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1 ABSTRACT  

Although the methodology of seismic probabilistic risk assessment (seismic PRA) to some extent has 
become standardized, different seismic PRA studies exhibit significant differences in results. The primary 
explanation for this observation consists in the different approaches used for Probabilistic Seismic Hazard 
Analysis (PSHA) which defines the seismic hazard input for the PRA. While older studies used an intensity-
based PSHA, maintaining a close link between damaging effects of earthquakes (clearly and uniquely 
defined in a probabilistic way by the corresponding intensity scale), newer studies use ground motion models 
for peak instrumental characteristics alone for developing the hazard, which in the absence of the associated 
duration and frequencies, are not directly linked to damaging effects of earthquakes. This causes problems, 
because the traditional fragility analysis method used for seismic PRA is conditioned to a seismic hazard 
input which represents strong, damaging earthquakes. Empirical fragilities for structures and components are 
derived from field observations covering only damaging earthquakes. Fragilities for components derived 
from tests are also conditioned to the damaging earthquake motions, because qualification tests are based on 
time histories representing high magnitude seismic events. In contradiction to this the results of PSHAs in 
low to moderate seismic regions are frequently controlled by near site earthquakes of low to moderate 
magnitudes. The traditional fragility method which is based on spectral accelerations insufficiently accounts 
for differences in the seismic input energy of different earthquakes and therefore tends to overestimate the 
likely consequences of smaller earthquakes. In this paper a procedure is proposed which allows adjusting the 
fragility method to the seismic input energy of the controlling earthquakes. It is suggested that the energy 
content of controlling earthquakes be scaled to the energy content of reference earthquakes. These reference 
earthquakes are selected from the generic fragility database which forms the basis of the traditional fragility 
method. In case of a nonlinear seismic design of structures (for new plants) the controlling events defining 
the design basis can be taken as the reference.  The procedure allows transferring empirical fragility 
information obtained from different regions of the world to a specific target region by using empirical 
information on energy characteristics of earthquakes or by using appropriate stochastic point source ground 
motion models. The application of this method for seismic PRAs represents a meaningful alternative to 
direct nonlinear earthquake simulations of structures reducing the computational effort for the development 
while assuring a consistent treatment of the differences between small and large earthquakes.  

2 INTRODUCTION 

Although the methodology of seismic probabilistic risk assessment (seismic PRA) to some extent has 
become standardized, different seismic PRA studies differ significantly in their results. This is due primarily 
to the different approaches used for Probabilistic Seismic Hazard Analysis (PSHA) which defines the 
respective seismic hazard inputs to the PRA. While older studies used an intensity-based PSHA maintaining 
a close link between damaging effects of earthquakes (clearly and uniquely defined in a probabilistic way by 
the corresponding intensity scale), newer studies define hazard in terms of peak ground motion parameters,, 
which are not directly linked to damaging effects of earthquakes. This causes problems, because the 
traditional fragility analysis method used for seismic PRAs is conditioned to a seismic hazard input which 
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represents strong, damaging earthquakes. Empirical fragilities for structures and components are derived 
from field observations covering only damaging earthquakes. Fragilities for components derived from tests 
are also conditioned to the occurrence of damaging earthquakes, because qualification tests are based on time 
histories representing high magnitude seismic events. In contradiction to this the results of PSHA in low to 
moderate seismic regions are frequently controlled by near site earthquakes of low to moderate magnitudes 
with a relatively smaller energy content. Such earthquakes may not cause damage even at very high 
accelerations as has been shown by an increasing number of observations of high accelerations from small to 
moderate earthquakes near the sites of nuclear power plants. It was shown (Vanmarcke, 1980) that for a 
given content of elastic energy (expressed by the ARIAS-intensity (Arias, (1970)) the strong motion duration 
decreases nearly proportionally with the increase of peak ground acceleration.  

