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ARTICLE INFO ABSTRACT

Keywords: A detailed Loss of Coolant Accident (LOCA) analysis in an AP1000 NPP was performed, followed by a definition

Blast of the vulnerability analysis principles, and analysis of blast loads and fragments impact created by a nearby

Fragr_“_emaﬁon explosion. The AP1000 NPP performs excellently to small-break LOCA due to in-structure shock, with the 10 CFR

Munition . 50.46 Acceptance Criteria fully accomplished. Impulsive dynamic loads resulting from blast waves and fragments

Loss of Coolant Accident (LOCA) . . . . .

Risk Management impact of GBU-28 (Guided Bomb Unit) were considered for a nearby explosion. We model the structure and the
main reactor components using the MSC/Dytran code to obtain accurate internal acceleration levels at critical
points. We account for the appropriate blast wave interaction with the soil and the soil interaction with the
containment structure, rather than using empirical formulas. The model includes the shielding structure with its
concrete base, the support structures for the reactor, the steam generators, and the pressurizer. The combined
effect of bomb fragmentation and blast loading was also considered using a cylindrical fragmentation model and
the blast model of Kingery-Bulmash, assuming a hemispherical charge. A comprehensive risk assessment
methodology composed of four phases was developed. The methodology is comprised of: (I) System analysis, (II)
Hazard analysis, (III) Damage assessment, and (IV) Risk analysis of the in-structure shock consequences. Using
seismic fragility curves for analysis of the expected failure modes according to explosion events faced difficulties
since no published data was found. Adjustments to these fragility curves were made using median acceleration
limits on components designed to withstand airplane crash, together with standard deviations taken from the
given earthquake fragility tables. The findings reveal that the probabilities of failure of the reactor coolant system
components resulting from a GBU-28 nearby hit, namely the pressurizer, the cooling pumps, and valves are quite
high (greater than 1. 10’4).

1. Introduction hereafter. The model is employed with the MSC/Dytran code [34] for
simulating the effects of a bomb exploding nearby the shielding

Energy is one of the most important commodities for survival and structure.

continuous development of society. There is an increasing demand for
low-carbon electricity, and renewable energy sources such as solar and
wind energy are still in their infancy and, when used alone, are not
realistic solutions to meet this demand. An alternative, safe, and low-
carbon solution is to produce electricity by Nuclear Power Plant
(NPP). The objective of the research is to develop a basic model for the
assessment of the AP1000 NPP vulnerability to a threat scenario defined
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A similar study was carried out by [26] in their analysis of the
vulnerability of NPP containment to blast loading. In their analysis, the
internal structure was modeled as a lumped-mass stick, and other
components were attached to the stick at discrete nodes. In the present
analysis, however, the structural components were modeled using finite
elements to yield more accurate acceleration levels at critical points.

Furthermore, we consider the appropriate blast wave interaction
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with the soil and the soil interaction with the containment structure,
rather than using empirical formulas, as was done in the Huang and
Whittaker study [26]. The model includes the shielding structure with
its concrete base, the support structures for the reactor, the steam gen-
erators, and the pressurizer. In future work, it is intended that the model
will be progressively modified to include additional components of the
power plant, such as the containment vessel. The primary objective is to
obtain a first estimate of the acceleration levels induced by the hypo-
thetical threat that would serve for analyzing various hypothetical LOCA
scenarios. The present research focuses on the pressurizer valve, whose
failure analyzed as a major accident root cause.

[9]developed an empirical numerical methodology for the assess-
ment of the blast resistance and failure behavior of RC (reinforced
concrete) and PSC (Pre-stressed Concrete) elements for nuclear
containment vessels. The model yielded precise numerical assessment of
the structural elements deflections. [58] developed a 3D FE numerical
model for the prediction of the dynamic behavior of NRC (novel RC)
slabs under contact blast loadings. The research findings indicated that
the yield strength of the reinforcement is insensitive to the maximum
displacement and stress states, and analytical formulae were developed
to predict the maximum central deflection and blast resistance of slabs in
terms of the explosive weight, standoff distance, and the slab thickness.

[57] developed nonlinear 3D FE models of RC slab, SSSC (Single-
side- steel-concrete), and CSC (center steel-concrete) panels consisting
steel plate, concrete infill, and shear connectors to assess the blast be-
haviors of these alternative structural elements for effective protection
of NPP against contact blast loads. The SSSC and CSC slabs suffered
larger damage than the RC slab. However, severe penetration damage
with deteriorated load-bearing capacity was observed in the RC panel.
The steel plate was found to have an important role in the SSSC and CSC
slabs blast resistance. [29] introduced the implementation of Fiber
Reinforced Concrete (FRC) for upgraded resistance of NPP against large
commercial aircraft crash. The analysis results showed that the FRC
displacement decreases by 43-67% while the impact-resistance in-
creases by 40-82%, depending on the fiber type. [2] developed a
methodology to obtain the response spectrum of a PWR building caused
by underground blast. The reference scenario was defined as an explo-
sion of 15 T of TNT at a distance of 2,000 m from the reactor building.
The model included analytical and numerical modeling with explicit
approach. It was found that the seismic response spectrums encase the
blast response spectrum and that the horizontal velocity is below the
limits established by the regulations. The structure was found to be safe
under the given scenario.

A review of prior studies [25,26,37]reveals that NPP resistance to
dynamic loads was analyzed based on analytical models considering
blast and shock waves. The review indicates lack of integrated analysis
of the blast and shock waves as well as the fragments and lack of a
comprehensive risk analysis that integrates the vulnerability of all the
critical components of the NPP.

