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Abstract. Nuclear energy professionals need to understand and address the catas-
trophe syndrome that of late seems to be increasingly at work in public mind in the
context of nuclear energy. Classically the nuclear power reactor design and system
evolution has been based on the logic of minimization of risk to an acceptable level
and its quantification based on a deterministic approach and backed up by a further
assessment based on the probabilistic methodology. However, in spite of minimiza-
tion of risk, the reasons for anxiety and trauma in public mind that still prevails in the
context of severe accidents needs to be understood and addressed. Margins between
maximum credible accidents factored in the design and the ultimate load withstand-
ing capacities of relevant systems need to be enhanced and guaranteed with a view
to minimize release of radioactivity and avoid serious impact in public domain. A
more realistic basis for management of an accident in public domain also needs to
be quantified for this purpose. Assurance to public on limiting the consequences to a
level that does not lead to a trauma is something that we need to be able to credibly
demonstrate and confirm. The findings from Chernobyl reports point to significant
psychological effects and related health disorders due to large scale emergency
relocation of people that could have been possibly reduced by an order of magni-
tude without significant additional safety detriment. A combination of probabilistic
and deterministic approaches should be evolved further to minimize consequences
in public domain through enhancing safety margins and adding greater precision
to quantitatively predicting accident progression and its management. The paper
presents the case studies of the extreme external event such as tsunami and its impact
on the coastal nuclear plants in India, the containment integrity assessment under the
extreme internal event of over-pressurization and aircraft impact along with hydro-
gen deflagration/detonation-induced loadings. These are at the moment extremely
burning issues due to the severe accidents of Fukushima, Chernobyl and Three Mile
Island reactors. In the present day context identifying the extreme loadings in a
separate category and the corresponding margin assessment is necessary in addition to
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the implementation of the mitigation and upgraded safety measures. Further, the paper
attempts to address the question of public trauma in the event of a serious nuclear
reactor accident, a need that has been felt in view of the recent Fukushima and earlier
Chernobyl accidents and the resulting large scale relocation due to the present defi-
cient policies and the inherent limitations of Linear No Threshold (LNT) principle.

Keywords. Nuclear reactor safety; extreme events; three mile island accident;
chernobyl accident; Fukushima accident; earthquake; tsunami; nuclear containment;
pressurized heavy water rector; aircraft impact; hydrogen deflagration & detonation;
radiation dose; linear no threshold (LNT); public trauma.

1. Introduction

In the history of mankind, introduction of new technologies for societal benefits has always been
challenging. Ability to deal with the fear of unknown and the perception of man-made as also
natural disasters linked with the new technologies have influenced the growth of societies and
nations. Despite the setbacks caused by some extreme events linked to a new technology, the
technologists, governmental bodies, professional societies and non-governmental organizations
in the emerging and progressive nations have displayed greater maturity to effectively address
the risk and threat perception. On the basis of demonstration of safety, assurance of sustainable
growth potential and relative economic benefits, they have managed to restore public confidence
in promising new technologies. Large scale evacuation of people in the aftermath of the extreme
external natural event-induced accident in Fukushima in 2011 and earlier similar experience of
public in the context of severe accident at Chernobyl in 1986 have resulted in trauma in public
mind and perhaps avoidable psychological effects described by Havenaar et al (1997); that need
to be understood and addressed besides the demonstration of safety and economy of Indian
Nuclear Power Plants for extreme external and internal events.

Earlier, the progression of two severe accidents at Three Mile Island-1979 (USA) and
Chernobyl-1986 (former USSR) nuclear reactors; highlighted the importance of internal events.
These accidents have been widely studied and analysed and that led to improved operations and
safety culture as well as evolution of new generation/advanced reactor systems. These sustained
efforts did restore confidence in nuclear power which had in fact started showing significant signs
of renaissance. The recent severe accident at Fukushima in (2011) multiple nuclear units orig-
inated from extreme natural events of earthquake and tsunami external to the plant, escalating
further into induced internal severe damage sequences and consequential large scale evacua-
tion of people. The experience gained from these three accidents shows that a comprehensive
approach towards minimizing the impact in public domain through limiting the severity of the
accident and its optimal management needs to be evolved. It is necessary to minimize the need
for large scale evacuation of people through a systematic evolution of (i) a defined credible
limit on the extreme external events such as tsunamis and earthquakes for specific regions/sites
and specification of a stringent siting criteria, (ii) the necessary safety upgrades for the existing
nuclear plants and robust design of new reactor systems with systematic deterministic design
and safety evaluation backed up with the probabilistic assessment of nuclear reactor structures,
systems and components and (iii) the appropriate intervention level to minimize the public
trauma and overcome the inherent limitations of the present dose levels, which are based on Lin-
ear No-Threshold (LNT). This LNT principle has been subject of intensive debate as reported
by Bodansky (2004), Jaworowski (2010) and recently after the Fukushima event by Calabrese
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(2011a, b) and Kakodkar (2011). All the above identified three steps are essential to minimize
the impact in the public domain and early restoration of the nuclear power plant. Availability
of nuclear electricity in case of extreme natural and other manmade events could be effectively
utilized for more efficient post event normalcy restoration and this will in turn help to minimise
trauma caused by such events.

