicable.

We consider a pressurized water reactor unit
that is subjected to an earthquake. The plant’s
safety automation performs a scram successfully.
The primary circuit remains intact. However, the
main control room and automation racks in I&C
cabinet rooms are lost.

The MCR crew moves to field. The necessary
safety function at this phase is securing residual
heat removal (RHR). According to operating in-
structions, RHR is to be performed by utilizing an
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additional emergency feedwater system (AEFW)
that should pump water to operational steam gen-
erators (SG). AEFW consists of 2 pumps, 2 diesel
generators that run the pumps, a water tank, and
associated valves and pipes. Thus, this human
action consists of deploying AEFW (and config-
uring the unit so that AEFW will pump the water
to the SGs), and keeping the AEFW-SG system
operational sufficiently long.

According to operating procedures, this human
action falls mainly to three field operators:Turbine
Technician (TrT), Field Operator (primary circuit)
(FOPrim), and I&C Technician (ICT).

TrT coordinates the deployment of AEFW, con-
figures it by opening and closing valves, and op-
erates it. A simplified activity network of the Tur-
bine Technician’s actions is presented in Figure 1.
The network, as well as the other activity networks
in this section, are based on operating instructions
in use at Loviisa NPP. TrT first sends ICT to
read and communicate pressure and water level
measurements of steam generators, and FOprim
to the inner annular space to open valves so that
water will flow from AEFW to operational steam
generators. After checking that AEFW valves are
in correct positions and that the pump and pipeline
connecting it to steam generators do not seem-
ingly leak, TrT starts AEFW pump. While oper-
ating AEFW manually, TrT tries to keep water
levels in the steam generators close to each other.

Field Operator (primary circuit) (FOPrim) con-
figures water flow in the secondary circuit in such
a manner that water will flow from AEFW to
those steam generators that are operational. The
actions of FOprim are presented in Figure 2. His
part of the work starts when TrT informs him of
the situation and sends him to the inner annular
space. His job is the simplest of the three, con-
sisting basically of picking the right keys, calling
Radiation Supervisor to help, walking to the inner
annular space, and configuring valve positions of
each steam generator as needed. Additionally, if
he has been asked to do so, FOprim walks to
the SG space and combines the SGs through a
bypass duct. If FOprim does not have to go to
the SG space, Radiation supervisor is not needed.
For simplicity, we have here left out that possibil-

Fig. 1. Activity network of Turbine Technician’s ac-
tions. Arrows to the right mark activities where TrT
interacts with other crew members.

ity and incorporated only the more conservative
(in this case, time-consuming) course of action,
where he visits both spaces and possibly has to
wait for Radiation Supervisor to arrive.

ICT conducts water level and pressure measure-
ments needed by the Turbine Technician manu-
ally. Actions of ICT are presented in Figure 3. His
job starts when TrT informs him of the situation
and sends him to the automation room of the SGs.
ICT first picks up tools and keys needed, then
walks to the steam generators. While there, ICT
starts carrying out measurements and reporting
them to TrT, moving from one operational steam
generator to another, for as long as needed. On
each measurement round, ICT measures water
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Fig. 2. Activity network of primary circuit Field Op-
erator’s actions.

levels in all SGs.
In addition, two other crew members participate

in the scenario in more minor roles. The Shift Su-
pervisor’s role is to decide when the use of AEFW
can be stopped. Radiation Supervisor comes to
the door of steam generator space when asked,
measures radiation level, and lets FOPrim in if
feasible. Reactor operator and others are present
but do not actively participate in the scenario.

A schematic view of the whole activity net-
work, including the connections between TrT’s,
FOprim’s and ICT’s activities, is shown in Figure
4. In addition to the activities conducted by the
three, the network shows Radiation Supervisor’s
activities (yellow). It also shows three activities
(white) for which the exact set of participants is
not defined: diagnosis that the main control room
must be left, transfer from the main control room
to the reserve control room, and diagnosis on what

Fig. 3. Activity network of I&C Technician’s actions.
Note the loop that results from ICT conducting mea-
surements on the steam generators for as many times as
needed.

must be carried out in the present situation. Diag-
nosis that the MCR must be left covers the time
from the earthquake to the time that the decision
to leave the MCR is made.

The activity network visualizes one aspect of
the scenario: manual control of the SGs has to
be continued for an indefinite time. From time to
time, TrT needs to figure out if water levels in the
SGs are OK. Then TrT calls ICT to measure them
and relay the information. Once ICT has done that,
TrT decides if water levels in some SGs need to
be adjusted and does that. That creates the loop in
TrT’s activity network and the two loops in ICT’s
activity network.