1.1. Definition of generic scenario

The generic threat scenario was assumed as guided bomb unit, GBU-
28 near-miss hits. Since the weapon is very accurate (circular error
probability, CEP, of 20 ft), 50% of the launched munitions from an
aircraft will hit within a circle of 20 ft (~6m) around the aiming point. In
contrast, the others will hit at various distances with a normal distri-
bution. It means that if the aiming point is the center of the AP1000
shielding structure, where the nuclear core is located, with a radius of
about 22 m, then a direct internal hit is highly likely to happen.

Protecting against direct hits is not discussed in the present paper.
The GBU-28 can penetrate about 6 m of concrete while the shielding
structure has only 3 ft (~0.9 m) walls made of an internal steel plate,
reinforced concrete wall, and an outer steel plate. Hence, the munition
can penetrate the wall and explode afterward within the shielding
structure. An existing unprotected AP1000 will be severely damaged in
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such a case. Given the presence of irradiated nuclear fuel in the reactor
core, radioactive materials might leak to the atmosphere and the soil
with long-term consequences. This scenario of internal hit should be
carefully analyzed in a separate research.

This paper focuses on near-miss hit at 1 to 3 m from the exterior wall
of the shielding structure at a center of gravity (c.g.) elevation of 2 and 4
m. The threat defined for the in-structure shock assumes a bare high-
explosive charge as the load. The exact type of the explosive charge
carried by the GBU-28 bomb is not known to us and is not publicly
available. The charge mass is assumed to be 300 kg C-4 with an energy
content of 5.62 MJ/kg, slightly larger than the 286 kg mass published for
the GBU-28[48], to compensate for the more powerful explosive in the
bomb. The physical model defined for the blast and fragment impact on
the shielding structure took a cylindrical fragmentation case of the GBU-
28 bomb. The research also provides an analytical-numerical method
for evaluating the AP1000 NPP vulnerability to the above mentioned
near-miss hits.

1.2. Definition of vulnerability principles

Three vulnerability principles of the GBU-28 external hit are defined
as follows:

1. If the outer wall of the shielding structure is breached or perforated
by the GBU-28 blast and fragments’ impact, then the NPP should be
shut down until it will be repaired. The risk might happen at contact
hits up to standoff of approximately 1 m [43].

2. If the in-structure shock caused by the GBU-28 blast and fragments
exceeds certain engineering systems and equipment shock toler-
ances, then internal failure is likely to happen. For example, a failure
in the pressurizer or other safety systems may lead to a loss of coolant
accident (LOCA) with a possible subsequent meltdown of the nuclear
core and radioactive release to the atmosphere. The shock tolerances
were taken from nuclear reactors’ demands (Nuclear Energy Institute
[36]). The relevant tables represent the median fragility limit of the
NPP equipment exposed to an airplane crash, which has a longer
duration than the munition hit and explosion. Nonetheless, it is much
more suitable than seismic loading, which lasts much longer (sec-
onds) with smaller accelerations (less than 1 g). Moreover, the
characteristics of the seismic fragility curves of the AP1000 were
adopted similar to MCEER-08-0019, 2008 [25].

3. Other vulnerable facilities within the NPP, such as the control room,
should be investigated since their failure might cause LOCA or other
NPP failures. In a previous study, a novel integrated blast resistance
model (IBRM) was developed and demonstrated for a Scud B-100
missile explosion of 1000 kg of TNT exploding near the control room
at various standoff distances [6]. There might be a failure of the
internal engineering systems in case of an explosion at a standoff
distance of 35 m and 60 m due to vertical and horizontal motions,
respectively. At the same time, the exterior walls might cause spal-
ling that might harm the occupants and the internal systems at a
standoff distance of 20 m or less.

1.3. Modeling concepts for fragility quantification

[46] reviewed human-made incidents’ effects in urban areas and
emphasized the complexity of vulnerability and risk analyses in critical
infrastructures. An integrated hierarchical modeling concept proposed
to quantify the resilience of critical infrastructures combining structural
and functional criteria. Major parameters of dynamic loads applied to
structures by explosions such as times of arrival, peak pressures, dura-
tions, impulses, etc. are commonly assessed based on large empirical
data. These parameters presented in charts for a range of charge weights
and standoff distances [44,28,45,12]. Oliveira et al. [37] determined the
blast pressures of a 100,000 1b TNT hemispherical charge by finite
element model that simulates the shock wave propagation considering
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the topographical features of the site and the main structures of the NPP.

A simplistic method of evaluating components’ fragility is to convert
the impulse of the reflected overpressure into kinetic energy and
compare it with the strain energy of the structure to assess the expected
damage [7,4]. At this stage (after hazard analysis, blast load calculation,
and fragility evaluation of critical components analysis), iso-damage
contour circles around a given explosive charge can be introduced,
where the damage lines correspond to the vulnerability analysis. These
contours can be used to distinguish between safe or unsafe regions for
different types of engineering systems and components depend upon
their vulnerability. Safe regions for a given explosion are presented in
contours; moreover, using these contours, a critical zone can be located.
An example of a critical zone can be a location that, if an explosion was
located in, both a critical component and its backup component would
be damaged simultaneously.

Nevertheless, this method does not consider the reduction in the
blast overpressure due to obstacles in the blast wave propagation path.
To evaluate a reinforced concrete containment shell exposed to the blast,
[39] developed a finite element software which applies non-linearity
phenomena such as pressure sensitivity in three-dimensional loading
condition, strain-rate sensitivity, and cracking. A demonstrative
containment shell subjected to surface blast loading of 20 ton TNT at a
distance of 100 m. and to a 0.25 ton and 0.5 ton TNT at a distance of 20
m was analyzed. The peak shell deflection was 58.8 mm for the close-
range charge of 0.5 ton and 91.8 mm for the long-range charge. The
shell was capable of withstanding the blast loads, though little damage
was detected.