The apparent contradiction between observed high accelerations and lack of associated damage, 
although such would have been predicted by current calculation procedures, can be attributed to the 
prevailing use of linear-elastic calculation methods based on response spectra (for example, soil-structure 
interactions in industrial practice are calculated in the frequency domain, e.g. using the SASSI code). These 
methods are not able to account for the difference in the energy content of low magnitude and high 
magnitude events correctly.  Neglecting this problem in risk analysis would lead to a significant 
overestimation of seismic risk with a possible adverse impact on risk-informed decision making. This poses 
a strong challenge to risk analysts intending to develop a realistic assessment of seismic risk as it is 
necessary for a responsible decision-making in an increasingly risk-informed environment. The necessary 
correction of most importance appears to be the restoration of energy conservation principles with respect to 
the results of PSHA.  There are several possible ways of implementing the energy conservation principles in 
the aftermath of a PSHA: 

1. Introducing an energy threshold defining the onset of damage for well designed structures and 
components. 

2. Scaling damaging effects to energy measures and implementing correction factors into the fragility 
analysis. 

3. Direct nonlinear dynamic analysis using coupled models of structures and components. 

In an earlier work (Klügel, 2007) it was demonstrated how the first approach can be implemented in the 
aftermath of a large scale probabilistic seismic hazard analysis. This paper is dedicated to the objective to 
demonstrate how the second approach can be implemented. 

3 SCALING OF DAMAGING EFFECTS OF DIFFERENT EARTHQUAKES BASED ON 
ENERGY ABSORPTION  

3.1 How are small earthquakes treated in the traditional fragility method? 

The traditional development of fragility functions for use in seismic PSA is based on the model of a double 
lognormal distribution for the structural capacity of structures and components. With α as the intensity 
parameter of an earthquake, the fragility function ( )F !  is expressed as: 
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Where R!  and ( )! � are variability of the fragility associated with random uncertainty and the 
cumulative standard normal distribution function, respectively. C is the component seismic capacity 
corresponding to a level of confidence. The intensity parameter α, is defined in terms of a representative 
anchor of a review level or design earthquake (RLE). In the traditional fragility method, the peak ground 
acceleration (PGA) or another spectral acceleration are most frequently used as the intensity parameter. The 
probability density function (pdf) of the seismic capacity is also lognormal: 
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From eqns (1) and (2), it can be seen that the seismic capacity may be defined in terms of the intensity 
parameter  (α, e.g. PGA) at which the seismic fragility or seismic-induced failure probability equals 0.5. 

The capacity C is obtained by evaluating the safety factor sF , which is related to the RLE anchor point 

(PGA). Variability R!  and uncertainty U! , are usually tabulated values, which are not subject to 
adjustments. The factor of safety is expressed as: 

S SR CF F F=  (3) 

 

Where, SRF  represents a set of factors associated with the seismic response to the specified acceleration. 

and CF  is the total seismic capacity factor. The factor CF  is comparable to the total (constant) load 
reduction factor as used in codes such as the International Building Code (ICBO, 1997) or other 
recommendations, e.g. FEMA 302. These factors account for ductility effects Fµ , strength SSF  and energy 

dissipation DissF  (only considered in codes). The energy dissipation factor DissF which should be different for 
small and strong earthquakes  is usually either not considered in the classical fragility formulation (set equal 
to 1.0) or interpreted as a small correction to the ductility factor Fµ  , e.g. in EPRI, (1994), (equation. 3-34): 

( )'1 1DF c Fµ µ= + !  (4) 

Here the factor Dc   obtains a value of 1 for small magnitude earthquakes and 0.6 for long duration 
earthquakes. The EPRI report (EPRI, 1994) does not give any reference as to what a long duration or a small 
magnitude earthquake is in context of the fragility method. 

A detailed review of the ABSG Consulting Inc’s database (ABSG, 2008) of earthquake recordings and 
generic fragilities indicate that the fragility method was built on information which is dominated by 
recordings from very strong earthquakes, reaching from a single magnitude 5.9 event to the big Chile and 
Alaska earthquakes with magnitudes exceeding 9. In contrast to this observation, the seismic hazard for the 
Goesgen nuclear power plant is dominated by earthquake events about or below magnitude 6 (site surface 
PGA less than about 0.6g). 

Therefore a more systematic approach to incorporate the differences in seismic input energy between 
small and large earthquakes is required. 