Even if the crew efforts to secure RHR fail,
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Fig. 4. A schema of the crew activity network of the
scenario. Turbine Technician’s activities are in green,
Field Operator’s in orange, I&C Technician’s in blue,
Radiation Supervisor’s in yellow and MCR crew’s ac-
tions in white.

there are considerable resources to prevent and
mitigate core damage and its consequences, such
as the preparedness organization with its pre-
planned actions and support to crew. However,
success of the crew would mean a turn of the
incident to a direction where the most severe con-
sequence is loss of production.

3. Modeling aspects of the scenario from

human performance point of view

The scenario combines the general features of
seismic scenarios in HRA with special features
that come with the loss of automation and main
control room.

Some general features of seismic scenarios in-
clude

• seismic hazards are nonspecific: virtu-
ally any system, structure or component
(SSC) may fail as a result of a sufficiently
strong earthquake.

• seismic events may induce other phe-
nomena such as landslides, soil liquefac-
tion, tsunamis, floods, and fires. Of these,
internal floods and fires are relevant at
the Loviisa site. There are often after-
shocks, that is, subsequent earthquakes.
There may be aftershocks one month af-
ter the first earthquake, and even later.

At a nuclear power plant, an earthquake may
cause serious consequences:

• loss of offsite power, usually because
poles of power lines topple

• blackout, as was the case at Fukushima
Daiichi due to the tsunami

• failures of various systems
• cracks in pipes, vessels and other struc-

tures
• hindrances to movement, for example

fallen ceiling panels, failed lock systems,
damaged roads

These features may have profound implications
on human performance:

• the situation may be complex: operators
may have to figure out proper actions in a
situation where several of the systems re-
ferred to in operating procedures are not
operational, and these systems may also
be otherwise unrelated. Some measure-
ments may be unavailable or misleading.
Several alarms may have been triggered
that need to be prioritized. Many tasks,
for example inspections, need to be coor-
dinated with field operators.

• the situation may be uncertain: initially
it is not sure which systems have failed
and which are operational. Some mea-
surements may be unavailable due to in-
strumentation failures. Aftershocks and
seismic-induced hazards may also gener-
ate uncertainty.
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• the situation may be stressful: time avail-
able for actions may be short, opera-
tors who often live close to the plant
may worry about their close ones and
homes, a seismic situation may increase
workload considerably. There might be
noise in the control room due to multiple
alarms and people communicating. An
earthquake starts unexpectedly, and in-
cluding aftershocks and realization of in-
duced hazards, emergency situation may
endure for days. Also the high stakes
involved - possibility of radionuclide re-
lease, possibility of causing great dam-
age if making errors - may cause stress.
In the scenario considered in this paper,
entering the containment is stressful due
to the possibility of leak in primary cir-
cuit.

• the situation may be such that the crew’s
experience and the training it has re-
ceived do not serve actions well. In
northern Europe, earthquakes are rare,
and it is likely that in a given crew no-
body has firsthand experience on earth-
quakes and dealing with them. NPP oper-
ators have likely participated in training
where coping with seismic events have
been considered, but it is less certain that
they have participated in such a training
regularly. It is unlikely that they would
have participated in training where the
scenario treated in this paper would have
been considered.

• procedures for handling seismic inci-
dents may be inadequate.

In the case considered in this paper, extra com-
plexity is brought by having to conduct manually
actions that are normally taken care of by au-
tomation. Stress is brought by knowledge that se-
curing residual heat removal has to be conducted
manually and within a relatively short time span.
Also some workers may have been injured due
to falling of the MCR ceiling, which affects crew
performance.

4. The HRA approach

In HRA models, errors are usually handled rea-
sonably thoroughly, considering all factors that
could affect them. However, tardiness - that is, that
the human action as a whole takes more time than
is available - is usually tackled quite simplistically,
relying on timeline analysis (see (Kirwan, 1994,
Section 5.2.4.9)). This analysis is simple - just as-
sessing things like diagnostic time and execution
time for the whole action. On the downside, it does
not take into account uncertainties in individual
activities that the action consists of, or the time
structure of the action (for example, how does
cooperation and other interaction within the crew
affect execution time).

For better consideration of the time component
of risk, a two-pronged approach is proposed for
modeling the scenario. It is based on the notion
that failure potential consists of two events: the
crew makes an error that causes the residual heat
removal to fail, or it makes no such errors but
uses too much time (considering how much is
available). These events are mutually exclusive,
since in one event a human error occurs and in the
other it does not. Therefore the probability of crew
failure (often called human error probability) is

HEPRHR = Plate + Perror, (1)

where Plate is the probability that residual heat
removal starts working too late, and Perror is the
probability that one or more errors are made that
lead to failure of starting RHR.