1.4. Structural retrofit methods against explosions

The current worldwide passive structural retrofit methods against
explosions can be categorized into three main types: strengthening
methods, shielding methods, and control hazardous debris methods
[32]. Strengthening methods enlarge element dimensions and increase
its resistance capacities, including connections strengthening, element
sizes enlargement, and span reduction. An advanced strengthening so-
lution uses high strength fiber mats or strips, including carbon, kevlar,
glass, or aramid fibers embedded in a polymer matrix such as an epoxy
resin. They are attached to existing structural components while
providing enhanced shear and flexural capacities as well as confine-
ment. They allow the structural component to deform extensively while
maintaining or even increasing its load-bearing capacity
[3,17,41,22,14,24].

Blast shielding methods prevent structural components from being
fully loaded by adding a sacrificial cladding layer to structural compo-
nents exposed to the blast. It is designed to have high absorption energy
capacity, so reduced impulse is transferred to the structure, and it can be
applied locally, e.g., by the construction of a new wall that protects a
vulnerable component or a branch of the building. Additional alterna-
tives are protecting the vulnerable component by building of a new
protective RC (Reinforced Concrete) or steel structure over the existing
building [1,35,42,56,21,38,47]. Control of hazardous debris methods
stop or deflect the failed exterior protective layer away from internal
critical areas by using catch systems or internal protective walls and
panels [18].

An active control approach is also attracting considerable attention.
Under this approach, one can find solutions based on sensors and ac-
tuators that will activate a blast-mitigating device using explosives when
an explosion is identified [33]. Passive concepts have the important
advantage of operating by the striking blast wave independently from
energy source and complicated systems. It is hard to guarantee that a
sensor or an actuator, which is not in use for an extended period, will
work properly or will not be damaged during the impact event. Active
systems also have false alarm problems as part of their performance. The
disadvantage of the afore-mentioned passive concepts is that they
consume additional protective material to achieve efficient reduction.
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Some of the active and passive approaches can protect against a single
blast event only.

Solutions using passive control devices for seismic events are wide-
spread [10]. These devices, such as viscous and friction dampers, can be
added to an existing structure without functional interruption and
drastic changes in the geometry and weight of the structure. The
obstacle of using them for blast mitigation is because the devices should
respond during a very short time, the first quarter of the natural response
period of the structure. This period is very short in the case of fully
constrained structures. One can find limited use of those devices for
framed structures exposed to blast events [8].

2. Accident scenarios
2.1. Introduction

In what follows, we describe the LOCA accident scenario in an
AP1000 NPP. This accident scenario represents a class of severe acci-
dents that could result in severe outcomes such as core meltdown and
significant release of radioactive fission products to the atmosphere. The
relevant failure scenarios reviewed are taken from the Westinghouse
AP1000 DCD Rev. 19 submitted to the NRC [51].

2.2. A decrease in reactor coolant inventory

The following events that may lead to a reduction in reactor coolant
inventory [51]:

e A rupture or a breach in a steam generator’s pipe.

e A rupture or a breach in the outer boundary surfaces of the primary
or secondary pressurized coolant system;

e An unintentional release of a safety piston in the pressurizer or
accidental activation of the automatic depressurization system
(ADS);

e A variety of hypothesized ruptures or breaches of pipes within the
reactor pressurized coolant boundary resulting in LOCA.

The applicable accidents in this category have been analyzed. It has
been determined that the most severe radiological consequences result
from the major LOCA described in the following paragraph.

2.3. Loss-of-Coolant accidents (LOCA)

When the pressurized coolant pipes in the reactor are punctured, a
LOCA can be triggered. Usually, a pipe break is considered significant if
the fracture is characterized by a cross-section of one square foot (or
larger). The probability of such an incident is so small that it is not
supposed to happen within the 60-80 years of the NPP operation period.
Hence, it is a conservative hypothesized design basis accident, catego-
rized as a Condition IV event (a limiting fault).

A small rupture is characterized by a cross-section smaller than one
square foot. However, the loss of coolant rate is large enough so that the
pressure and coolant amount of the pressurizer cannot be maintained by
the compensation of the recharging systems. The probability of such an
incident is small, but it may still happen within the operation period of
the NPP. Hence, it is a hypothesized design basis fault, categorized as a
Condition III event.

The NRC LOCA acceptance criteria are [50]:

o The fuel cladding temperature will be less than 2200°F during the
entire simulated scenario.

e The reduction in cladding width, at any point, due to oxidation, will
be less than 17% of the initial width.

e The production of hydrogen by steam-cladding oxidation will be
limited to 1% of the theoretical maximal amount.
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e Changes in core geometry will not damage the cooling capacity of the
fuel.

e The fuel and cladding temperatures remain low indefinitely, by ac-
counting for the removal of residual decay heat.

Furthermore, in the AP1000 Final Safety Evaluation Report [49], the
unintentional opening of a pressurizer safety valve is among the events
that may lead to a decrease in reactor coolant inventory (LOCA). This
event leads to a rapid depressurization of the reactor coolant system,
followed by a decline in power via the moderator temperature reactivity
feedback. The average coolant temperature gradually decreases, and the
pressurizer level increases until the reactor SCRAM (Safety control rod
axe man). This event is categorized as a fault of moderate frequency.

The accidental opening of a pressurizer safety valve can only be
hypothesized due to a mechanical failure. This is the reason this event
was chosen to demonstrate the methodology developed in this research.
This mechanical failure of the pressurizer safety valve is hypothesized to
be triggered by the GBU-28 near-miss hit, which is a highly reasonable
assumption.

