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ABSTRACT 

 

The seismic event at Fukushima Diichi Nuclear Power Plant (NPP), as well as the subsequent tsunami 

resulted in loss of emergency power at the NPP. As witnessed in Fukushima, most of the damage was 

caused by the overheating of the containment rather than th

The loss of emergency power also subjected the irradiated fuel bay to higher than design temperatures due 

to the loss of fuel bay water cooling cycle. As a result of the post Fukushima initiative, existing NPPs

Canada are required to evaluate their Beyond Design Basis (BDB) capacities under coupled thermal

structural loading conditions. The focus of this paper is on the estimation of the capacity of the fuel bay 

reinforced concrete structure in presence of th

cooling due to the loss of emergency power which may be a result of any initiating event (such as 

tornado) including seismic. Since the seismic capacity of the 

design basis, this paper focuses solely only on the effect of loss of cooling (caused by the loss of 

emergency power) on the irradiated fuel bay structural integrity of a CANDU Nuclear Power Plant
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INTRODUCTION 

 

The March 11
th
 2011 Fukushima Daiichi event led to loss of cooling in the spent fuel bays. As a result of 

this incident, several NPPs including Bruce Power in Ontario, Canada are

complete loss of electrical power on their stations. Part of this process is a review of the structural 

integrity of the Irradiated Fuel Bays 

has two NPPs on its site known as Bruce A and Bruce B with four 800MW CANDU reactors in each of 

them leading to the total power generation capacity of 6400MW. A typical CANDU

Irradiated Fuel Bay (PIFB) and a 

SIFB is cooled using closed loop cooling circuit that includes pumps, heat exchangers with service water 

as a heat sink, ion exchangers, and resin traps. A loss 

in the IFBs. This will subsequently result in a temperature rise of the fuel bay water, with the potential 

reaching the boiling temperature of 100°C (212°F) if no mitigating action is taken in the inte

According the Dar and Hanna (2012), the fuel bays are expected to have sufficient BDB seismic capacity 

at normal operating temperatures. Hence, in this study, the Bruce A PIFB Reinforced Concrete (RC) 

structure is selected only for a BDB thermal load asse

 

 

 Transactions, SMiRT-22 

San Francisco, California, USA - August 18-23, 2013 

Division XI  

BEYOND DESIGN BASIS THERMAL-STRUCTURAL ASSESSMENT OF 

REINFORCED CONCRETE IRRADIATED FUEL BAY STRUCTURAL 

INTEGRITY 
 

, Waleed Mekky
2
, Amitabh Dar

3
, and Wael El-Dakhakhni

AMEC NSS Ltd., Power & Process Americas, Toronto, Ontario, Canada, 

 

Technical Expert, AMEC NSS Ltd., Power & Process Americas, Toronto, Ontario, Canada.

Bruce Power, 123, Front Street, Toronto, Ontario, Canada. 

rofessor, Dept. of Civil Engineering, McMaster University, Hamilton, Ontario, Canada

The seismic event at Fukushima Diichi Nuclear Power Plant (NPP), as well as the subsequent tsunami 

resulted in loss of emergency power at the NPP. As witnessed in Fukushima, most of the damage was 

caused by the overheating of the containment rather than the structural damage due to the seismic event. 

The loss of emergency power also subjected the irradiated fuel bay to higher than design temperatures due 

bay water cooling cycle. As a result of the post Fukushima initiative, existing NPPs

Canada are required to evaluate their Beyond Design Basis (BDB) capacities under coupled thermal

structural loading conditions. The focus of this paper is on the estimation of the capacity of the fuel bay 

reinforced concrete structure in presence of the beyond design basis decay heat caused by the 

cooling due to the loss of emergency power which may be a result of any initiating event (such as 

tornado) including seismic. Since the seismic capacity of the structure is expected to be more than 

design basis, this paper focuses solely only on the effect of loss of cooling (caused by the loss of 

emergency power) on the irradiated fuel bay structural integrity of a CANDU Nuclear Power Plant
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2011 Fukushima Daiichi event led to loss of cooling in the spent fuel bays. As a result of 

several NPPs including Bruce Power in Ontario, Canada are investigating the effects of a 

complete loss of electrical power on their stations. Part of this process is a review of the structural 

ays (IFB) at the NPP subsequent to loss of electrical power. 