Buongio et al (2011) in the Massachusetts Institute of Technology (MIT) report have sum-
marized the technical lessons learnt from Fukushima event under the following categories (i)
Emergency power following beyond design basis external events, (ii) emergency response to
beyond design basis external events, (iii) containment, (iv) hydrogen management, (v) spent fuel
pools and (vi) plant siting and site layout. This list is just and an indicative and the nuclear
plant safety needs to be looked at holistically by designers, plant operators, regulators and R&D
experts in a comprehensive manner.

In the context of Indian nuclear power plants, the integrated safety assessment has been car-
ried out through a large number of experimental programs, round robin exercises, benchmarks
and standard problem exercises. A few case studies of extreme external and internal events with
regard to tsunami assessment of Indian Nuclear Power Plants (NPPs), PHWR containment ulti-
mate load capacity assessment on BARC Containment (BARCOM) Test Model and air-craft
impact assessment, are described in this paper. Also presented are the case studies related to
hydrogen load characterization, its effective management and enclosure structure performance
for Indian NPPs.

Based on the studies for these extreme events, recommendations are given for an integral
safety assessment and the public trauma is addressed in a scientific manner with an objective to
reinforce the sustainable growth of nuclear power for the benefit of Indian society.

2. Extreme earthquakes and tsunamis and Indian coastal nuclear plants

Besides the design basis earthquakes, tsunamis, storm surges, hurricanes, heavy precipitation
and other natural events, the extreme earthquakes and tsunamis have been of special interest
for Indian coastal nuclear facilities after the 2004 tsunami event in Indian Ocean. The tsunami
source term characterization with the details of fault parameters, propagation analysis to obtain
the tsunami wave height and wave arrival time through global modelling, inundation modelling
based on a refined local bathymetry and land morphology and validation of the numerical code
with post tsunami survey data, tide gauge records and historical tsunami data are the important
steps for the qualification of a tsunami mathematical model. The tsunami event of 26th Decem-
ber 2004 due to Sumatra earthquake and the resulting inundation at Kalpakkam was efficiently
managed by Department of Atomic Energy (DAE) at the Madras Atomic Power Station (MAPS),
the upcoming Prototype Fast Breeder Reactor and the township areas. In view of the observed
inundation, a need was felt for the detailed evaluation of the present and future coastal nuclear
sites for the extreme tsunami and earthquake events and the in-depth studies were initiated as
reported in DAE Committee reports by Sasidhar et al (2009, 2012) and papers by Singh et al
(2008), Singh & Kushwaha (2009, 2010) and Singh (2011a, 2012a, b).

In Indian Ocean, the tsunami historical data is limited; however, the mega tsunami event
of December 26, 2004 resulting from Sumatra earthquake of magnitude 9.3 is well-studied,
recorded and instrumented. Further, the events of submarine earthquakes of 28 March 2005
of magnitude 8.6, July 17, 2006 of magnitude 7.7 and September 12/13, 2007 of magnitudes
8.5/7.9 in Indian Ocean region have been analysed by seismologists and oceanographers. The
National Warning System has been in place and the earthquake events and the tide gauge data are
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Chennai 13.10 N 80.30 E 11/04/2012 12:00 0.18m

Vizag 17.71 N 83.32 E 11/04/2012 12:14 0.10m

Ennore 13.25 N 80.33 E 11/04/2012 12:04 0.09m  

Meulaboh 4.317 N 96.217 E 11/04/2012 09:51 1.06m  

Figure 1. Tsunami observation for April 11, 2012 of Sumatra earthquake event (Srinivasa Kumar et al
2012).