Generally, the above criteria are intended to allow a substantial
operation margin in emergency core cooling system performance
following a LOCA. For the AP1000, the small breaks scenarios are
characterized by larger margin than large breaks.

3. The vulnerability of the shielding structure wall

The shielding structure cylindrical wall that surrounds the contain-
ment vessel and the nuclear reactor in it is 44 m in diameter and 64 m in
height. The wall section has two mild steel layers (internal and external),
each layer thickness equals 19 mm, and the concrete fill is 0.88 m wide.
The concrete nominal compression strength equals 6000 psi (41.4 MPa).
Impulsive loads on a structure arise due to blast and fragments impact
created by a nearby explosion of cased munition (in this research GBU-
28). The near-miss hit is of a vertical GBU-28 a few meters parallel to the
wall is shown in Fig. 1. Both the blast and fragment loading were
calculated according to the assumed data of GBU-28 given in Table 1.

The equivalent bare charge of the real cased munition is calculated
according to Fano’s formula given by Crowley [11]. Then the blast
loading is calculated according to Swisdak [45] as an equivalent hemi-
spherical charge while applying a 20% factor of safety due to the many
uncertainties [12]. The Drake et al. [13] fragment cylindrical model
[13] is used for the addition of the fragments loading, while the bomb is
assumed as uniform cylindrical shaped, and the fragments are equally
dispersed perpendicularly to the munition axis. The mutual blast and
fragments loading at 1 m and 3 m standoff distances from the wall were
calculated, as shown in Fig. 2.

A dynamic analysis of the shielding structure exposed to blast and
fragments of the near-miss explosions was carried out for 1 m and 3 m
standoff distances. It was based on Abaqus CAE 2017 finite elements
software using 0.5 m x 0.5 m shell elements with 0.1 ms time steps
(Fig. 1). Materials data are as follows: Concrete Young Modulus Ec = 30
GPa, Concrete compression strength was rounded to f’c = 40 MPa, Steel
Young Modulus Ec = 210 GPa, and Steel compression strength fsk = 400
MPa. The concrete wall thickness was rounded to 0.9 m, and the
thickness of each of the steel layers was rounded to 0.02 m.

The dynamic loading on the analyzed target shown in Fig. 2 included
the combined impulse of blast and fragments at 1 m and 3 m standoff
distances (Fig. 3). The analysis result shown in Fig. 4 for 1 m standoff
distance defines strength failure of the shielding wall in two areas of
0.25 m? since the stresses (in red) equal to 4.0E + 08 Pa (400 MPa) are
higher than the composite wall resistance capacity. In comparison, at 3
m no failure is expected.

Two empirical approaches were employed for an assumed equivalent
reinforced concrete wall of 1.8 m wide to get an approximation of the
steel-concrete-steel resistance to contact and near-miss explosion. The
maximal standoff distance between the GBU-28 axis and the wall face, R
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(m), in which breaching will occur is 0.48 m and 0.82 m, according to
[55] and [13], respectively. The wall is supposed to be breached or
perforated by the GBU-28 blast only from contact explosion up to 0.6 m
+ 0.12 m. It means that the fragments are captured in the concrete be-
tween the two steel layers, and breaching or penetration through are not
expected.

Based on empirical data for various ranges up to contact, the UFC
3-340-02[12] determines an increased reinforced concrete wall thick-
ness required to resist combined blast and fragments in comparison with
blast only. Our numerical results that agglomerated fragment and air
blast loads estimate a wall failure up to 1 m standoff. It is a little bit
greater than 0.6 m + 0.12 m based on empirical data, assuming an
equivalent reinforced concrete wall of 1.8 m wide [13,23,55]. Hence
this approach is adequate, and the results are validated.

4. AP1000 In-structure shock response to blast loading

The purpose of the analysis is to build a basic model for the AP1000
nuclear power plant that would enable the assessment of the plant
vulnerability to the given threat scenarios. The basic model is employed
with the MSC/Dytran code for simulating the effects of a bomb ex-
ploding nearby the shielding structure.

4.1. Case setup

The detonation of the bomb creates two effects: A blast wave, which
interacts with the building creating a global structural response, and
kinetic energy fragments that hit the wall of the building, creating
localized damage. We consider here only the blast wave effect of the
bomb. The localized effect of the fragments will be considered sepa-
rately. Furthermore, to be on the safe side, the entire energy content of
the explosive will be taken for creating the blast, even though part of the
explosive energy is spent in accelerating the casing fragments [11,27].
The shielding structure cross-section was modeled as a sandwich of
concrete and two thin steel liners. The concrete was modeled as a
“solid”! with a thickness of 0.9 m and the steel liners were modeled as
“thin shells”? with a thickness of 19 mm. The structure was loaded at its
side, 3 m away from the shielding wall, and 4 m above ground level,
with the ground modeled as an elastic medium. The soil parameters
were defined as follows: Soil density p = 1920 kg/m>, Young Modulus E
= 51.7 MPa, Poisson ratio equals 0.45.

4.2. Finite element model

The model of the structural components defined as finite element
structures to obtain accurate acceleration levels at the NPP critical
points. Furthermore, the appropriate blast wave interaction with the soil
and the soil interaction with the containment structure were considered,
rather than use empirical formulas, as was done in previous studies [26].
The model includes the shielding structure with its concrete base, the
support structures for the reactor, the steam generators, and the pres-
surizer. The shielding structure is basically a cylinder closed by two end
caps. The shape of the end bottom cap is circular, and the shape of the
top cap is conical. It supports the cooling water pool situated on top of it.
The concrete and steel parameters used for the numerical analyses were
as follows: concrete compression strength f'c = 40 MPa, steel Young
modulus Ec = 210 GPa, and the steel compression and tension strengths
fs = 400 MPa.

