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ABSTRACT 
 
 With the surging interest in new build nuclear power plants all over the world and the continuing interest of the 
public in the earthquake resistance of nuclear plants, there is a need to quantify the safety margins in nuclear buildings design 
in comparison to conventional buildings in order to increase the public confidence in the safety of nuclear power plants.  
Nuclear (CAN3-N289 series) and conventional (NBC 2005) seismic standards have different approaches regarding the design 
of civil structures. The differences can be attributed to the safety philosophy behind the seismic nuclear and conventional 
standards.  Conventional codes contain the minimal requirement destined primarily to safeguard against major structural 
failure and loss of life. It doesn’t limit damage to a certain acceptable degree or maintain function. Nuclear codes require that 
structures important to safety, withstand the effects of earthquakes such that both integrity and functionality should be 
ascertained.  The seismic hazard is generally defined on the basis of the annual probability of exceedence (return period). 
There is a major difference on the return period and the confidence level for design earthquakes between the conventional 
and the nuclear seismic standards.  The seismic design criteria of conventional structures are based on the use of Force 
Modification Factors to take into account the energy dissipation that occurs in the plastic domain and utilizing the reserve of 
strength. The use of such factors to lower intentionally the seismic input is consistent with the safety philosophy of the 
conventional seismic standard which is the “non collapse” rather than the integrity and/or the operability of the structures. 
Nuclear standard requires that the structure remain in the elastic domain; utilizing the energy dissipation that occurs in the 
plastic domain is not allowed for design basis earthquake conditions.  This is consistent with the plant safety philosophy since 
structures important to safety must remain functional after a seismic event.  
 A case study, for a given site near Toronto, is presented to illustrate these two approaches and to compare their 
safety margins. It is concluded that a Nuclear Power Plant is designed with significantly higher safety margins than a 
conventional buildings in the Post Disaster Importance Category designed according to the NBC 2005 code. 
 
CONVENTIONAL STANDARDS – SEISMIC HAZARD DEFINITION 
 
Applicable Standard and Seismic Hazard Mapping 
 The seismic code applicable to conventional structures in Canada is the National Building Code of Canada (NBC 
2005), Reference [1].  
 The fourth generation seismic hazard maps for Canada (NBC 2005), established by the Geological Survey of 
Canada, is based upon the work of Basham et al., References [2] and [3], who established the third generation of seismic 
hazards maps (NBC 1995).  The same Cornell-McGuire methodology, Reference [4], is utilized but the new model includes 
for the first time the effects of uncertainty.  The new seismic hazard model considers two types of uncertainty – aleatory 
uncertainty due to randomness in process and epistemic uncertainty due to uncertainty in knowledge. Uncertainty is 
quantified by citing both median and 84th percentiles for representative sites, Reference [5]. 
 The fourth generation seismic hazard maps (median values and the probability of exceedence of 2% in 50 years, 
Reference [5]), are presented in Figures 1 to 4. 
 
Ground Response Spectra Definition 
 In NBC 2005, the seismic hazard is defined by the Uniform Hazard Spectra (UHS).  The UHS 5% damped spectral 
accelerations, Sa(T), are calculated for four periods (2.0 sec, 1.0 sec, 0.5 sec, and 0.2 sec or, in term of frequencies, 0.5 Hz, 
1.0 Hz, 2.0 Hz and 5.0 Hz) for the median ground motion for a probability of exceedence of 2% in 50 Years (return period of 
2 475 years).  The accelerations are tabulated for more than 650 localities in Canada, Reference [5]. 
 Six Site Classes, A to F, are defined in NBC 2005 according to the average shear wave velocity. The design ground 
spectral accelerations, S(T), are obtained from the UHS spectral acceleration Sa(T) after the application of acceleration or 
velocity based site coefficients FV or Fa.  FV is for low and intermediate frequency range and Fa is for high frequency range. 
S(T) is defined using linear interpolation as follows:  
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S(T) =  Fa Sa(0.2) for T ≤ 0.2 s ( f  ≥ 5 Hz) 
=  FV Sa(0.5) or Fa Sa(0.2) whichever is smaller for T = 0.5 ( f  = 2 Hz) 

 =  FV Sa(1.0 )  for T =1.0 s (f = 1 Hz)        (1) 
 =  FV Sa(2.0 )  for T =2.0 s (f = 0.5 Hz) 
 =  FV Sa(1.0 )/2  for T ≥ 4.0 s (f ≤ 0.25 Hz) 
 
 For a conventional building at a site, near Toronto, Ontario, Canada, the design ground response spectral 
accelerations, as defined above, are shown in Figure 5.  The reference Site Class C  (very dense soil or soft rock, 360 m/s < 
VS < 760 m/s, where VS is the average shear wave velocity) is assumed.  The coefficients Fa and FV for this soil case are equal 
to 1.0. 
 