being continuously recorded and analysed in a regular manner. During the recent Sumatra earth-
quake event of April 11, 2012, the initial magnitude of the earthquake was estimated ∼8.7 on the
Richter scale. As reported by Indian National Centre for Ocean Information Services (INCOIS),
the first bulletin was issued within 8 minutes at 14–16 h IST. The earthquake magnitude esti-
mate was later revised to 8.5. This earthquake could have been tsunamigenic and the response
and preparedness of plants was further critically examined. All the systems for the identifica-
tion of location of earthquake, estimation of tsunami arrival time and wave height, dissemination
of messages through SMS, email, Fax, GTS & Website, as well as bottom pressure recorders
and tidal gauges to record sea level changes managed under the National Warning System have
performed as envisaged (Srinivasa Kumar et al (2012) as can be seen in figure 1). The information
regarding earthquake and tsunami alert was received in MAPS, Kalpakkam Control Room simul-
taneously with local warning system and from National Agencies immediately after the event.
The emergency response and the precautionary measures as per the operating procedures were
initiated and readiness of all systems to handle the probable tsunami was ensured.

A comprehensive tsunami evaluation has been made for the present and future prospective
Indian coastal sites with a further backup safety review of Indian nuclear power plants after the
recent accident in the Japanese nuclear plants at Fukushima Daichi due to the extreme event
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Figure 2. JASON-1 Track 109 Satellite (altitude 1300 km) Record and TSUSOL Predictions.

of 11 March 2011 Tohoku Earthquake and Tsunami on the Pacific Coast of Eastern Japan as
presented in Singh (2011a, 2012a and b). In this section of the present paper, the findings of the
tsunami assessment for all the coastal nuclear plants and a comparative study is presented for
the upcoming Kudankulam plant with regard to the Fukushima Daichi plant tsunami inundation
resulting into the severe accident.

3. Tsunami evaluation of Indian coastal sites

The two tsunami events, one due to Sumatra earthquake with magnitude 9.3 of December 26,
2004 and the other due to Makran earthquake with magnitude 8.1 of November 28, 1945 are of
interest for the present and future prospective nuclear coastal sites of India. The site selection and
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design of Indian nuclear power plants require the evaluation of run-up and the tsunami mitigation
measures for the coastal plants. In case of a submarine earthquake-induced tsunami, the tsunami
wave is generated within the ocean due to displacement of the seabed. The studies carried out
have been effectively utilized for design and implementation of early warning system for coastal
region of the country in addition to the site evaluation of Indian nuclear coastal installations.
The in-house finite element code TSUSOL predictions of wave arrival time, reflections from
coastal regions and run up were later confirmed by Jason satellite data (figure 2). The time sig-
nal analysis of the wave time history from in-house finite element code TSUSOL confirmed the
reflections from Sri Lanka and various other Indian islands. The reflected wave periods from Sri
Lanka computed as 4096 s, 2560 s and 1280 s compare well with the spectral periods of 4380 s,
2580 s and 1320 s, respectively, from the de-tided data of National Institute of Oceanography
(NIO) tide gauge records (figure 3) for 2004 tsunami event. The tsunami source modelling with
regard to the fault parameters, fault multiple segments and orientations were used to identify and
characterize the tsunamigenic earthquakes in Indian Ocean. For inter-comparison of codes and
code benchmarking, a systematic National Round Robin Exercise for detailed inundation mod-
elling at Kalpakkam nuclear site under tsunami event of Sumatra-2004 has been carried out using
a refined local bathymetry and land morphology data. Different tsunami numerical codes were
used by the participants from research, academic and technical organizations. Detailed compu-
tational results of inundation reach and wave run up for Kalpakkam site have been obtained and
are shown to have reasonable comparison with the post tsunami measurements carried out after
the Sumatra tsunami event 2004 (table 1 and figure 4). This study also helped to arrive at the
average global run-up for the present and future prospective coastal nuclear facilities along east
coast as presented in table 2 for extreme event of Sumatra earthquake event of 2004.