3.2 Limit case conditions: energy concepts and damage models 

The maximum relative displacement (or displacement ductility) is the structural parameter most widely 
used for evaluating the inelastic performance of structures. Nevertheless, in the recent past (in conjunction 
with building code developments) it has been widely recognized that the level of structural damage due to 
earthquakes does not depend only on maximum displacement and that the cumulative damage resulting from 
numerous inelastic cycles should also be taken into account. The input energy   is related to the cumulative 
damage potential of ground motions (Bertero and Uang, (1992), Fajfar, 1992, Fajfar and Vidic, 1994). The 
energy input to an ordinary structure subjected to strong ground motion is dissipated in part by inelastic 
deformations (the hysteretic energy HE ) and in part by viscous damping, which represents various damping 
effects other than inelastic deformation. The energy dissipated in hysteresis represents the structural response 
parameter which is often correlated with cumulative damage. Faijfar and Vidic (1994) proposed a procedure 
based on equivalent ductility factors where the reduction of ductility due to cumulative damage is defined by 
the non-dimensional parameter! , which in fact represents a normalization of dissipated hysteretic energy.  
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They developed simple approximate formulae for determining the ! -spectrum (Fajfar, 1994). The final 
result of Fajfar’s derivation ends up in the formula: 
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Where, cF  is the capacity factor, 
HE is the dissipated hysteretic energy, m the mass of the system,  !  

the natural frequency, µ  is the ductility factor (maximum displacement divided by yield displacement),  

eSa  is the pseudo-spectral acceleration corresponding to the maximum displacement. Eqn (5) shows that the 
non-dimensional parameter  !  for given natural frequency, given ductility, a given spectral acceleration and 
a fixed hysteretic energy (energy content of the earthquake) is directly proportional to the structural capacity 
factor cF . Accordingly, the higher the ability of a structure to absorb hysteretic energy, the higher is the 
structural capacity factor (load reduction factor). Fajfar and Vidic (Fajfar, 1994) proposed the following 
representation format for the non-dimensional parameter! : 

T gz z zµ! = (6) 

Here Tz , zµ  and gz   are functions of the natural period, ductility and ground motion, respectively. 

This approach actually corresponds to the separation of variables which also characterizes the traditional 
fragility analysis method. The factors Tz   and  zµ are fully accounted for in the fragility analysis method. 

The differences in gz are only partially included by the factor  Dc  in equation (4). Fajfar and Vidic (Fajfar, 

1994) derived the following formula for  gz : 
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The integral in the numerator is the cumulative energy, which can be related to the Arias intensity. The 
factor gc is 0.5 in the medium period range (which is characteristic for structures of NPPs); while for the 

entire range of periods it is suggested to use a value of 0.4.  In the above equation ag and vg are the peak 
acceleration and peak velocity in the ground motion time history.  

From the above equations it is possible to derive an additional scaling factor for the fragility analysis 
method, which considers the ability of structures (and components) to absorb hysteretic energy.  This factor 
is developed as a ratio of the actual seismic demand (the controlling earthquake event(s) obtained from the 
deaggregation of the PSHA results for a specific frequency of exceedance) to a reference earthquake 
normalized to the same peak values. This scaling factor is denoted ModelK : 
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In the case that the seismic demand is significantly lower than the reference earthquake then 
1ModelK > . This is frequently the case for areas with low to moderate seismicity. Equation (8) represents 

the energy scaling relation for the structural capacity factor in fragility analysis. Because equation (8) is only 
applicable for nonlinear analysis, it cannot be applied for very brittle failure modes requiring a linear elastic 
performance of structures or components under seismic loads. Because the fragility analysis method for 
seismic PRA is a limit state analysis, a purely linear elastic performance of structures and components is 
rarely required.  

A scaling relationship similar to equation (8) can be developed on the basis of cumulative absolute 
velocity. In the ideal case of identical waveforms, which is practically achieved in the traditional fragility 
method by the scaling of the seismic demand to a reference spectral shape, the scaling of damaging effects 
can simply be expressed by the ratio of the roots of the strong motion duration of the two earthquakes to be 
compared. With respect to practical applications we have to consider two different cases: 
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1. The design of a structure or component was (already) performed using a displacement-based format 
or another time history-related nonlinear method. 

2. The design of a structure or component was performed in a force-based format using a linear-elastic 
response spectrum for the response of the structure (component). 

In the first case (this is applicable for newer designs) equation (8) can be applied directly, because the 
design basis time-history or at least the design basis scenario earthquake is known and can be used as the 
reference case.  In the second case – and this is the more frequent case for existing nuclear power plants – it 
is necessary to develop a  reference earthquake for the scaling procedure.  Because the fragility method is 
largely based on empirical observations that are updated by Bayesian methods (Yamaguchi et al, 1991, 
Porter et al, 2007) without consideration of the different energy content of the observed earthquakes, it is 
suggested to develop reference earthquakes for different types of components, based on the registered 
earthquake observations used in the original databases. For the purpose of such scaling it is necessary to 
retrieve the original observation records and to derive the corresponding values for Arias intensity, 
cumulative absolute velocity, or directly the strong motion duration. Calculating the same parameters for the 
earthquakes controlling the seismic hazard according to PSHA results allows the use of eqn (8) to provide an 
energy based adjustment factor for the fragility functions obtained from the traditional fragility analysis.  
This puts the question how to transfer empirical information from one region (the host region) to the required 
target region.  