NUCLEAR STANDARDS – SEISMIC HAZARD DEFINITION 
 
Applicable Standards 
 The codes and standards applicable to nuclear structures are the set of Canadian Standards CSA-N289, References 
[6] to [10].  References [7] and [8] provide the definition of the seismic ground motion and the standard design ground 
response spectra.  Reference [7], provides two approaches to define Design Ground Response Spectra: probabilistic and 
deterministic. 
 
Probabilistic Approach 
 The definition of the design seismic ground motion, is based on the spatial, temporal and parametric characterization 
of the earthquakes in the region.  Probabilistic estimates of the risk at the site are applied using the regional seismicity in the 
form of zones of earthquake occurrence.  These estimates take into account the magnitudes, epicentral distances and other 
parameters of the earthquakes producing the predominant contribution to risk as well as available strong motion recordings 
typical of the predominant earthquakes.  The approach includes investigation of the variations in the expected mean ground 
motion parameters that may be produced in earthquake source parameters, regional attenuation proprieties and site effects as 
well as the possibility of significant earthquakes on active or potentially active geologic structures in the vicinity of the site. 
 
Deterministic Approach 
 To include additional margins in some situations when the probabilistic approach does not provide sufficient 
reliability in determining earthquake inputs, the deterministic approach is utilized, Reference [7].  The deterministic approach 
is used if the seismicity model and/or the attenuation relations are sufficiently uncertain and the potential for significant 
earthquakes in the vicinity of the site is not accounted for in the regional seismicity model. 
 
Ground Response Spectra Definition 
 The Design Basis Seismic Ground Motion is the seismic ground motion at the site that represents the potentially 
severe effects of earthquakes in the region and that has sufficiently low probability of being exceeded during the lifetime of 
the plant that, when considered in relation to other engineering design margins, provides adequate assurance against an 
earthquake induced failure. The Design Basis Earthquake (DBE) is an engineering representation of the ground motion 
expressed in the form of response spectra or time-histories and employed for the seismic qualification of structures, systems 
and equipments.  Two Standard Ground Response Spectra, representing the DBE, for soil and rock site conditions, Figure 6, 
are given in terms of spectral amplification factors in Reference [8].  
The commonly accepted value of Peak Ground Acceleration (PGA) for future NPP’s design in Eastern North America is 0.3 
g.  
 The DBE Standard Ground Response Spectra for a nuclear power plant located at the same chosen site, near 
Toronto, Ontario, Canada, are anchored to 0.3g, Figure 6.  The plateau of the DBE soil spectrum is between 1.5 and 7 Hz 
with the spectral acceleration of 0.875 g.  For the purpose of this comparison, the CSA spectra is presented in Figure 5 along 
with NBC 2005 spectra for the same site near Toronto, Ontario, Canada.  
 
COMPARISON – CONVENTIONAL AND NUCLEAR SEISMIC HAZARD DEFINITION 
 
 For the purpose of this comparison two simple structures, which can be represented with single-degree-of-freedom 
system, are presented. Their frequencies of 5 Hz and 2 Hz. have been selected to be in the range of interest for civil 
structures. As mentioned above, the design response spectra for conventional and nuclear facilities, for a given site near 
Toronto, Ontario, Canada, are presented in Figures 5 and 6, respectively.  For the reference frequency of 5 Hz, the spectral 
acceleration of median confidence level Uniform Hazard Spectrum with the probability of exceedence of 2% in 50 years 
(return period of 2475 years) is 0.23 g according to NBC 2005.  On the other hand, the DBE spectral acceleration for the 
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same frequency is 0.875 g using the nuclear standard.  After the comparison of seismic hazard curves presented in Reference 
[11], this spectral acceleration corresponds to the 95th percentile confidence level Uniform Hazard Spectrum with the 
probability of exceedence of 1% in 100 years (return period of 10 000 years).  For the reference frequency of 2 Hz, the NBC 
2005 Uniform Hazard Spectral acceleration is 0.11 g.  The DBE spectral acceleration is 0.875 g (the plateau of the spectrum).  
This spectral acceleration corresponds to the Uniform Hazard Spectrum with the probability of exceedence of 0.5% in 100 
years (return period of 20 000 years) with the confidence level higher than 95th percentile, Reference [11].  Thus DBE 
response spectrum has significantly lower probability with significantly higher confidence level than NBCC 2005 Uniform 
Hazard Spectrum. This explains the additional conservatism applied in defining the seismic input to nuclear power plants. 
The level of conservatism is frequency dependent and it is higher for low frequencies 
 