For the Makran earthquake of 1945 (magnitude 8.1) induced tsunami event, Tarapur site has
been chosen for detailed inundation and run-up study. The eastern and western halves of Makran
subduction zones have different seismic patterns. The regions of western coast have very shallow
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Inundation Reach (m) around Tarapur site
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I2-C 0.88 0.88 1.42
I2-D 0.79 0.89
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I8-P 0.90 2.20
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around Tarapur site
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Figure 5. Local tsunami inundation reach and wave run-up at Tarapur site.
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Figure 6. Global analysis of wave run-up on west coast facilities.

depths and separation between the global and local models was arrived from the modelling
experience of Sumatra event. This resulted into minimization of the numerical dispersion and
diffusion in the multi-grid models to capture natural physically consistent amplitude dispersion
and phase dispersion for accurate inundation and run-up modelling.

The local inundation mapping was carried out with an inter-code comparison and consistent
results of tsunami wave run-up were obtained at a number of important locations for Tarapur
site (table 3 and figure 5), which helped to carry out a detail plant survey for TAPS-1& 2 BWR
and TAPS-3& 4 PHWR units besides other important facilities. Again, the average global run-
up for the present and future prospective coastal nuclear facilities for extreme event of Makran
earthquake of 1945 was in addition obtained as presented in table 4 and figure 6.

4. Recent studies on local tsunami evaluation for Kudankulam site

Subsequrnt to the above global tsunami analysis for eastern and western coasts and site specific
studies for Kalpakkam and Tarapur sites, the recent studies have been focused for Kudankulam
site by Krishna Kumar et al (2012). Kudankulam site tsunami evaluations (figure 7) have been
carried out for a hypothetical earthquake of 9.0 magnitude postulated to originate at Makran
Fault on the west coast and the earthquake event of magnitude 9.3 at Sumatra on the east coast.
The inundation mapping and local wave run-ups for these two events are shown in figures 8 and 9
and it may be noted that Java Sumatra earthquake-induced tsunami event results in higher local
tsunami run-up. The Makran hypothetical 9.0 magnitude earthquake results in maximum local
run-up of 1.77 m (Location R1), while for Sumatra 9.3 magnitude earthquake event the maxi-
mum local run-up is 4.07 m (Location R1). This effect is due to the induced shadow of Sri Lanka
for the Makran source for Kudankulam site, while for Sumatra fault orientation, the tsunami
waves are directly focused. The location R1 is about 1 km from the plant site towards Kanyaku-
mari. At plant site, the maximum wave run-up for Sumatra event is 2.76 m (Location R3 in
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Location Map

Figure 7. Local tsunami evaluation for Kudankulam.

figure 9), which is in agreement with the post tsunami observation of 2004 for this event at
Kudankulam plant.

With the tsunami evaluation under extreme event category presented in this section the
following are the summarized highlights:

• Intensive code benchmarking exercises resulted in validation of procedures for tsunami haz-
ard evaluation, generation of global run-up data and local inundation data for Kalpakkam
and Tarapur sites as specific example on eastern and western coasts besides global wave
run-up data for new prospective sites. This has been accomplished with detail data
collection for local refined bathymetry and land morphology and post tsunami survey
records.

• The adequacy of National Warning System has been verified during the recent earthquake
event of April 11, 2012. The local warning system at MAPS site and the site readiness have
given good confidence for post tsunami management of Indian Nuclear plants.

• For the Kudankulam site computed local tsunami run-up is shown to be in good agreement
with on site measurement (∼2.76 m). However, in the neighbouring locality higher tsunami
run-up of 4.07 m is noticed.

• The tsunamigenic sources of relevance to Indian coast are located at Sumatra and Makran
that are far away from Kudankulam site (∼1200∼1500 km) as compared to the Pacific
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INUNDATION EXTENT

S.N
O

LOCATIONS LONGITUD
E (DD) 

LATITUDE 
(DD) 

ARRIVAL
TIME (min)

RUN-UP 
HEIGHT 

(m)

1 R-1 77.6854 8.1545 336.75 1.765

2 R-2 77.7021 8.1574 338.25 1.518

3 R-3 77.7139 8.1613 339.00 1.468

4 R-4 77.7274 8.1657 341.75 1.434

5 R-5 77.7393 8.1692 342.25 1.204

1945 Makran Results

Figure 8. Results at Kudankulam site for a hypothetical M 9.0 earthquake at Makran Fault.