3.3 Transfer of empirical information from the host region to the target region of interest 

The information which was collected as the basis for the development of the traditional fragility method is 
rather limited. The reason for this is that observed damage areas are only rarely equipped by strong motion 
instrumentation networks. The information typically available includes epicentral intensity, distance between 
earthquake epicentre and site, estimated site intensity (in the US in the Modified Mercalli scale), and 
estimated (or occasionally measured) average (!) (or median) peak ground acceleration. The estimated 
average or median PGAs are used as the basis for the derivation of generic fragility functions. Using 
additional information from earthquake catalogs it is possible to retrieve earthquake magnitude, focal 
mechanism and sometimes waveforms from a nearby seismic instrument.  

It has to be acknowledged that a simple re-evaluation using new empirical equations may result in 
higher values for the estimated PGAs. This implies that the generic fragilities (e.g. HCLPF values) derived 
from empirical information would be higher today than originally developed. This may be attributed to the 
fact that actual international strong motion databases, which make up the basis of contemporary empirical 
ground motion prediction equations, contain more records with observed high accelerations. This is due in 
part to improvements in measurement technology allowing capturing high frequency spikes, but also due to 
the increased availability of strong motion networks in seismically active regions.  

The main problem of transferring empirical information from a host region to a target region is 
associated with the differences in the respective regional seismotectonic environment. In principle it is 
possible to use a direct empirical approach, for example using empirical attenuation relationships for Arias 
intensity (Travasarou et al, 2003) or cumulative absolute velocity (Klügel, 2007) valid for the corresponding 
region. For regions of low to moderate seismicity the lack of data may pose some difficulties for developing 
ground motion prediction equations based on empirical observations. Here a refined approach is suggested 
which is based on stochastic simulations using a stochastic point source model. Point source stochastic 
models share an increased popularity and such models are well documented for the Western United States 
(California), for example Campbell (2003).  

Based on earlier work of Bay (2002) a point source stochastic model was developed for the region 
around the site of NPP Goesgen. The model was checked against earthquake time-histories recorded by the 
plant specific instrumentation. Using a point source stochastic model for the host region (which represents 
the empirical information on fragilities) and a point source stochastic model valid for the target region, it is 
possible to calculate the required ground motion characteristics related to fragilities from stochastic 
simulations using the standard simulation procedure of Boore (1983). 

3.4 Stochastic point source model for the Goesgen Region 

The general modelling approach is based on the breakthrough work of (Boore, 1983) considering some 
modern developments Campbell, (2003) and Scherbaum et al, (2006). Accordingly, the model is based on 
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the convolution approach, limiting its application to cases where nonlinearities in ground motion can be 
neglected. In low seismic areas this approximation is acceptable, because strong earthquakes causing a 
significant amount of nonlinearities are very rare. Accordingly, the total Fourier amplitude spectrum 

( ), ,WY M D f for ground accelerations, ground velocities or ground displacements is given by: 

( ) ( ) ( ) ( ) ( ),30, , , , , ,w w w sY M D f A M f P D f M S f V I f=  (9) 

where 
wM  is moment magnitude, f is frequency, D  is horizontal distance and  ,30sV is the shear-wave 

velocity averaged over the top 30 m of the site. ( ),wA M f is the earthquake source spectrum,  

( ), , wP D f M represents the propagation path and ( ),30, sS f V  is the site response. ( )I f  represents 

the instrumental response ( ) ( )
22  I f f!= for accelerations,  ( ) 2I f f!= for velocities and  

( ) 1I f = for displacements. A specific of this model consists in the direct integration of the soil 
amplification effects. For this purpose the simulation results of Boore et al (1997) have been utilized. 
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Where, βs is the site specific shear wave velocity, and the near site attenuation term ( )NSS f is 
presented in the same form as given by (Bay, 2002): 

( ) f
NSS f e !"#= (11) 

 
The frequency dependent coefficients ( )BV f  are given in Table 1. 
 

