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ABSTRACT
The containment internal structures in nuclear power plant (NPP) tend to be massive in nature because the
large equipment such as the reactor vessel and steam generators is supported by the structures. Apart from
the structural function in general, these structures should be capable of maintaining the structural integrity
as a biological shield throughout the plant’s lifetimes. With the increasing interest in the life extension to
meet the future energy demand, it has become essential to evaluate the long-term integrity of concrete
structures of NPP being exposed to radiation environment. Steam over-pressurization resulting from exvessel steam explosion (fuel-coolant interaction, FCI) may pose a serious challenge to the integrity of a
typical light-water reactor containment building. Although the steam explosion has a low probability of
occurrence, it is an important safety issue since it may potentially jeopardise the integrity of containment
structure, and direct or by-passed loss of the structural integrity may eventually lead to the radioactive
material release. The concrete structures exposed to the radiation exhibit a remarkable decrease in their
mechanical properties such as compressive and tensile strength. Considering these material property
degradations, the structural integrity assessment of concrete structures in biological shield area is carried
out herein under the severe accident conditions such as ex-vessel steam explosion (EVSE) in reactor
cavity.

INTRODUCTION
The containment internal structures in nuclear power plant (NPP) tend to be massive in nature because the
large equipment such as the reactor vessel and steam generators is supported by the structures. Apart from
the structural function in general, these structures should be capable of maintaining the structural integrity
as a biological shield throughout the plant’s lifetimes. The biological shield area is the zone directly
exposed to high radiation during the operating period of NPP, and is the very place where the material
properties of concrete such as compressive and tensile strength are directly affected by neutrons, gamma
rays, and radiation heat (Le Pape et al., 2014). With the increasing interest in the life extension to meet
the future energy demand, it has become essential to evaluate the long-term integrity of concrete
structures of NPP being exposed to radiation environment.
Considering the characteristics of the containment internal structure composed of massive reinforced
concrete, the irradiation effects on the structural integrity of the concrete under operating condition are
negligible. However, it is likely to have an impact on structural integrity at the time of the steam
explosion which occurs due to in-vessel core melt. Ex-vessel steam explosion (EVSE), as a phenomenon
of fuel-coolant interaction (FCI), occurs at the partially flooded cavity with which the reactor pressure
vessel is unable to be covered for ex-vessel cooling. The steam over-pressurization resulting from EVSE
may pose a serious challenge to the integrity of a typical light-water reactor containment building. This
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phenomenon has been a special interest as risk-significant event in NPPs during severe accidents.
Although the steam explosion has a low probability of occurrence, it is an important safety issue since it
may potentially jeopardise the integrity of containment structure, and direct or by-passed loss of the
structural integrity may eventually lead to the radioactive material release.
The concrete structures exposed to the radiation exhibit a remarkable decrease in their mechanical
properties such as compressive and tensile strength. Considering these material property degradations, the
structural integrity assessment of concrete structures in biological shield area is carried out herein under
the severe accident conditions such as EVSE in reactor cavity.

EFFECTS OF NUCLEAR RADIATION ON PROPERTIES OF CONCRETE
A lot of experimental studies on irradiation effects on concrete were carried out in the 1960’s and 1970’s.
The material degradation curve for irradiated concrete was first presented by Hilsdorf et al. (1978). Figure
1 depicts the material degradation of irradiated concrete as a function of fluence or dosage corresponding
to available experimental data. It is shown in which the strength of concrete decreases significantly as the
level of radioactivity increases: radiation-induced degradation of concrete may appear at neutron fluence
above 1.0  1020 neutrons/cm2 and/or gamma dose above 2.0  1010 rad (2.0  108 Gy).