Tohoku Earthquake of March 11, 2011, that affected Fukushima Plants which was a near
shore event. Even with extreme tsunamigenic earthquake events Kudankulam reactors are
unlikely to be seriously distressed.

• In case of other sites as well, one can say that extreme tsunami events felt at Indian coastal
sites are unlikely to cause any serious distress on nuclear power plants. More work however
is needed in this regard.

• DAE has made a detailed assessment of external events as highlighted in the Atomic Energy
Regulatory Board (AERB) Expert Group (2011) and AERB Committee Reports (2011) and
National Report (2012) submitted to ‘The Convention on Nuclear Safety’, which describes
the actions taken for Indian Nuclear Power Plants subsequent to Fukushima nuclear acci-
dent. It is once again emphasized that all the safety upgrades are in place after a thorough-
check re-assessment of Indian Nuclear Power Plants.
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1 R-1 77.6854 8.1545 223.25 4.07

2 R-2 77.7021 8.1574 222.75 3.34

3 R-3 77.7139 8.1613 222.00 2.76

4 R-4 77.7274 8.1657 221.25 2.48

5 R-5 77.7393 8.1692 218.75 2.26
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Figure 9. Earthquake of M 9.3 at Sumatra Fault and local run-up results at Kudankulam site.

5. Indian PHWR nuclear containment safety assessment

The beyond design basis accidents at Three Mile Island (1979) and Chernobyl (1986) created
interest among the nuclear community for the safety assessment studies related to the ultimate
load capacity of the nuclear containment structures to assess safety margin against release of
radioactivity to the environment under an extreme event. The progression of the severe acci-
dent recently at Fukushima (2011) multiple nuclear plants has further emphasized the need
for the containment integrity evaluation. Bhabha Atomic Research Centre (BARC), Trombay
participated in the round robin analyses of Sandia model over-pressure test and NUPEC,
Japan seismic shear wall test and in-house numerical codes were benchmarked by Singh et al
(1993, 1998), Singh & Kushwaha (1997), Gupta et al (1995), Madasamy et al (1995) and Basha
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Figure 10. BARCOM test model and longitudinal and shear cracks around MAL and embedded sensor
response during over-pressure tests on July 23-24, 2011 (1.78 Pd) and Oct 02 2011 (1.68 Pd) and numerical
simulation results.
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et al (2003). For the assessment of functional and structural failure margin over the design pres-
sure in Indian PHWR containment, a program was initiated to study the containment structural
behaviour following a severe accident. BARCOM - a 1:4 scale model of pre-stressed concrete
inner containment of 540 MWe Indian PHWR units at TAPS-3&4 with design pressure (Pd)
of 0.1413 MPa was commissioned by BARC at Containment Test Facility-Tarapur (figure 10)
and studies have been carried out to understand its functional and structural failure modes see
eg. Singh (2009, 2011b, c) and Parmar et al (2011). Around 1200 sensors along with data-
loggers have been deployed for structural response, crack monitoring and fracture parameter
measurement to evaluate the local and global response of the containment test model due to over-
pressurization. An International Round Robin Analysis has been organized for benchmarking
various inelastic numerical codes with BARCOM test data in terms of the loss of pre-stress in
the membrane and discontinuity regions of major openings, first appearance of concrete surface
cracks followed by first through thickness cracks, first yielding of reinforcement/tendons and
significant loss of leak tightness, the maximum pressure sustained by the model before signif-
icant leakage to identify functional failure pressure of the test-model and finally the maximum
static pressure sustained by the model for the structural failure analysis. All these assessments
have helped to verify the predictive capability of numerical codes for integrity assessment of
containment structure under over-pressurization.

6. BARCOM functional failure phase-III over-pressure test results

The functional failure of BARCOM under Phase-III experimental program has been success-
fully concluded with the structural priority test (July 2011) and leakage priority test (Oct
2011). These over-pressure tests have confirmed the BARCOM failure modes with longitudinal
membrane/flexural and shear cracks that have developed and the test-data has been used to eval-
uate the numerical results (figure 10). The systematic review of the test-data and comparison of
the pre-test results obtained from various international round robin participants has generated
requisite confidence and strengthen our capabilities to analyse the nuclear containment structure
due to over-pressurization under extreme conditions.