 

 
Fig. 1 Sa (0.2) for Canada (median values of 5% damped spectral acceleration  

for Site Class C and a probability of 2% / 50 years) 
 
 

 
Fig. 2 Sa (0.5) for Canada (median values of 5% damped spectral acceleration for  

Site Class C and a probability of 2% / 50 years) 
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Fig. 3 Sa (1.0) for Canada (median values of 5% damped spectral acceleration 

for Site Class C and a probability of 2% / 50 years) 
 
 
 
 

    
Fig. 4 Sa (2.0) for Canada (median values of 5% damped spectral acceleration  

for Site Class C and a probability of 2% / 50 years) 
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Fig. 5 Comparison of Design Spectra (5% Damping) Very Dense Soil Site 
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Fig. 6 CSA DBE – Design Spectra (5% Damping) for Soil and Rock Site 
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CONVENTIONAL STANDARD – SEISMIC DESIGN CRITERIA  
 
Applicable Conventional Standard and Design Philosophy 
 The seismic code applicable to conventional facilities in Canada is the National Building Code of Canada (NBC 
2005), Reference [1].  Conventional seismic national codes contain the minimal requirement needed to safeguards against 
major structural failure and loss of life. 
The seismic design criteria of conventional structures are based on the use of ductility and overstrength Force Modification 
Factors to take into account the energy dissipation that occur in the plastic domain and the reserve of strength, References [1], 
[12] and [13]. The use of this to lower intentionally the seismic input is consistent with the safety philosophy of the 
conventional seismic standard which is the “non collapse” rather than the integrity and/or the operability of the structures and 
components.  However, specific seismic detailing of the structure is required in order to utilize the ductility capacity of the 
structure. There are several levels of seismic detailing that permit different degrees of ductile behavior, Reference [1] and 
[12]. According to the structural material and Seismic Force Resisting System (SFRS), the Force Modification Factors, with 
corresponding seismic detailing are presented in the national Standards (A23.3-04 for Reinforced concrete structures, 
CAN/CSA S16-01 for Steel structures).  
 
The minimum lateral earthquake force, according to the Equivalent Static Force procedure of the NBC 2005, is: 
 
    ( ) ( )odvE RRWMITSV /=       (2) 
 
where : S(T) is Design spectral acceleration as defined in (1), IE is Importance factor for Earthquake Loads and Effects, Rd is 
Force Modification Factor, Ro is System Overstrength Factor, Mv is Higher Mode Factor, W is the mass of the building 
If the frequency of the structure is less than 0.5 Hz (T=2.0 sec), V shall not be taken less than 

. ( ) ( odvE RRWMISV /0.2= )
For the Seismic Forces Resisting Systems with an Rd equal to or greater than 1.5, V need not to be taken greater than  
 

    ( ) ( odE RRWISV /2.0
3
2

= )       (3) 

 
NUCLEAR STANDARD – SEISMIC DESIGN CRITERIA 
 
Applicable Nuclear Standard and Design Philosophy 
 The seismic code applicable to nuclear facilities in Canada is CAN3-N289 series. The nuclear seismic code requires 
that structures, systems and components important to safety, withstand the effects of earthquakes. The requirement states that 
for structures, systems and components important to safety, both integrity and functionality should be ascertained. Therefore, 
the standard requires that the structure remain in the elastic domain; energy dissipation by in the plastic domain is not 
allowed for design basis earthquake conditions. The overstrength factor (taken equal to one) is considered as a supplementary 
margin in the design. This is consistent with the plant safety philosophy since structures important to safety must remain 
functional after a seismic event. Despite the elastic behaviour for design basis earthquake conditions, a specific seismic 
detailing is also required for the nuclear structures.  The minimum lateral earthquake force is: 
 
     ( )WTSV =        (4) 
 
Where: S(T)  is Design spectral acceleration as defined in (1), W is the mass of the building 
 
COMPARISON – CONVENTIONAL AND NUCLEAR SEISMIC INDUCED LOADINGS - A CASE STUDY 
 
 The comparison of loadings according to the nuclear and conventional seismic standards is performed for simple, 
regular reinforced concrete structures that can be represented by Single Degree of Freedom model with 5% of structural 
damping.  For the purpose of this comparison, the frequency of two structures are assumed as follows:  

• A concrete shear wall structure with a frequency of 5 Hz (T = 0.2 sec) – Table 1., 
• A concrete frame structure with a frequency of 2 Hz (T = 0.5 sec) – Table 2. 