has two NPPs on its site known as Bruce A and Bruce B with four 800MW CANDU reactors in each of 

them leading to the total power generation capacity of 6400MW. A typical CANDU NPP

a Secondary Irradiated Fuel Bay (SIFB). Water in both the PIFB and 

SIFB is cooled using closed loop cooling circuit that includes pumps, heat exchangers with service water 

as a heat sink, ion exchangers, and resin traps. A loss of electrical power would disable the cooling pumps 

will subsequently result in a temperature rise of the fuel bay water, with the potential 

the boiling temperature of 100°C (212°F) if no mitigating action is taken in the inte

According the Dar and Hanna (2012), the fuel bays are expected to have sufficient BDB seismic capacity 

at normal operating temperatures. Hence, in this study, the Bruce A PIFB Reinforced Concrete (RC) 

structure is selected only for a BDB thermal load assessment with the following objectives:
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the boiling temperature of 100°C (212°F) if no mitigating action is taken in the interim. 
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i. Identify stresses developed in the PIFB RC structure under the combined effect of sustained 

mechanical loads and BDB thermal loads that are brought about by the event of loss of 

electrical power and subsequent temperature rise from 21°C (70°F) to 100°C (212°F) in the 

PIFB water. One cycle of steady state temperature rise and cool down to 21°C (70°F) is 

considered. The thermal cycle investigation where the temperature of the bay water is cooled 

from 100C to 21C was considered to be a conservative range. 

ii. Identify the extent of cracking pattern and the extent of crack propagation through the RC 

walls and slabs retaining the cooling bay water; and supporting the sustained load of the spent 

fuel bundles and the hydrostatic pressure. 

iii. Compare the sustained cracking during the PIFB water heat up process and residual cracking 

after the cool down of the water. 

iv. Assess the level of cracking and postulate a maximum credible temperature based on the 

assumptions and performed analysis, to minimize the possibility of leakage and water 

inventory loss as a result of developed cracking. 

 

Initially this investigation was aimed at identifying the effect of BDB temperature rise of the Bruce A 

PIFB water due to the loss of Class IV power. Subsequently, it was envisaged that investigating the 

effects of the cool down process is of equal importance. Finite Element (FE) model of the bay was 

developed in ANSYS
®
 and LS-DYNA

®
. The objective behind using two FEA platforms was to 

benchmark the results and check if for the highly inelastic response of both platforms produce more or 

less consistent results. 

 
MATERIAL PROPERTIES  
 

The complexity of the problem being analyzed, and the several analyses assumptions emphasize the need 

for considering a wide range of possible variability in the analyses parameters. This in turn can imply 

adoption of a probabilistic approach in assessing a problem as complex as predicting the inelastic 

response of the reinforced concrete PIFB under BDB thermal loading. Using parameters from established 

literature and relevant codes of practice, as well as reasonable assumptions pertaining to the concrete 

material properties up to 100°C (212°F), loading conditions, and analysis limitations are the focus of the 

current study, which is based on a deterministic approach. The effects of elevated temperature on the 

properties and behavior of aged concrete are fairly complex due to the fact that concrete is comprised of a 

number of constituents including cement, sand and aggregate that exhibit different mechanical properties. 

The European Code EN 1992-1-2:2004, intended for the design of concrete structures, provides 

conservative and reliable recommendations pertaining to the suggested properties of concrete and 

reinforcing steel at elevated temperature. Based on EN 1992-1-2:2004, it is noted that regardless of the 

aggregate type, the concrete’s compressive and tensile strengths can be considered constant up to 100°C 

(212°F), which is the temperature limit of interest in the current investigation. Eurocode 2 and the 

American Concrete Institute (ACI) code of practice ACI 209-92 allow taking advantage of the continuing 

strength gain in concrete beyond the specified 28 day strength. Conservatively however, these strength 

gains are not considered in the current BDB analysis for the PIFB. Table 1 lists the initial elastic material 

properties considered in the analysis. Furthermore, it was determined that in the worst case with a full 

bay, the rate of temperature rise will be 2.4°C/hour. This means that when the starting temperature of the 

bay is 21°C (70°F), it will take the PIFB approximately 32 hours to reach 100°C (212°F). Hence, steady 

state heat transfer is assumed. The thermal analysis of the developed model is performed using ANSYS
®
 

and LS-DYNA
®
 to obtain the through-wall thickness temperature distribution and gradient. The lifetime 

radiation dose was estimated conservatively to be 3x10
10

 rads over 60 years for the PIFB. It was also 

determined that the affected zone at the dosage of this magnitude was the inner concrete cover of the 

considered PIFB, which is the closest concrete to the submerged spent fuel bundles. 
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Table 1: Typical properties for IFB reinforced concrete structures in CANDU-NGS: 