The functional failure of the BARCOM test model during the ‘structurally priority test’ of
July 23–24 2011 up to 1.78 Pd and ‘leakage priority test’ of Oct 02–03 2011 up to 1.68 Pd in
concluding Phase-III tests show the repeatability of test data (figure 10). The experiment has
demonstrated that even after functional failure of primary containment, with tight cracks leakage
rates are within controllable and manageable limits and shielding cover is retained. Double con-
tainment and related Engineered Safety Features further assist in controlling the ground leakage
and releases to the environment. Margin against over-pressurization of BARCOM has addressed
important issues with regard to containment safety under extreme events.

7. Containment response under accidental aircraft impact

For the extreme external event of accidental aircraft impact on containments, the assessment of
540 MWe PHWR double containment system has been carried out by Kukreja et al (2003). The
nonlinear transient dynamic analysis of containment structure for Boeing 707-320 and Airbus
A300B4-200 impact with simulation of cracking, crushing and rebar yielding (figure 11) leads
to the following important observations:

• Outer Containment Wall (OCW) would suffer local perforation with a peak local deforma-
tion of 117 mm at 0.19 sec.
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A

B
C

A

B

C

Figure 11. Scenario during commercial aircraft impact on 540 MWe PHWR double containment system.

• The stress and strain values at impact location are within the limits till 0.19 sec.
• The overall integrity of OCW structure is maintained as the displacement at point B and C

(away from local impact zone ‘A’ of OCW) are small ∼5–10 mm.
• There will be localized cracking and rebar yielding in Inner Containment Wall (ICW) with

maximum displacement of 115 mm, but there would be no perforation in ICW.
• The displacements at points B and C (away from impact zone) of ICW are small ∼5–

10 mm.
• It is observed that the double containment system with two barriers of reinforced concrete

OCW and pre-stresed concrete ICW would be capable of sustaining the full impulsive load
of Boeing 707-320 & Air Bus A300B4-200.

8. Hydrogen deflagration/detonation studies

For the efficient hydrogen management resulting from severe accidents within the nuclear
containment system the following steps are essential:

• Estimation of explosive mixture generation with accidental release of hydrogen in air,
air/steam mixture.

• Mitigation measures with development, testing and deployment of passive autocatalytic
recombiners.

• Investigation of the potential hazards and its evaluation with focus on the initiating events.
• CFD simulation of the combustion process for deflagration and detonation phenomena.
• Consequence analysis with structural safety evaluation.

A massive research and development program has been initiated at BARC in Containment Test
Facility (CSF) and within the Hydrogen Recombiner Test Facility (HRTF) at Tarapur. The devel-
opment and implementation of Passive Autocatalytic Recombiners has been taken up for Indian
Nuclear Plants. Effective design, testing and deployment of such recombiners in the containment
will prevent overpressure in the containment as a result of hydrogen release as well as protect the
containment atmosphere from becoming flammable under severe accident conditions (Kakodkar
2011). Out of the five steps identified above for assessment of accident sequences, the limiting
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Figure 12. Hydrogen deflagration and detonation tests within structural enclosure (Singh et al 2003,
2004a, b).
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cases of hydrogen deflagration and detonation with structural safety evaluation have been carried
out for hydrogen pulse characterization with an objective to evolve effective structural barriers
for limiting the severe consequences.

The pulse load characterization due to hydrogen deflagration and detonation is important for
the structural safety assessment with regard to distribution and combustion of hydrogen within
equipments and structural enclosures. This evaluation is carried out to preclude such incidents
with design measures and to mitigate and limit the consequences of hydrogen explosion. Defla-
gration and detonation tests have been carried out for vented and confined hydrogen explosions
in controlled experiments (figure 12) and shock induced transient pressure and acceleration
time histories and peak displacements (figure 13) of structural barriers are recorded to evaluate
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Figure 13. Hydrogen pulse records for deflagration and detonation characterization (Singh et al 2003,
2004a, b).
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the consequences of such events by Singh et al (2003). The experimental data obtained dur-
ing the hydrogen explosion tests is validated with a transient dynamic finite element analysis of
the test chamber structure by Singh et al (2004a, b). A number of postulated structural failure
modes such as global and local instability of the barrier plates and the frame structure, tear-
ing or inelastic failure of panels were obtained with regard to the hydrogen combustion load
(figure 14).