In this comparison, for the conventional building, one Importance factor is assumed (Post Disaster Facility, Importance 
Factor for Earthquake Loads is equal to 1.5) and two ductility levels (Moderate Ductility and Ductile Structure) are used. 
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Application of NBCC2005 for Conventional Buildings 
 

Table 1. The concrete shear wall structure 
 

Moderate ductility Ductile structure Higher Mode Factor Structure 1 IE

Rd Ro Rd Ro Mv 

Post disaster 1.5 2.0 1.4 3.5 1.6 1.0 
 
 

Table 2. The concrete frame structure 
 

Moderate ductility Ductile structure Higher Mode Factor Structure 2 IE

Rd Ro Rd Ro Mv 

Post disaster 1.5 2.5 1.4 4.0 1.7 1.0 
 
 
 

Table 3. Accelerations and Base Shear force 
 
 Assumed 

Frequency 
(Hz) 

MvIE/(RdRo) Spectral 
Acceleration 
(g) 

NBCC 
2005 
Design 
Lateral 
Force 

Max NBCC 2005 

( ) ( odE RRWISV /2.0
3
2

max =

 
Structure 1 5  0.23   
Mod. Duct.  0.535  0.123W 0.082W 
Ductile  0.268  0.062W 0.041W 
Structure 2 2  0.11   
Mod. Duct.  0.429  0.047W 0.066W 
Ductile  0.221  0.024W 0.034W 
 
 
Application of CAN3-N289.3 for Nuclear Power Plants 
 

Table 4. Accelerations and Base Shear Force 
 

 Assumed Frequency 
(Hz) 

Spectral Acceleration 
(g) 

CAN3-N289.3 DBE Design Lateral 
Force 

Structure 1 5 0.875 0.875W 
Structure 2 2 0.875 0.875W 
 
 
 
CONCLUSIONS 
 
 A comparison of seismic input motion and seismic induced loadings for conventional structures (Post Disaster 
Importance category) and a Nuclear Power Plant structure both located at a site near Toronto, Ontario, Canada is presented. 
Two Seismic Force Resisting Systems are considered: concrete shear wall (Structure 1 – Table 1.) and concrete frame 
structure (Structure 2 – Table 2.), each of them for two ductility levels (Moderate ductility and Ductile).  Based on this study 
the following can be concluded: 
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• The conventional building code spectrum is enveloped by the nuclear spectrum at each frequency point. The 
Uniform Hazard Spectrum accelerations are with a probability of exceedence of 2% in 50 years (return period of 
2475 years) and a median confidence level. The probability of exceedence and the confidence level of the DBE 
nuclear Standards Ground Design Spectrum are different for each frequency. The DBE nuclear Standard Ground 
Response Spectrum has significantly lower probability with significantly higher confidence level than NBC 2005 
Uniform Hazard Spectrum. The level of conservatism is frequency dependent and it is higher for low frequencies 
structure (i.e. 2 Hz) than for high frequency structures (i.e. 5 Hz). 

• The maximum design spectral accelerations, in the present case study, for the conventional structures are at least 3.8 
times lower than the nuclear structure (Tables 3 and 4). 

• Taking into account the design criteria (Force Modification and Overstrength Factors as well as the Importance 
Factor for Earthquake Loadings), applicable to conventional buildings and nuclear buildings (elastic behavior), the 
seismic induced loadings are: 

o - 11 to 21 times higher for the nuclear structure than for the conventional concrete shear wall structure 
(Structure 1 – with a frequency of 5 Hz, Tables 3 and 4), depending on the level of ductility, 

o - 19 to 36 times higher for the nuclear structure than for the conventional concrete frame structure with 
reinforced masonry infill (Structure 2 – with a frequency of 2 Hz, Tables 3 and 4), depending on the level 
of ductility. 

Therefore, in general, a NPP structure, located at a site near Toronto, is designed for significantly higher safety margins than 
conventional buildings designed according to the National Building Code of Canada 2005.  It should be noted however, that 
for nuclear buildings, the structure is expected to behave elastically up to the DBE level, i.e. no credit is taken for ductile 
behavior, while for conventional buildings, full credit can be taken for ductility thus allowing some acceptable level of 
damage to the structure.  
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