Table 1 Values of exponent BV(f) 
f, [Hz] 0.5 1.0 2.5 3.3 5.0 6.7 10.0 Pga 

(100) 
BV(f) 0.655 0.698 0.487 0.401 0.292 0.238 0.212 0.371 

 
Stochastic point source models are based on the far field solution of elastic wave propagation. 

Therefore, they may lead to inaccurate results in the near fault area. To accommodate this issue 
some engineering approximations have been introduced into the model which allow for increased 
attenuation of seismic waves in the near fault area, thus constraining the maximum peaks. For this 
purpose a distance dependent κ model was introduced. This model takes into account the geometric 
spreading observed in Switzerland, which typically exceeds 

1R!
. The source model is based on 

Brune, (1970) with the specific that the true geometry of the ruptured surface is replaced by an 
equivalent circular source geometry using the bilinear empirical relationships of Hanks and Bakun 
(2002). This allows removing the stress drop !"  as an independent model parameter. Table 2 
summarizes the parameters for the Goesgen regional stochastic point source model. The stochastic 
point source model for the Western United states uses the parameters suggested by Campbell (2003, 
Table 2) except for replacing the quarter amplitude approach to soil amplification by eqn (10).. 
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Table 2 Modelling parameters of the Goesgen regional stochastic point source model 
Parameter Value, Model 
Source spectrum Brune ! -square, with equivalent circular source 

dimensions, source radius a magnitude dependent 
Stress drop !"  Not required, explicit magnitude scaling; 
Geometric attenuation Set of piecewise function, near fault D<a, 1/(SRL+1)2 

D<70km, 1/D 
D! 70km, 1/D-0.71, near fault constraint 4/a2 with 1a ! ; 

Path attenuation 0.5270 f  

Shear velocity,!  [km/s] 3.5 

Density, ! [kg/m3] 2800 
Site attenuation ( )( )0.006 0.25exp 0.8 D SRL! = + " "  

( )3.22 0.69max ,4.7wSRL M= ! +  

Site amplification Boore et al,(1997) eqn (11) 
 

Table 3 shows some results from the confirmation checks which were based on a comparison of time 
histories recorded at the Goesgen site with the corresponding stochastic simulation results. For the 
comparison the mean value from 100 stochastic simulations was used. The comparison shows that the point 
source model reasonably well reproduces the measured maximal horizontal component of peak ground 
acceleration. 

Table 3 Comparison of results between the regional stochastic point source model and recorded time histories 

Date 
Earthquake 
location 

Distance to 
Goesgen site, 
[km] 

Magnitude, 
Mw 

PGA 
measured, 
 x-
direction, 
[mg] 

PGA, 
measured 
y-
direction, 
[mg] 

PGA, 
geometrical 
mean, [mg] 

Calculated 
mean PGA, 
[mg] 

12.11.2005 
Mönthal 
(Frick) 27.93 3.6 13.51 15.76 16.85 16.7 

05.12.2004 Waldkirch 80.01 4.6 11.63 15.31 17.17 14.9 
21.06.2004 Liestal 31.98 3.4 7.72 9.76 11.24 10.9 

 

3.5 Example of the application of the procedure 

The proposed procedure was applied to calculate adjustment factors for the fragility functions (HCLPF 
values) for diesel generators with respect to the PEGASOS results for Goesgen (Abrahamson et al, 2004) 
using relation (8) based on normalized strong motion duration. The normalized strong motion duration is 
defined as the ratio of the CAV of the reference earthquake and the PGA representing the seismic 
demand hazardpga : 

reference
norm

hazard

CAV
t pga= (12) 

The above normalization is necessary to account for the fact that empirical earthquake records represent 
a highly diverse set of ground motion time histories with respect to energy characteristics.  Additionally, eqn 
(8) is intended to be used in the context of a normalized inelastic spectra.  This example uses the median 
PGA values for the hazard exceedance frequency of 10-4/a from the deaggregated PEGASOS hazard for the 
distance ranges D1(<16km), D2(16-40km) and D3 (>40km),(see accompanying paper, Klügel et al (2009)). 