We employ a symmetrical half of the structure, assuming

1 This term is taken from the finite element usage. It refers to a full three
dimensional body.

2 This term is taken from the finite element usage. It refers to a thin body
described by a surface, whereby the thickness appears only as a parameter of
the model.
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Close view

Fig. 1. Modeling the shielding wall using 0.5 m x 0.5 m shell elements.

Table 1

Assumed data of GBU-28.
Characteristic Value
External diameter [mm] 388
Internal diameter [mm] 203
Casing thickness [mm] 93
Explosive density [kg/m>] 1,720
Charge mass [kg TNT] 300
Bomb length [m] 4.04
Casing density [kg/m°®] 7,850
Casing mass [kg] 2,696

44m
The shielding structure circular wall 2m

LLLLLILLL

64m 3
3 ; 4
[ am Target 2
2m : v
= :
: 4
4ml &Target 3 TTINTTTT
GBU-28 axi = [ I/"RU
axis Ro=1m, 3m GBU-28 axis

a. General view b. Close view

Fig. 2. The analyzed target.

symmetrical loading with respect to a vertical plane passing through the
axis of symmetry. The cylinder diameter was taken as 44 m. and its
height as 64 m. These dimensions and others were extracted from the
Westinghouse AP1000 design control document [52] and a geometrical
model shown in Figs. 5 and 6 were assembled. For the support structures
of the reactor and steam generators, we take an approximate symmet-
rical half. The dynamic structural behavior was analyzed using time
histories of the dynamic response for the pressurizer top (denoted by
PRZ in Fig. 7). This point was selected as the pressurizer safety nozzle
was found to be most critical for the pressurizer continuous
performance.

4.3. Explosive charge

The small size of the explosive charge (relative to the typical di-
mensions of the structure) makes it inefficient to represent it directly in
the mesh of the flow field. Therefore, we employ a pre-calculation for
creating the blast wave flow field. First, the blast wave can develop into
its immediate close vicinity, and then this flow field is remapped into the
general mesh. Fig. 8 shows the initial state of the cylindrical charge in a
two dimensional axially symmetric mesh, with the dimensions of 3 m x
6 m. The cylinder center is located at mid-height of the mesh. Figs. 9-11
show the development of the flow field in terms of velocity and density
maps in three equal time intervals of 0.2 ms.

Since the point of initiation within the charge was not specified, a
simultaneous initiation was assumed for simplicity, according to the
CVD® (Constant Volume Detonation) model.

4.4. Results

The interaction between the blast wave and the structure was carried
out using a special coupling algorithm between the pressure field
created by the explosion and the finite elements representing the
structure. The blast wave propagates in a mesh, which is fixed in space,
an Eulerian mesh, sometimes referred to as a “finite volume” mesh.
When the local flow field around the charge has been calculated (in the
current example, the flow field at 0.6 ms), it can be remapped into a
specified location in the Eulerian mesh where the structure is embedded.
Fig. 12 shows the initial density map for the symmetrical half of the
model. From this point on, the code calculates the evolution in time of
the blast wave and its interaction with the structure. Figs. 13-16 show
pressure and displacement maps for selected times. The displacements
are of the order of 10 mm, and the pressure in the blast wave ranges from
about 10 bar in the air at 5 ms to 3 bar in the soil at 80 ms. The maps at
40 ms and 80 ms show that the blast wavefront is progressing down into
the soil and that the peak pressure is actually in the soil beneath the
shielding structure.

Of the displacement components, the in-plane horizontal one was
found to be the largest (Fig. 17). This is to be expected since the blast
wave excitation is coming from this direction. There is a high-frequency
component, which comes from the pressurizer natural frequency, and a

3 According to this widely accepted model the entire energy of the explosive
is released instantaneously.
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Fig. 3. Blast and fragment loading versus time at 1 and 3 m standoff distances from the shielding structure wall.
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Fig. 5. Geometry of a symmetrical half of the shielding structure.

much slower frequency coming from the response of the heavy concrete
base. The latter is evident in the in-plane horizontal component. The
velocity components are of the order of 0.15 m/s, with occasional peaks
of the horizontal in-plane component attaining 0.25 m/s (Fig. 18). The
peak acceleration components are of the order of 10 g, with occasional
overshoots to ~12 g (Fig. 19).

5. Risk assessment

Seismic fragility curves are implemented to analyze structural
seismic failure probability. Fragility is expressed by a probability of

Steam Generator.

Steam Generators

Reactor Support Support Structure
Structure

Pressurizer

Fig. 6. The shielding structure with the support structures, the containment
shell, the steam generator and the pressurizer.

failure as a function of the seismic ground motion intensity parameter
inducing different damage states. Alternative seismic ground motion
intensity parameters, such as peak ground acceleration, peak ground
velocity, peak ground displacement, and pseudo-spectral acceleration,
are used for different types of structures and components such as above-
ground structures, underground pipes, etc. The lognormal fragility curve
was defined by the median structural ground acceleration capacity and
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Fig. 7. Gauge location for monitoring the top of the pressurizer (safety valve).
two logarithmic standard deviations, as expressed in Eq. (1) [31]:

+5,27'(0)
ﬁr

¢ _ o|in(@) ~In(Ay) +ﬂu<1>*1(Q)} o " (@) o)

pr

Here, f denotes the cumulative density of the fragility function, ®
denotes the standard Gaussian cumulative distribution, and ®~! denotes
the inverse Gaussian cumulative distribution function. Ay; denotes the
median ground acceleration capacity of the structure, a denotes the in-
tensity measure, and Q the non-exceeding probability level. Two loga-
rithmic standard deviations represent two complimentary composites of
uncertainty. The first is a deviation of the inherent randomness of the
natural phenomenon, f,, which cannot be reduced by improving
knowledge and modeling. For the seismic fragility curve, this uncer-
tainty is caused by the randomness of ground motion parameters and by
the dynamic response parameters of the structure. This uncertainty de-
fines the incline of the fragility curve. The second component of the
uncertainty, f,, expresses the lack of complete knowledge about mate-
rial properties, modeling assumptions, and so on. 5, expresses the un-
certainty of the median.