Figure 1. Material degradation of concrete exposed to neutron and gamma radiation
(Hilsdorf et al., 1978; Kontani et al., 2010)
The effects of irradiation on the mechanical and physical properties of concrete are limited depending on
the concrete mix proportions, types of cement and aggregate. The material degradation on the irradiated
concrete in biological shield areas of long-term operating NPPs in US is shown in Figure 2 (Le Pape et al.,
2014). Figure 2 shows the material degradation (e.g., compressive and tensile strength, elastic modulus,
and volumetric variation) under neutron radiation exposure which has a more significant effect on dense
and well-crystallized materials (e.g., aggregate) than on randomly structured materials with high porosity
(e.g., cement paste) (Hookham, 1991; IAEA, 2007; Graves et al., 2014; Remec et al., 2014). It is shown
in Figure 2 that the compressive strength, tensile strength, and elastic modulus of the irradiated concrete
at neutron fluence above 1.0  1020 neutrons/cm2 are reduced by 45%, 65%, and 25%, respectively.
Furthermore, it can be seen that the volume of the concrete changes due to neutron radiation exposure.
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Figure 2. Material degradation under neutron radiation exposure (compressive and tensile strength, elastic
modulus, and volumetric variation)

STRUCTURAL INTEGRITY ASSESSMENT ON EX-VESSEL STEAM EXPLOSION
Methodology
The structural integrity of containment structure should be evaluated in the event of an ex-vessel steam
explosion (EVSE) acting on the reactor cavity, and it should be satisfied that the radioactive material
beyond the permissible leakage amount is not released to the outside.
The overall structural integrity of containment structure is analysed through the nonlinear finite element
analysis (FEA) to assess the dynamic response of the reactor cavity, containment wall and penetration,
and main steam line (MSL) piping. The structural integrity assessment on ex-vessel steam explosion is
carried out by using the commercial finite element (FE) code LS-DYNA as the nonlinear FEA solver. The
scope of structural integrity assessment is divided into two approaches as shown in Figure 3: 1) for
structural integrity assessment of reactor cavity, the nonlinear dynamic analysis is carried out by using the
time-pressure loading curve corresponding to EVSE, and 2) for structural integrity assessment of
containment wall penetration and MSL piping, the nonlinear dynamic analysis is carried out by using the
time-displacement curves obtained from the structural analysis of reactor cavity. Figure 3 depicts the
schematic description of analysis methodology for structural integrity assessment on EVSE.
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Figure 3. Schematic description of analysis methodology for structural integrity assessment on EVSE
Finite Element Analysis
The FE models developed for integrity assessment are described in following modularized forms: 1) for
structural integrity assessment of reactor cavity, the FE model is constructed, where the model includes
concrete cavity, steel liner plates, reinforcing bars, reactor coolant system (RCS), and support systems,
and 2) for structural integrity assessment of containment wall penetration and MSL piping, the FE model
is constructed, where the model includes containment wall, steel liner plate, reinforcing bars, MSL piping
and supports, MSL sleeve, head fitting, and anchors. These models are composed of solid, shell, beam,
and discrete spring elements. Figure 4 shows the FE models for structural integrity assessment of reactor
cavity, containment wall penetration, and MSL piping.
The nonlinear material models from LS-DYNA material library are used to model structural steel and
concrete. The structural steel including the liner plate, reinforcing bars, and MSL piping systems is
modelled using elastic-plastic material model and defined using bilinear stress-strain curves to account for
plastic response (strain hardening) at higher strain levels. The strain rate effects are also incorporated in
the material models. As a concrete constitutive model, Winfrith’s concrete model which is premised upon
a smeared crack is employed to account for the discontinuous behaviour of cracking, crushing, and shear
retention by spreading them across the element depending on crack width and aggregate size. The
Winfrith concrete model is originally developed to address the constitutive behaviour of the reinforced
concrete material used in nuclear structures subject to accidental impacts from external or internal hazards.
The Winfrith model is successfully implemented in LS-DYNA to predict the local and global response of
reinforced concrete structures subject to accidental impact loadings (Broadhouse and Neilson, 1987;
Broadhouse and Attwood, 1993; Broadhouse, 1995).
The pressure time-history curves corresponding to the steam explosion occurring at the bottom of the
reactor cavity are used for structural integrity assessment of reactor cavity. The nodal displacements and
rotations at the hot leg pipe connection of the steam generator obtained from the structural integrity
assessment of reactor cavity as mentioned above are used as input loadings for structural integrity
assessment of containment wall penetration and MSL piping.
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(a) Reactor cavtiy