These studies have helped to understand the limiting impulsive and quasi-static pressure
induced response and energy dissipation mechanism (table 5) for composite structural barrier
systems. Further hydrogen combustion experiments planned in BARCOM test facility in the
degraded cracked condition of BARCOM test model will help to understand the long term
containment performance due to hydrogen combustion induced over-pressure load as was experi-
enced in Fukushima accident. This study along with the leakage data collected in the BARCOM
over-pressure experiments will be useful for an overall containment performance evaluation and
evolve mitigation measures for our nuclear plants due to severe accidents.

Figure 14. Test cell inelastic response for hydrogen combustion load (Singh et al 2004a, b). Maxi-
mum effective plastic strains —frame 4.09%, corrugated wall 4.75%, outer plate 1.30% and displacement
190.4 mm for the test cell due to uniform limiting quasi-static pressure 0.09 MPa at 0.50 s (Singh et al
2004a, b).
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9. Limitations of linear-no-threshold principle and resultant public trauma

The public trauma is aggravated due to the general perception that radiation is harmful no mat-
ter how low the dose is. On the limitations of Muller’s Linear-No-Threshold (LNT) principle,
Calabrese (2011a, b) has cited the experimental work of Caspari and Stern (1948), which shows
that at very high rate of dose the mutation rate is independent of intensity showing saturation
and a threshold exists at low dose levels. Similar finding is noticed in the large scale data col-
lected on the risk to cancer around US nuclear plants. It has been concluded that the limitations
of LNT and the associated policy is costing a billions of dollars to people and is at the root of all
the fear of radiation and resultant public trauma in the aftermath of events like Chernobyl and
Fukushima.

Colorado, USA has a population of over 5 millions residents. According to LNT model, Col-
orado should have an excess of 200 cancer deaths per year but has a rate less than the national
average. In Ramasar (Iran), the residents receive a yearly dose between 100–260 mSv. This is
several times higher than radiation level at Chernobyl and Fukushima exclusion zone. People
living in Ramsar have no adverse health effect, but live longer and healthier lives; a phenomenon
often known as hormesis as described by Calabrese (2011a, b). We also know that China,
Norway, Sweden, Brazil and India have similar areas where radiation level is many times higher
than 2.4 mSv/yr world average.

Projected health consequences from low doses to large sections of population are questionable.
In case of Chernobyl an estimate of consequences projected in 2006 was 93,000 deaths due to
cancer up to the year 2056, while another estimate projected a total of 985,000 deaths till the
year 2004 as described in Yablokov et al (2009). In contrast to these unsubstantiated projections
of large scale mortalities that leads to fear in public mind, the actual number of total deaths as
per United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2008
report to UN General Assembly are 62 (47 plant workers, which includes 28 cases who suffered
acute radiation syndrome and 15 due to thyroid cancer) and around 6000 additional thyroid
cancers could be attributed to the accident.

At Fukushima it has become apparent that the evacuation from the ‘Exclusion Zone’ has been
excessive. Some of the areas that have been evacuated probably suffered so little contamination
that they could be reoccupied. As per WHO report most of the people in Fukushima prefecture
would have received a radiation dose between 1–10 mSv during first year. At two places the
doses were between 10–50 mSv, which are still below harmful level. Almost at all other places
the doses were below the internationally agreed reference level for the public exposure due to
radon in dwelling areas (about 10 mSv).

Driven by the over conservative Linear No Threshold principle, which is not substantiated
by surveys in high natural radiation background areas as mentioned above, we tend to create
avoidable trauma in public mind while dealing with emergency management in public domain
following accidental release of radioactivity.

10. Chernobyl psychosomatic effects

An account of psychosomatic effects following large scale dislocation of public as given by
Zbigniew Jaworowski, in WNA personal perspectives titled ‘The Chernobyl disaster and how it
has been understood’ is reproduced below:

“Besides the 28 fatalities among rescue workers and employees of the power station due to
very high doses of radiation (2.9–16 Gy), and three deaths due to other reasons, the only real
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adverse health consequences of the Chernobyl catastrophe among approximately five million
people living in the contaminated regions were the epidemics of psychosomatic afflictions.
These appear as diseases of the digestive and circulatory systems and other post-traumatic stress
disorders such as sleep disturbance, headache, depression, anxiety, escapism, ‘learned helpless-
ness’, unwillingness to cooperate, overdependence, alcohol and drug abuse and suicides. These
diseases and disturbances could not have been due to the minute irradiation doses from the Cher-
nobyl fallout (average dose rate of about 1–2 mSv/year), but they were caused by radiophobia
(a deliberately induced fear of radiation) aggravated by wrong headed administrative decisions
and even, paradoxically, by increased medical attention which leads to diagnosis of subclinical
changes that persistently hold the attention of the patient. Bad administrative decisions made sev-
eral million people believe that they were “victims of Chernobyl” although the average annual
dose they received from “Chernobyl” radiation was only about one third of the average natu-
ral dose. This was the main factor responsible for the economic losses caused by the Chernobyl
catastrophe, estimated to have reached $148 billion by 2000 for the Ukraine, and will reach $235
billion by 2016 for Belarus”.

11. Pragmatic approach to minimization of public trauma

According to the Health Physics Society’s (USA) Position Statement first adopted in Jan, 1996,
and revised in July 2010, with current knowledge of radiation risks, the Health Physics Society
recommend against quantitative estimation of health risks below an individual dose of 5 rem
(50 mSv) in one year or a lifetime dose of 10 rem (100 mSv) above that received from natural
sources. French Academy of Sciences and the National Academy of Medicine published a report
in 2005 that rejected the LNT model in favour of a threshold dose response and a significantly
reduced risk at low radiation exposures. Projects have been initiated by IRSN (2012) on the
ecological consequences of chronic exposure to low doses following a nuclear accident.

There is thus a case for a relook at the intervention levels for relocation of public during
an emergency following a severe nuclear reactor accident. This could considerably reduce the
number of people to be relocated without significant increase in the risk due to radiation expo-
sure. Combined with adequate quantitatively assessed credible margin capable of withstanding
extreme conditions, such an approach can significantly minimize the fear factor and consequent
catastrophe syndrome in public mind.

In view of the above observations, the following recommendations emerge:

• Realistic worst case assessment in public domain at each site taking margins beyond
design basis and necessary upgradations into account. This should lead to minimization of
radioactivity release under extreme events.

• Pragmatic evidence-based intervention levels (not biased by LNT) to be articulated in
advance. This should minimize emergency relocation of people.

• Credibly demonstrate the best estimate impact in public domain. Expected to be much
lower.

• Eventually, develop and deploy systems that do not cause any adverse impact in public
domain.

12. Concluding remarks

Nuclear power technology has grown to a mature level with the experience of reliably supplying
around a sixth of global electricity production. The economic and industrial growth in emerging
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economies coupled with constraints linked to climate change issues has put a higher demand on
efficient utilization of energy resources including nuclear. Though the three severe accidents in
the history of nuclear power plants all over the globe have resulted in temporary setbacks on
nuclear power growth at respective points in time, the nuclear industry has learnt its lessons each
time and sprung back. The response of nations to nuclear power following the recent Fukushima
disaster has been a mixed one. We therefore need to address the issue of avoidable trauma and
eliminate catastrophe syndrome in public mind.

The professional bodies have come forward with definite recommendations to overcome
this setback see for examples recent ASME Report by Diaz Nils (2012), USNRC Report by
Miller et al (2011) and NEI, INPRO and EPRI Joint Report (2012). In the Indian context, the
safety assessment of Indian NPPs for internal and external events using standard benchmarks,
numerical code validation and demonstrative large scale experiments has helped to establish the
identified integral safety goals with confidence. Future endeavours should be directed towards
better understanding of the system behaviour for improved design and safety assessment of our
nuclear power plants through the three identified steps viz. (a) a defined credible limit on the
extreme external events such as tsunamis and earthquakes for specific regions/sites and speci-
fication of a stringent siting criteria, (b) the necessary safety upgrades for the existing nuclear
plants and robust design of new reactor systems with systematic deterministic design and safety
evaluation backed up with the probabilistic assessment of nuclear reactor structures, systems and
components and (c) the appropriate intervention level to minimize the public trauma and over-
come the inherent limitations of the present levels, which are based on Linear No-Threshold
(LNT).

Eventually, we should be in a position to ensure that:

• plant shall be able to cope without significant radioactive releases and without irreparable
damage; and

• plant should be able to cope without requiring significant off-site emergency response.

With that, the important public concerns can be addressed in a scientific manner and hopefully
the public confidence in nuclear power restored.
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