A best estimate fragility curve may be defined using a composite of

Solution of the flow field is accomplished in 2D
taking advantage of the inherent symmetry of
the problem. For simplicity, an instantaneous
initiation is assumed, but specified point (or
points) of initiation can be defined.

L.

Advanced Engineering Informatics 46 (2020) 101192

the randomness and uncertainty variability. The composite variability f.
is defined as:

B.=B2+p82)" @

According to the AP1000 Design Control Document [51], a proba-
bilistic fragility analysis was carried out for components such as steam
generators support, reactor pressure vessel supports, pressurizer sup-
ports, and the containment vessel. This document defines the HCLPF,
the High Confidence Low Probability of Failures as the peak ground
acceleration level that reflects a 95% confidence (probability) of not
exceeding a 5% probability of failure (approximately 95% confidence
that the probability of failure is less than about 5%). In other words, the
HCLPF is the ground acceleration level for which we have a low prob-
ability of failure in high confidence for a particular component.

In the AP1000 Design Control Document,

HCLPF = MedianCapacityel =23/ 3)

The median seismic capacity is related to the mean seismic capacity
by the following expression:

, /_)
Mediancapacity = MeanCapacitye ( ’ @

The mean peak seismic ground capacity, AM, is related to the stress
and strength design margin factors by the following expression:

AM = ([ x4, ®
po= > B ©)
where,

AM - Mean peak seismic ground capacity

X;- i design margin factor

A,- Nominal seismic peak ground capacity

p.- The composite standard deviation associated with each of the
margin factors.

The differences between these references in defining the HCLPF level
are found in the fact that in the AP1000 design control document
assumption of g, =p,. Fig. 20 shows fragility curves at different confi-
dence levels, such as 5%, 50%, and 95%. The 95% confidence curve
means that the analyst has 95% confidence that the “true” fragility curve
lies to the right of (higher than) the 95% curve shown. The mean
fragility curve is shown in Fig. 20 and is the average of all possible
fragility curves.

T

Fig. 8. Density map showing the initial state of the charge.
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Fig. 9. Blast wave flow field at t = 0.2 ms after detonation.
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7.14-01
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Fig. 10. Blast wave flow field at t = 0.4 ms after detonation.

For example, the fragility curve and the HCLPF factor will be as
follows:

HCLPF = MedianCapacity-el >3/ = 2.2.¢[723031 — (0 68PGA- )

This means that for peak ground acceleration (PGA) of 0.68 g, there
is a 5% failure in the confidence level of 95%.

Fig. 21 describes the cumulative distribution function that gives the
probability of failure conditional on the demand (PGA). This figure was
obtained using Eq. (3) with a median PGA of 0.68 g and . = 0.51, as
derived from Eq.. It was computed for 200 simulated data points.

5.1. Probabilistic risk assessment model

The Probabilistic Risk Assessment Model for the AP1000 NPP to
determine the risks due to GBU-28 explosion is composed of four major
phases, as depicted in Fig. 22 and described hereinafter:

e Phase 1: Systems Analysis - this phase includes two layers: Organi-
zation layer - describes the main missions of the NPP, the regulatory,
the strategic, the operational, and the human facets. The physical
layer describes the assets systems and components, the functional
relationships between them, their importance to the mission per-
formance, and their vulnerability to an undesired extreme event.
This layer considers the physical infrastructures and services, which
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Fig. 11. Blast wave flow field at t = 0.6 ms after detonation.

Water Pool

Shielding concrete
6000 psi strength

Concrete base
4000 psi strength

Air

Charge center:
4 m above ground
3 m away from wall

Soil

Fig. 12. Initial state of the problem - side hit with soil effect.

could be relevant to the NPP probabilistic risk analysis such as land,
road access, buildings, water, power infrastructure, etc.

The system analysis, which was based on the AP1000 Design Control
Document [51], indicated five critical systems for the LOCA scenario,
including the piping system, the reactor vessel, the steam generators, the
pressurizer, and the main coolant pumps. These critical systems are
further considered in the following phases, as demonstrated in Fig. 23.

e Phase 2: Hazards Analysis - this phase includes two steps: 1) defini-
tion of the threat scenario, 2) definition of the failure event (such as
LOCA). The obtained result of steps 1 and 2 is a framework for
identification of the critical assets requiring protection and prioriti-
zation of the NPP from Core Melt Down situation by using: Failure
Mode and Effects Analysis [19,20], Failure Mode, Effects and Criti-
cality Analysis [16], Event Trees [15,30,40], and Fault Tree Analysis
methods [44,5,53,54].

The results of the first two steps lead to the failure modes of the
critical systems identified in phase 1, i.e., a pipe rupture of the reactor
main coolant system (hot leg and cold leg pipes), rupture of the

pressurizer safety relief nozzle, damage to the reactor vessel and steam
generators, and malfunction of the main circulation coolant pumps.

e Phase 3: Damage Assessment - assessment of the level of damage state
according to 5-point damage state rating scale. In this stage, the
conversion of the data gathered from the explosion simulations to
seismic values is carried out. That will be the foundation of the
ability to use fragility curves (with modification and adaptation to
explosion events) and to compare these values to the design values,
as found in the manufacturer design documents submitted to the U.S.
NRC.

e Phase 4: Risk Analysis - this phase includes the evaluation of risks
using Eq. (8) and consequences analysis.