(b) Containment wall penetration and MSL piping
Figure 4. FE models for structural integrity assessment of reactor cavity, containment wall penetration,
and MSL piping
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The failure criteria for steel and concrete are defined as the strain exceeding the strain limit (plastic strain)
and the energy of deformation exceeding the fracture energy of the concrete (Gf). The fracture ductility of
the steel material is conservatively limited to 5% because it is inadvisable to use the results of uniaxial
testing to determine failure points in a full structure, given that the effects of stress/strain triaxiality, stress
concentrations, and granularity of the FE mesh may cause the strain at failure to be substantially less than
what a uniaxial test would indicate (NEI 07-13, 2011).
The integrity of containment structure is widely agreed to be defined by confinement reinforcing bar
failure and simultaneous complete concrete failure because the concrete failure only will not cause the
confinement structure to collapse. In addition, without collapse of structure or failure of liner plate, the
integrity of containment structure is still intact as suggested by one of the studies completed by US
Department of Energy (Noble, 2007). Therefore, total failure of the containment structure is assumed to
occur if the concrete is fully damaged and the liner plate and reinforcing bars have reached 5% effective
plastic strain.
Analysis Results
The minor displacements and cracks occurred in the wall of reactor cavity but this does not pose a threat
to the structural integrity of reactor cavity. The plastic deformations of liner plate and reinforcing bars are
observed in the bottom liner plate and the horizontal reinforcing bars of base slab, respectively. In
addition, the maximum effective plastic strains of liner plate and reinforcing bars are less than the plastic
strain criteria of material. Figure 5 illustrates the plastic strain of liner plate and reinforcing bars in reactor
cavity.
The structural integrity of containment wall and penetration, and main steam line (MSL) piping is
indirectly evaluated by the analysis results without consideration of material degradation corresponding to
radiation. According to the results without consideration of material degradation, the maximum stress of
MSL pipes is a little more than yield strength of the MSL piping material, however, the minor plastic
deformation is observed in the MSL piping. Figure 6 shows the effective plastic strain of MSL piping
systems. In addition, the liner plate and reinforcing bars remain elastic where the maximum stress is less
than the yield strength of material. The stress contours of liner plate and reinforcing bars are shown in
Figure 7. The time-dependent displacement of the MSL piping corresponding to the steam explosion in
radioactive concrete is slightly increased compared with that of the sound concrete where the increase is
only within 10% of the results of the sound concrete. As a result, it can be concluded that the effect of
radioactive concrete is negligible in terms of the structural integrity of containment wall and penetration.

Figure 5. Plastic strain of liner plate and reinforcing bars in reactor cavity
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Figure 6. Effective plastic strain of MSL pipe, head fitting, sleeve, and anchors

Figure 7. Maximum stress of liner plate and reinforcing bars

CONCLUSIONS
The structural integrity assessment of concrete structures in biological shield area is carried out under the
severe accident conditions like EVSE in reactor cavity. The material properties of concrete in biological
shield area of NPP are directly affected by radiation exposure. The integrity of containment structure is
widely agreed to be defined by reinforcing bar failure and simultaneous complete concrete failure because
the concrete failure only will not cause the structure to collapse. The integrity of containment structure is
also still intact without collapse of structure or failure of liner plate. It can be concluded from the analysis
results that the structural integrity of the reactor cavity in long-term operating NPP under steam explosion
is satisfied. In addition, it is evaluated that the effect of radioactive concrete is negligible in terms of the
structural integrity of containment wall and penetration.
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