The notion that any error will lead to failure
is based on the assumption that there is too little
time for recovery from the error. This assumption
is reasonable and plausible in the scenario consid-
ered in this paper, because the time available is
short. However, concerning minor recoveries such
as opening a valve, it is definitely conservative.

Next we will look at how Plate and Perror can
be calculated.

4.1. Assessment of timings

The problem that an action (or some of its parts)
take too much time is known as schedule risk
problem. A time-honored way (Siegel and Wolf
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(1969), Ehmaghraby (1977)) to solve such prob-
lems is to construct an activity network from
the activities, and then simulate the network with
Monte Carlo simulation to obtain a numerical
distribution(s) of some time quantities of interest.
From this distribution, the probability of the action
taking longer than the given time available, that
is, Plate, can be computed. Our activity network
(Figure 4) forms of course a basis for that.

The remaining job is to specify a probability
distribution for the execution time of each activity
in the network.

There are many probability distributions that
can be used for modeling execution time of an
activity. However, the lognormal distribution is
commonly used for modeling time to perform an
activity, for example repair times (Rausand et al.,
2021, p. 185).

There are some ways in which earthquakes may
affect execution time of activities. Our approach
here relies on publicly available operating experi-
ence. In that, we rely on the following sources.
Presley et al. (2013) have reviewed 59 seismic
operating experience reports. Siu et al. (2013) and
Siu et al. (2019) present lessons learned from the
Fukushima Daiichi nuclear accident.

Operating experience indicates that delay in
operator actions is likely after earthquakes: ”most
operating experiences showed multiple instances
of delayed operator actions” Presley et al. (2013).
These delays were usually attributed to complex-
ity, novelty, confusion, stress, communication be-
tween people and other factors related to the gen-
eral operating environment. It is unclear whether
these delays show as a delay between receiving
a cue and the actual action, or as lengthening
of execution. If we assume that both occur, the
following may serve as a suitable functional re-
lation between expected activity duration when a
seismic event hasn’t occurred Texe, and expected
activity duration after a seismic event Tseismic:

Tseismic = αPGA+ (1 + βPGA)Texe, (2)

where α > 0 is the delay coefficient and β > 0 is
the execution lengthening coefficient, and PGA

(peak ground acceleration) serves as a measure
of the earthquake’s intensity at the plant. α and

β may be estimated from simulator training data
and earthquake incidence reports (provided they
contain time information on actions).

Whereas we may assume that for most activi-
ties, only the delay parameter α matters (that is,
β = 0), this is not the case for activities that
involve movement. Namely, Siu et al. (2016) note
that in the Fukushima Daiichi accident, access to
venues of several ex-control room activities were
restricted or blocked due to debris, structural dam-
age, failed access systems, and in later stages also
radiation; it is also clear that activities requiring
travel such as FLEX activities may be delayed by
damage to roads. These access problems naturally
cause delays. In Fukushima, also delays in obtain-
ing information, uncoordinated evacuation of staff
and contractors (who had for example information
on the location of needed equipment) and chang-
ing conditions during the accident caused delays.
If the scenario considered is such that these factors
may cause delays, they should be included in the
timing model; in the scenario considered in this
paper, β is probably a significant factor only in
actions involving movement.

There are several sources of uncertainty in the
timing model. For example, there is not much data
available that could be used to estimate parameters
of equation 2, and thus the equation’s predic-
tions will be imprecise. Recoveries have not been
considered in the model; while they increase the
likelihood of carrying out the action successfully,
they take time.

4.2. Assessment of human errors

On the human error (or crew error) side, the
earthquake itself does not seem to affect opera-
tor performance significantly: operator actions re-
main highly reliable after the event (Presley et al.
(2013)). However, an earthquake may change cir-
cumstances markedly, as noted in Section 3. In
HRA, circumstances are usually taken into ac-
count in performance shaping factors (PSF), and
this will be also our approach here. Modern HRA
methods, such as SPAR-H (Gertman et al. (2005)),
provide frameworks in which to assess the value
of each PSF. For most PSFs, it is sensible to
use value obtained from such frameworks. Here
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we consider a few PSFs where special features
of seismic scenarios, or special features of the
particular scenario considered, merit deeper con-
sideration.

It should be noted that sufficiency of time need
not be addressed on the human error side in our
model, because that has been addressed already in
the form of Plate (see eq. 1).