R=PC )

where, R is the Risk, P is the Probability of the undesired event, and C is
the Consequences. Common criteria or units of consequence include
casualties, injuries, direct and indirect economic losses for the owner of
the facility, direct and indirect economic losses for customers, loss of
operation or production of the NPP (downtime), loss of public confi-
dence, loss of assets and property, environmental impact, etc. The
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Fig. 13. Pressure and displacement maps at t = 5 ms.
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Fig. 14. Pressure and displacement maps at t = 10 ms.

reactor cooling systems and their components were reviewed. Fig. 22
describes the fault tree for this system failure.

According to the Fault-Tree presented in Fig. 21, the probability of
RCS failure (RCSg) is:

P(RCSp) =1—{[1=P(f1)]-[1 = P(f2)]-[1 = P(f3)]-[1 - P(f4)|-[1 - P(f5)]}
©)
Where, RCSy — Reactor Coolant System probability failure, P(f1) —
Probability of failure in pipe systems, P(f2) — Probability of failure in
reactor vessel, P(f3) — Probability of failure in steam generators, P(f4) —
Probability of failure in pressurizer , and P(f5) — Probability of failure in
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coolant pumps. The lower and upper bounds of the probability of the
basic events as well as of the RCSg top event were derived and shown in
Table 2.

The analysis results presented in Table 2 assumes that the median
fragility limit of all components in the systems analysis is equal to 27 g,
based on the lower limit in Table 3 from NEI 07-13 (Revision 8P) [36].
This is a conservative approach that assumed the lower bound of fra-
gilities to all the RCS components. The mean probabilities of failures of
the critical components at the primary coolant cycle are found to up to
5.1072 and the subsequent mean probability of RCSg event under the
occurrence of the reference scenario is 8-1072. This probability of
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Fig. 15. Pressure and displacement maps at t = 40 ms.

System at t=80ms
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Pressure

failure considering the occurrence of the threat scenario event.

Table 3 presents the lower and upper bounds of the probability of the
basic events as well as of the RCSF top event. Here, median capacity
limits were best matched to the equipment functions as appears in
Table 3 from NEI 07-13 (Revision 8P). The mean probabilities of failures
of the critical components at the primary coolant cycle are found to be
up to 5-10-2 and the subsequent mean probability of RCSF event under
the occurrence of the reference scenario is 8-10-2. This probability of
failure is for the occurrence of the threat scenario event.

Considering the results presented in Tables 2 and 3, it is evident that
the scenario of a rupture or a breakdown in the reactor coolant primary
pipes system is the most vulnerable component among all other critical
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Fig. 16. Pressure and displacement maps at t = 80 ms.

components of the AP1000 NPP coolant system. Moreover, the RCSF
value is dominated by the mean probability of failure of the pipes sys-
tem, in both the conservative and the moderate approaches. Further-
more, while the mean probability of failure of the pipes system is largely
insensitive to the analysis approach (moderate vs. conservative), the
mean probability of failure of the other components is dramatically
smaller in the moderate approach with respect to the conservative one.
This is due to the large variability in the median capacity used in each
approach.
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Fig. 17. Time histories of the pressurizer top displacement components.
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Fig. 18. Time histories of the pressurizer top velocity components.
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Fig. 19. Time histories of the pressurizer top acceleration components.
5.2. Damage assessment

To evaluate the probability of failure of the critical components
described in Fig. 23, we use fragility curves. Fragility curves of the
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Fig. 21. Example of fragility curve derived from the AP1000 design control
document analyses data for reactor coolant pumps.

AP1000 critical components for conventional explosions were devel-
oped using two assumptions. The median fragility was adopted from
(Nuclear Energy [36] NEI 07-13 (Revision 8P). The relevant parameters
represent the median fragility limit of the NPP equipment exposed to
aircraft impact. Although it is characterized by a longer duration than
munition hit and explosion, it is much more suitable than seismic
loading that has an even longer duration and causes much lower
accelerations.

The shape of the seismic fragility curve of the AP1000 was adopted
(similar to MCEER-08-0019, 2008, [25]). The PGA within the NPP of
the reference scenario is 12 g for the GBU-28 explosion at 3 m standoff
from the NPP shielding wall (as described in Paragraph 4 above). The
Standard deviation (c) was assumed to be similar to the values referred
to in the AP1000 design manual for seismic design. This assumption has
to be verified in further research. Since considerable uncertainty is
associated with the standard deviation of the PGA, sensitivity analyses
were carried out to evaluate how sensitive the findings of the suggested
model are and to assess the sensitivity of the overall probability of
failure and the risk to the above parameters.

Further investigation has to be carried out to check these assump-
tions. Table 1 presents the lower and upper bounds of the probability of
the basic events as well as of the RCSg top event. Here, median capacity
limits were best-matched to the equipment functions, as appears in
Table 3 from NEI 07-13 (Revision 8P). The mean probabilities of failures
of the critical components at the primary coolant cycle are found to be
up to 5-10~% and the subsequent mean probability of RCSy event under
the occurrence of the reference scenario is 8-1072. This probability of
failure is for the occurrence of a single threat scenario event.
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Fig. 22. PRA (Probabilistic Risk Assessment) Model Flowchart.
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Fig. 23. Fault Tree Analysis of the Reactor Coolant System components that can lead to LOCA scenario in the AP1000 NPP.