Material Property Value 

Coefficient of Linear Thermal Expansion 9.2×10
-6

/°C 

Concrete Compressive Strength 20.68 MPa (3000 psi) 

Modulus of Elasticity of Concrete 25.1 GPa (3.64×10
6
 psi) 

Modulus of Elasticity of Reinf. Steel 200 GPa (29×10
6
 psi) 

 

The effect of prolonged exposure to radiation on concrete has been studied previously in ACI special 

report SP 55-10. Figure 1 from ACI SP 55-10, indicates that considering the conservative lower bound of 

the results the compressive strength of the irradiated concrete should be reduced to 80% of the un-

irradiated concrete. Concerning the results in Figure 1 however, the authors of ACI report SP 55-10  

noted that “Particularly, when taking into account the results from radiation tests with simultaneous 

neutron and gamma exposure, it is unlikely that under normal conditions gamma radiation could have 

such a detrimental effect as shown by the experiments reported in (30)” i.e. Sommers experiments. Based 

on field observations, the concrete cover did not indicate any obvious signs of spalling or outspread 

cracking in the inner submerged concrete cover of the considered PIFB walls. Nevertheless, in the current 

analysis the strength of the FE modeled inner concrete cover was conservatively defined to be at 80% of 

the design concrete strength. Other properties are adjusted accordingly including the Modulus of 

Elasticity and tensile strength of the concrete. 

 

Figure 1: Influence of Gamma Radiation on Concrete Tensile and Compressive Strength (ACI SP-55). 

Due to the absence of an experimental stress strain curve describing the uniaxial compressive behaviour 

of the PIFB concrete under room temperature conditions 21°C (70°F) and at elevated temperatures, the 

recommendations provided by (EN 1992-1-2 2004) are used as a guideline. Table 3.1 of EN 1992-1-

2:2004(E) implies that the compressive strength of concrete f’c is not affected up to 100°C (212°F). 

However, the strain corresponding to peak strength increases which implies that the stiffness of concrete 

at 100ºC is reduced. The modified Hognestad model (MacGregor 1997) is used to achieve the value of 

Young’s modulus of concrete at room temperature. In the modified Hognestad model, the stress σc at a 

particular strain ϵc that is less than the strain ϵco corresponding to the concrete strength f’c, can be 

evaluated as in equation (1):  

σc=f’c[(2ϵc/ϵco)- (ϵc/ϵco)
2
]     (1) 

The modified Hognestad models shown in Figure 2, resemble the expected behaviour implied by the 

concrete properties at room temperature and at elevated temperature that also conforms with the intent of 

CSA A23.3. The modulus of elasticity given in the design manual matches with what is obtained using 
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this model. Hence, this model is therefore assumed to represent the uniaxial material behaviour of 3000 

psi concrete of the modeled Bruce A PIFB.  

       

Figure 2: The modified Hognestad model for 3000 psi Concrete at 21°C (70°F) abd at 

100°C (212°F) 

 

Figure 3: The Effect of temperature on tensile strength of concrete, EN 1992-1-2:2004(E), 

at 100°C (212°F) 

 

For the tensile strength of the concrete, according the Portland Cement Institute Journal special report on 

cracks and crack control in concrete structures (Leonhart 1988), the mean direct tensile strength f’tm as 

related to the 28 day cylinder compressive strength f’c is defined in equation (2)  

f’tm=2.1(f’c)
2/3

 in units of (psi)     (2) 

For a compressive strength of 3000 psi, this gives a mean tensile strength of 436.82 psi which represents 

14.5% of the compressive strength. This is consistent with the general expectation that the tensile strength 

of concrete is between 10% and 20% of the compressive strength. Figure 3 from the EN 1992-1-

2:2004(E) indicates that concrete strength in tension is not reduced up to and including 100°C (212°F).  

 

FINITE ELEMENT MODELING OF THE PIFB 
 

Referring to Figure 4, 5 and 6, the portion of the Bruce A PIFB modeled is between elevation 631’ and 

elevation 579’. The IFBs’ wall thickness is generally 5 ft (1.52m) and the floor thickness varies from4 ft 

(1.22m) in the booster rod storage to 5 feet (1.52m) at the other elevations of reinforced concrete. The 

‘spent fuel bay’ storage volume on the north side of the transfer tunnel is considered to be the most 

critical part of the structure due to its length and storage capacity. A detailed three dimensional model for 

the northern PIFB RC structure is developed in ANSYS
®
 with consideration for the assignment of 
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locations where smeared reinforcement is to be located to represent the reinforcement mesh. The 

supporting walls degrees of freedom at the base and where the PIFB meets the transfer tunnel structure 

are conservatively restrained. 