We take on the factors listed in Section 3 and
see how they could be treated as PSF’s, consider-
ing the special features of the situation.

• Complexity. It is clear that in seismic scenarios,
failures of systems and seismic-induced haz-
ards have major effect on this when they occur.
This has been captured by Hakata et al. (2010)
who specify the value of this PSF as a quadratic
function of the number of initiating events (in
addition to the seismic event, internal initiating
events could include failures of some central
systems, and also seismic-induced hazards such
as fire could be such). Having such a basis of
calculating PSF of course also means that the
value of the PSF may change in the course
of accident progression: the value of the PSF
changes whenever a new initiating event occurs.
In the scenario considered in this paper, also
moving to the reserve control room and then
working in an environment where the unit’s
crew usually don’t work adds to the complexity.

• Uncertainty. Although uncertainty may be a
significant issue all through the scenario (due
to postshocks and seismic-induced hazards), it
is likely to be at peak immediately after the first
earthquake.

• Stress. Kirchner et al. (2011) note rightly that
initially the crew’s stress level is probably quite
high due to the necessity of responding to the
earthquake’s effects in a short period of time.
It is likely that the effect is more pronounced
in regions of low seismicity like Finland, be-
cause the situation is new to everyone, though
it has been addressed in training. Kirchner et al.
(2011) note further that stress may also increase
due to disorientation concerning appropriate re-
sponse, trauma or injury caused by the event, or
work environment affected by loss of lighting,

dust in the air, or clutter. It is likely that after the
initial hectic phase, stress levels go down. How-
ever, aftershocks and realization of seismic-
induced hazards are likely to drive stress level
up again. In later phases, also other kinds of
stress sources may emerge: Hakata et al. (2010)
in their multi-unit model raise the stress level of
operators in a unit if there has been a radionu-
clide release from another unit at the site; this
was later confirmed in the Fukushima Daiichi
accident, where ”operators were clearly worried
about their personal safety” Siu et al. (2013)
due to releases. In this paper’s scenario, having
to leave the MCR is likely a source of stress to
the crew; it is also worth considering whether
staying in the unit whose MCR and automation
is lost, which may bring to mind that there could
be some undetected damage in the unit, is a
source of stress to TrT, FOprim and ICT.

A final issue to be dealt with here is how to handle
the repeating cycle of TrT asking ICT the sur-
face level measurements of SGs, ICT measuring
and reporting them, and TrT adjusting the water
levels accordingly. The number of cycles needed
is unknown. Ultimately, repeating the cycle will
be made unnecessary by repair of the automation
system. Alternatively, residual heat removal may
be arranged in some other way, which is probably
a quicker option.

Let us conservatively assume that human error
on any round will lead to failure of crew action.
Then, there are two ways in which repeating the
cycle ends: either to human error or to successful
recovery of automatic RHR in some way. Let us
denote the probability of human error while con-
ducting the measurement-adjusting cycle in round
i by pHE,cyc(i), probability that automatic RHR
is recovered successfully by prec(i), and probabil-
ity that conducting the measurement-adjustment
cycle fails (that is, ends due to human error) by
PHE,cyc(i). Then,

PHE,cyc(i) =

i−1∏

j=0

(1− pHE,cyc(j))(1− prec(j))

pHE,cyc(i), (3)

where we assume that the probability of human
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failure in cycle activities is 0 before the cycle be-
gins, and probability of successful recovery before
the cycle begins is 0 (because the cycle would
not be started if successful recovery had taken
place). These two conditions can be expressed as
pHE,cyc(0) = 0 and prec(0) = 0.

Finally, we get the probability that the crew
action fails due to human error in the measure-
adjust cycle as

PHE,cyc =
∞∑

i=1

PHE,cyc(i) (4)

Repetition also brings the modeling challenge
that repeating the same set of activities may lead to
boredom and also tiredness before change of shift,
these may result in the loss of focus by TrT or ICT,
and this loss of focus may lead to human errors
such as slip. This would show up in the equations
above in the form that pHE,cyc(i) is not constant
but varies by i. Naturally, if automation system
recovery time has a probability distribution, it is
to be used in calculating prec(i)’s.

Also concerning human error, there are several
sources of uncertainty. A salient one is that we do
not accurately know the effects of PSFs on human
error. This is true in ordinary circumstances, and
even more true in circumstances after an earth-
quake for which data is scarce. Also the fact that
actions outside the control room, such as the one
considered in this paper, have received less atten-
tion in HRA than actions carried out in the main
control room is a source of uncertainty in analysis.
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