Table 2
Mean, Upper and Lower bounds of annual = failure probabilities in Pressurizer, Cooling pumps and Valve and the derived bound for RCSg in AP1000 caused by GBU-28
hit - a conservative approach.

Component Median (g) A Lower limit (Probability of Failure) Mean Probability of Failure Upper limit (Probability of Failure)

Pipes system 27 0.61 2.25.10°° 0.051 0.2561
p(f1)

Reactor vessel 27 0.35 3.54 . 107° 0.0027 0.1478
p(f2)

Steam generators 27 0.33 1.57 - 107° 0.0013 0.2651
p(f3)

Pressurizer 27 0.31 1.123 - 107 0.0007 0.1375
p(f4)

Reactor coolant pumps 27 0.51 4.50 - 107 0.0257 0.4466
p(f5)

RCSg - - 591 .107° 0.08 0.777
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Table 3
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Mean, Upper and Lower bounds of annual failure probabilities in Pressurizer, Cooling pumps and Valve and the derived bound for RCSg in AP1000 caused by GBU-28

hit according to moderated approach, with best available equipment data matching.

Component Median (g) Pe Lower limit (Probability of Failure) Mean Probability of Failure Upper limit (Probability of Failure)

Pipes system 27 (No data Assume Cat. A) 0.61 0.004 0.052 0.265
p(f1)

Reactor vessel 108 (Tank data Cat. D) 035 313.10 5.28.10 12 3.34.10 °
p(f2)

Steam generators 108 (Heat E. data Cat. D) 0.33 1.10 - 101 2.78 .10 13 2.64 x-10 10
p(f3)

Pressurizer 108 (Tank data Cat. D) 0.31 2.05-10°'8 8.21.10 1% 1.23-10°
p(f4)

Reactor coolant pumps 54 (Pump data Cat. B) 0.51 8.28 . 107° 4.72.107* 0.01
p(f5)

RCSy - - 430 - 1072 0.05 2.73x107!

6. Conclusion and discussion

A comprehensive introduction of the AP1000 nuclear power plant
and its critical components was presented. It continues with the repre-
sentation of the reference scenario, vulnerability analysis of the shield-
ing structure wall, hydrodynamic simulations of the AP1000 response to
blast loading, a risk assessment methodology, and a review of the
essential mathematical tools.

The dynamic analyses and the simulations yield two major results:

e The AP1000 shielding wall might be breached due to GBU-28 hit
from contact explosion up to 1 m standoff from the shielding wall.

o The internal systems might be damaged because of the in-structure
shock caused by GBU-28 hit from contact explosion up to 3 m
standoff from the shielding wall that may initiate LOCA.

The most important insights from the risk assessment procedures are
detailed below.

e This research provides a deeper understanding of the limitations in
using fragility curves for the analysis of expected failure modes due
to nearby explosions. Current literature does not provide appropriate
data for high explosive blasts. The difficulty lies in the fact that ex-
plosions have a unique feature of short duration and highly intense
loading in comparison with the earthquake loading. Therefore,
several adjustments must be considered in the risk analysis and
assessment due to explosion events by using airplane crash data,
which are more relevant. This leads to novelty and important in-
sights into the current state of the art while examining the risks of
NPP under explosion events.

The analysis is focused on the main Reactor Coolant System com-
ponents: hot and cold leg pipes, reactor coolant pumps, and the
pressurizer safety nozzle. A failure in one of these components may
lead to Large or Small LOCA.

The findings reveal that the risk of Reactor Coolant System failure
given the reference threat scenario of GBU-28 hit is non-negligible
and may lead to LOCA event if the safety systems fail to respond.
At the given scenario, the probabilities of failure of the critical
components, e.g., pressurizer, cooling pumps, and valves are in the
order of 0.05-0.08.

The risk presented in this research is calculated following two ap-
proaches: conservative and moderate. The first one assumed a uni-
fied lower median fragility of all components in the failure
mechanism. In contrast, the latter uses different fragilities for each
component according to the NEI 07-13 (Revision 8P) that refer to an
aircraft crash, which represents the median fragility limit of the NPP
equipment.

The research model can be implemented for further development of
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AP1000, based on the findings of this rather limited research, and it is
suggested that:

1. Owners of AP1000 NPP’s in areas of conflict or potential terror
perform blast simulations and risk assessment and analysis to ensure
the NPP safety and the surrounding population and environment.

2. To investigate the use of appropriate mitigation devices for contact
and near-miss blasts such as exterior protective layers and mitigation
devices for the critical components.

The pipes of the reactor’s primary coolant system are found to be the
most vulnerable component among all other critical components of the
AP1000 NPP coolant system. The scenario of a pipe rupture is the most
probable one by several orders of magnitude. The RCSg value is practi-
cally determined, to a large extent, by the mean probability of failure of
the pipes system, in both the conservative and the moderate approaches.

Two main critical assumptions underlay this research. First, the
median fragility values were taken from an aircraft crash that represents
the median fragility conservative limit with respect to the explosion.
This is due to the shorter duration of the dynamic load. The aircraft crash
data is much more suitable than seismic data, which represents even
longer dynamic load duration. Second, the standard deviation (f.) was
assumed to be similar to the values referred to in the AP1000 design
manual for seismic design. This assumption was not verified in the
present research and requires further study.

There is an inherent limitation in this kind of research. This limita-
tion originates from the fact that experimental data and typical fragility
curves of critical components in the AP1000 NPP under explosive blast
load are not available. This data can only be obtained by large-scale
experiments or highly complicated numerical simulations. This
research intends to introduce the preliminary principle directions and
methodologies for risk assessment, management, and coping actions for
NPP hit by explosive warheads.
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