The ABSG Consulting Inc’s earthquake and fragility database (ABSG, 2008) was used to select 
earthquake observations with complete information (magnitude, distance, site conditions), where no damage 
of diesel generators was observed. These observations can be regarded as a test case and can be used to 
derive an empirical HCLPF value for diesel generators (Porter et al, 2007). Ground motions were developed 
for the magnitude and distance values in the database using the modified stochastic point source model for 
Western United States (Campbell, 2003).  On the other hand, the regional stochastic point source model was 
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used to develop ground motions associated with the controlling earthquakes from the deaggregation of the 
PEGASOS uniform hazard spectrum for the different distance ranges (for exceedance frequency 10-4/a). The 
resulting normalized strong motion duration was then utilized to obtain the adjustment factors from eqn (8). 
The observed dispersion of empirical data from the ABS database is used to construct the uncertainty 
distribution for the adjustment factor. Because the analysis is related to HCLPF, only the (otherwise 
complete) datasets with the maximal PGA for a given earthquake were used. A total of 10 sufficiently 
complete datasets were identified in the ABSG Consulting Inc’s database, which were used in the detailed 
analysis. Table 4 presents the earthquake parameters along with the ground motion characteristics obtained 
from the stochastic simulation (TRMS is the root mean square duration).  

Table 4 Earthquake records from the ABSG Consulting Inc’s database used for the analysis with simulated ground 
motion characteristics 

Earthquake Year Mw D pga 
estimated 

(database), 
[g] 

Site Condition Vs30, 
estimated, 

[m/s] 

CAV, 
[gs] 

Arias, 
[gs] 

TRMS, 
[s] 

Chile  (Llolleo water pump 
station) 

1985 7.8 100 0.75 poorly 
consolidated 

300 1.583 0.2528 29.697 

Adak, Alaska  (hospital) 1986 7.9 130 0.25 former marsh, 
hydraulic fill 

300 1.901 0.2654 33.923 

North Palm Springs, CA (Devers) 1986 6.1 8.047 0.97 soft sand, gravel 
deposits 

350 1.109 0.536 5.4625 

Whittier, CA  (SCE, Alhambra) 1987 5.9 0 0.56 alluvium 450 5.028 21.307 3.959 
Loma Prieta, CA  (Soquel, 30 
kW) 

1989 6.9 5 0.5 semi 
consolidated 
sand or 
sedimentary rock 

400 1.838 0.9157 9.6882 

Cape Mendocino, CA (Pacific 
Mill) 

1992 7.2 20 0.46 alluvial 450 1.484 0.3433 13.767 

Landers/Big Bear (Mitsubishi) 1992 7.3 50 0.3 cut & fill sand 
and gravel over 
rock 

350 1.485 0.2768 17.082 

Northridge (Placerita Cogen) 1994 6.7 20 0.59 alluvial 450 0.736 0.1724 8.8628 
Manzanillo  (Manzanillo Plant II) 1995 7.9 1 0.42 silty sand and 

sand fill 
350 2.448 0.631 27.086 

Kocaeli, Turkey (Nuh Cimento) 1999 7.4 12 0.24 rock 1200 1.093 0.1853 14.685 

 
Table 5  Uncertainty distribution (lognormal) of the fragility adjustment factor related to the PEGASOS hazard 
(exceedance frequency 10-4/a) 
 

Distance 
range 

Mean 
adjustment 

factor 

Parameter of 
Lognormal 

Distribution  (mean 
and standard 

deviation) 

D1 1.87 (1.87,0.47) 
D2 2.28 (2.28,0.57) 
D3 2.81 (2.81,0.70) 
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Figure 1 Comparison of adjustment factors for distance range D1 (<16km) and exceedance frequency 10-4/a 

(deaggregated PEGASOS results) obtained by the intensity-based method and by the energy absorption method 
 

Table 5 shows the results for the probability density distribution (approximated as lognormal) of the 
adjustment factor for the three distance ranges D1, D2 and D3 of the deaggregated PEGASOS hazard 
(Klügel, 2007, Klügel et al, 2009). Fig. 1 compares the probability density distribution of the adjustment 
factor for distance range D1 obtained using the intensity-based method (Klügel et al, 2009) with the 
distribution obtained using the energy absorption method as described in this paper. The large mismatch 
between damage predictions by the fragility method and empirically observed damage after earthquakes is 
attributed in part to the fact that the traditional fragility approach ignores the differences in the energy 
content of different seismic demands. 

4 CONCLUSION 

A physically based method for the adjustment of the traditional fragility method to the seismic hazard 
input was developed. Neglecting the different energy content of different seismic demands in the traditional 
fragility method is regarded as one of the reasons for the significant mismatch between damage predictions 
by the fragility method and empirically observed damage after earthquakes. Possible other reasons may lie in 
the space of the treatment of uncertainties. The procedure developed here allows corrections to be made to 
the results of a seismic PRA while preserving the traditional fragility method.  
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