 

Figure 4: Sectional Elevation of the Bruce A, RC PIFB Structure 

 

Figure 5: Plan view of the Bruce A, RC PIFB Structure intersecting the transfer tunnel 

 

 
Figure 6: Sectional isometric of three dimensional PIFB half model of RC structure developed in ANSYS  

 

In concrete under multi-axial stress, when the state of stress or strain reaches critical value, the concrete 

can start failing by fracturing. The fracture of concrete can occur in two different forms. One is by 

cracking, under tensile type of stress states, and the other by crushing under compressive types of stress 

states. The tensile weakness of concrete is a major factor contributing to the nonlinear behavior of 

reinforced concrete structural elements. In the ANSYS
®
 FE program, the concrete was modeled using 

element SOLID65 and the reinforcement was modeled using smeared reinforcement assignment 

capability as shown in Figure 7.
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Figure 7: ANSYS
®

 Concrete Element SOLID65 and theoretical failure surface 

 

The PIFB solid element model discretization developed in the ANSYS
®
 FE software was transferred to 

LS-DYNA
®
 FE software where a different concrete element formulation is used to perform the coupled 

thermal-structural analysis. In the LS-DYNA
®
 program, the Winfrith concrete model is used. The 

Winfrith concrete model in LS-DYNA
®
 (MAT084 and MAT085) has the following features and 

advantages: 

• Provides a basic plasticity model that includes the third stress invariant for consistently treating 

both tri-axial compression and tri-axial extension, e.g. Mohr-Coulomb like behaviour. 

• Includes strain softening in tension with an attempt at regularization via crack opening width or 

fracture energy. 

• Permits concrete tensile cracking with up to three orthogonal crack planes per element.  

• Crack viewing is also possible via an auxiliary post-processing file. 

• Permits optional inclusion of ‘smeared reinforcement’ which is similar to the smeared 

reinforcement option in ANSYS
®

. 

• Allows for crack closure upon reversal of loading 

• Provides an evaluation of crack width 

 

The Winfrith concrete model was originally developed in response to the requirement of Nuclear Industry 

for a finite element analysis capability to predict the local and global responses of reinforced concrete 

structures to accidental loadings (Broadhouse 1995). The Winfrith concrete model is a smeared crack 

(sometimes known as pseudo crack) implemented in 8-noded single integration point continuum element. 

The hydrostatic stress state in concrete is determined from a typical non-dimensional volume compaction 

curve. The conical yield surface along with its radii in this model expands with increasing hydrostatic 

stress, for the given compressive and tensile strengths. The flow stress is determined by radial return to 

the yield surface, and tensile failure is indicated if the maximum principal stress at yield is greater than 

half the value of the current tensile strength. If tensile failure is indicated, a special post failure treatment 

is invoked, which decays the crack normal tensile strength as the crack develops. Up to three orthogonal 

cracks may be initiated in any element. If failure is indicated in tri-axial compression, the concrete is 

deemed to be crushed, and three instantaneous (closed) cracks are generated so that the material has no 

tensile capacity on unloading. As a planar tensile crack propagates through a medium, the split medium 

opens and a gap is formed by the progressing crack. The size of this gap can be characterized by the crack 

width which is sometimes termed the Crack Opening Displacement (COD) or the associated crack 

opening angle (COA) which is related to the COD via the crack length as shown in Figure 8. 
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Figure 8:  Illustration of crack opening displacement and angle (left), and measured forces 

versus displacement (center) and corresponding converted stress versus displacement (right) . 

The crack width formulation used in the Winfrith (*MAT085) concrete model is based on the work of 

Wittmann, et al. (1988). Wittmann measured the specific fracture energy, crack opening displacement and 

maximum load for a large number concrete samples with varying aggregate size, compressive strengths, 

loading rates, water-to-cement ratios, and test specimen sizes. The results of Wittmann’s measurements 

are force versus displacement variations, as idealized in the left most image in Figure 8. The area under 

this curve is the work done on the specimen. Using a technique based on the fictitious crack model the 

force-displacement data is transformed into stress versus displacement, as idealized in the bottom image 

in Figure 8 (LS-DYNA


 manual 2012). 

 

ANALYSIS RESULTS 

 

Figure 9 illustrates the through wall steady state temperature distribution for the PIFB when the inside 

temperature reaches 100°C (212°F) and the outside ambient temperature remains at 21°C (70°F). It is 

seen the the thermal gradient primarily resides with the water retaining walls and slabs of the PIFB.  

 

 
Figure 9:  Steady state through wall temperature distribution (ºF) 

 

 

The following observations are made based on the results: 

i. No crushing in compression is predicted for the concrete under the triaxial stress state. However 

tensile cracking occurs. The cracking pattern in Figure 10 implies that the differential longitudinal 

displacement due to thermal expansion of the upper walls is more than that of the supporting walls 

and the booster rod storage. The booster storage pit and the C shaped wall at the intersection with the 

tunnel provide a particularly high structural stiffness. It is hypothesized that in an attempt to 

overcome this support resistance to longitudinal displacement, and coupled with the effect of the 
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through wall thermal gradient, much of the exterior face cracking occurs at angles of approximately 

45º indicating the presence of a shearing component to the acting stresses on the PIFB reservoir walls. 

On the other hand, cracking through the floor slabs and supporting transverse walls (i.e. non water 

retaining walls) are mainly due to flexure since the cracks are mostly normal (perpendicular) to the 

concrete surface. It is important to note that not all the cracks appearing on the exterior surface of the 

PIFB penetrate through the wall to the interior surface. Figure 12 shows that the bay water cooling 

process can cause a stress reversal such that cracks from the interior face will also develop with the 

possibility of meeting the exterior face cracks that developed during the warm-up process. 

ii. Comparing between results from ANSYS and LS-DYNA solutions, there is a general agreement 

regarding the regions where crack propagation occurs. However, LS-DYNA provided an estimate of 

element crack width  for various thermal-structural loading stages and allows visual filtration of 

cracks based on a user specified crack width. Eurocode2-part3 indicates that through wall cracks 

having a width of 0.2mm or less are unlikely to result in leakage provided the hydrostatic head to wall 

thickness ratio hD/h≤5. The limit is 0.05mm where hD/h≥35. The (hD/h≤5) ratio is satisfied for the 

PIFB except at the boosters’ storage pit where this ratio is slightly higher. An interpolated value 

corresponding to 0.185mm (0.0072”) is subsequently estimated based on these given limits for the 

boosters’ storage location.  Figure 11 and Figure 13 show the PIFB exterior and interior where cracks 

less that 0.2mm wide are removed for the bay, and cracks less than 0.185mm wide are removed for 

the booster pit respectively. It can be seen in particular that the interface between the west wall and 

the bay’s floor slab is a possible location where some leakage may occur if the PIFB experiences a 

thermal cycle where bay water temperature rises from 21ºC to 100ºC and is cooled back to 21ºC. 

 

Figure 10:  Interior and exterior isometric view showing all cracks of PIFB at 100°C (212°F) 

 
Figure 11:  Interior and exterior isometric view of cracks greater than 0.2mm only, at 100°C (212°F) 
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Figure 12:  Interior and exterior view showing all cracks of PIFB after cooldown 

 

Figure 13:  Interior and exterior view showing cracks greater than 0.2mm only, after cooldown 

 

CONCLUSION 

 
The current analysis provides a prediction for the short term exposure of the Bruce A PIFB to 

temperatures reaching up to 100°C (212°F) based on the analysis assumptions. The prolonged exposure to 

the 100°C (212°F) on the other hand may result in further alteration in the chemical structure of the 

concrete matrix through dehydration, which in turn will affect the mechanical properties. The prolonged 

exposure is not studied herein. The cooldown analysis indicates that crack propagation and spread will 

continue upon thermal load reversal. More cracking appears as a result on the interior face of the PIFB 

walls. As a result of the thermal cycle analysis, the potential of meeting between cracks initiating on the 

exterior surface and those forming on the interior surface is realized to be greater. Applying the proposed 

limitations on crack width proposed by the Eurocode2 part 3, the majority of formed cracks are not 

expected to result in leakage. There is a possibility based on the obtained results that the cracking along 

the intersection between the vertical walls and bay floor slab with crack width greater than or equal to 

0.2mm may result in some leakage. 
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NOMENCLATURE 
BDB  Beyond Design Basis 

CANDU Canadian Deuterium Uranium type reactor  

IFB  Irradiated Fuel Bay 

NGS  Nuclear Generating Station 

NPP  Nuclear Power Plant 

FE  Finite Element 
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