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Application of RVT for Generation of Floor Response Spectra for the PSA Elaboration

L. Raycheva
1
, G. Varbanov

ENPRO Consult Ltd., 107 Cherni vrah, 1407 Sofia, Bulgaria

Abstract. The current paper considers the application of random vibration theory (RVT) for the purpose of seismic proba-
bilistic safety analysis (SPSA) of nuclear power plants. The theory basics and assumptions are summarized, as well as an
approved method for application of RVT for the probabilistic assessment of structural response to seismic excitations. The
advantages and limitations of the method application are investigated through a dynamic response analysis of a WWER-
1000 reactor building. The building response is analyzed by the standard flexible volume method for dynamic SSI analysis
in the frequency domain. Two approaches are used for the definition of the input motion – a set of accelerograms and a
mean uniform hazard response spectrum. The resultant floor acceleration response spectra are compared for both of the ap-
proaches and used as a verification of the conclusions made, concerning the reliability and specifics of the RVT techniques
used for probabilistic assessment of structural response to seismic excitations.
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1 Introduction

Two of the main steps in the elaboration of a seis-
mic probabilistic safety analysis (SPSA) of nuclear power
plants (NPPs) include seismic hazard analysis and fragility
analysis of critical structures, systems and components
(SSCs). For the implementation of the analysis, a proba-
bilistic assessment of the structural response due to the
stochastic motions (such as earthquakes) should be made.

Current practices requires that the SPSA must be per-
formed with the consideration of the interaction between
structure and soil (SSI) either in time or frequency do-
main, using direct or sub-structuring methods (ASCE/SEI
4-16 [1], ASCE 4-98 [2]). The current report considers the
specifics and applicability of an approach for implementa-
tion of the sub-structuring method for SSI analysis, based
on the random vibration theory (RVT). This method is a
reliable alternative to the traditional approach, which re-
quires definition of the inputmotion as a site-specific time
history motion. Typically, a set of synthetic or modified
recorded ground motion histories is generated, that cov-
ers a number of code requirements for compatibility with
the site-specific target response spectrum (ASCE/SEI 43-
05 [3]). The approach includes execution of a series of
deterministic dynamic analyses and statistical processing
of the resultant structural response parameters (accelera-
tions, displacements, stresses, etc.). A crucial step is the
appropriate selection of seed time histories for matching
the design response spectrum, as well as the number of
time histories, sufficient to obtain a stablemean response.
Several studies indicate that this approach results in mean
of maximum values of the response parameters that vary
in large ranges (around 30%), [4]. The observed variance
is attributed precisely to the incomplete coverage of the
whole range of parameters of the design motion by the

generated set of accelerograms.
The current report is focused on an alternative ap-

proach for analysis, which reduce the above-mentioned
shortages of time histories. The approach applies the as-
sumptions of the RVT and ensures a stable mean of maxi-
mum response estimation aswell as a significant reduction
in time for generation of input motions. A number of re-
searchers (Deng, Ostadan, and Der Kiureghian) report ef-
fective application of the approach in the SSI analysis of
NNPs [4–7]. A numerical procedure for application of RVT
for the purpose of SSI analysis is defined and implemented
in the SASSI 2015 computer code for analysis of SSI, [6,7].

The specifics, advantages and limitations in the ap-
plication of the RVT techniques for SSI analysis of NPPs
are summarized in the report. A numerical example, pre-
sented in the text below, is elaborated for verification of
the conclusions made.

2 Theory Background

Resistance of building structures and facilities to ran-
dom dynamic phenomena has been a crucial task of struc-
tural engineers from the dawn of structural engineering
until now. Most of the natural events such as earthquakes,
winds, ocean waves, etc. have random dynamic nature.
Scientific efforts are focused on establishing a reliable an-
alytical definition of the randommotion of a structure, ex-
cited by a random input and reliable methods for their ap-
plication in the structural analysis.

The basis of themathematical theory of random vibra-
tions (RVT) are laid with the work of Einstein, [8], who de-
veloped equations, governing the distribution of motions
of a Brownian particle, suspended in a fluid. Inmechanical
point of view, the solution of Einstein concerns the vibra-
tions of a viscous damped single degree of freedom (SDOF)
system, fixed at the base and excited by white noise.
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After the basis of random vibration analysis have been
laid, the theory undergoes rapid development, leading to
implementation in various scientific and practical fields,
including seismic engineering. Some of the achievements,
leading to the definition of reliable numerical expressions
of random processes, applicable to structural analyses are
related with the name of Crandall, [9] and the definition
of the equation of motion of an SDOF system, fixed elas-
tically and subjected to a random stationary excitation of
white noise.

The theory is further developed by the establishment
of relations, crucial for the solution and definition of ran-
dom vibration problems in structural engineering. For ex-
ample, the definitions of spectral density and the descrip-
tion of the excitation and response of the SDOF system in
terms of their moments (averages), [10–12].

The abovementioned studies describe the basics in
the application of RVT in numerical analyses of building
structures. The further development of RVT is directed
to the enhancement of the interpretation and modelling
of the structural response and the random dynamic mo-
tions, such as earthquakes, innovations of the techniques
for analysis, specification of nonstationary random pro-
cesses, random vibration of random structures and many
others.

3 Application of RVT to SPSA of NPP

RVT techniques can be used for obtaining statisti-
cal mean estimates of the extreme frequency-dependent
structural response through a single analysis. This is the
reason RVT turns to be a potentially powerful tool for exe-
cution of a SSI analysis that can provide fast and accurate
estimates of the structural response quantities, needed for
the safety assessment of nuclear power plants.

The application of the RVT in seismic engineering is
related with the study of Der Kiureghian [5, 13] and Dav-
enport [14]. The approach, based on RVT used in the SSI
analysis in the frequency domain, includes the following
basic stages:

1. Definition of the input motion

In random vibration analysis of structures, subjected
to stationary excitations it is common that the input mo-
tion is defined as a power spectral density (PSD) function.
However, in earthquake engineering it is convenient that a
site-specific mean acceleration response spectrum is used
for representation of the input motion.

2. Conversion of the input motion into a power spectral
density (PSD) function

Following the study of Der Kiureghian [5, 13], the PSD
function of the stationary response of a linear system is
the product of the system transfer function and the PSD of
the input process (Eq. 1).

Sd(ω) = H2(ω)Sa(ω) , (1)

where Sd(ω) is the relative displacement power spectral
density; Sa(ω) is the acceleration power spectral density
function; H2(ω) is the transfer function between the dis-
placement response and the absolute acceleration input of
an SDOF oscillator with frequency ω0 and damping ξ , de-
fined by the following equation:

H2(ω) =
1

(ω2
0 −ω2)+4ξ 2ω2

0 ω2 . (2)

The procedure proposed for generation of a PSD func-
tion, compatible with a specified acceleration response
spectrum is iterative. It takes advantage of the narrow-
band properties of lightly damped, SDOF oscillator trans-
fer functions (TF). Crucial stage is the determination of the
statistical mean value of themaximum response of the os-
cillator to a zero-mean Gaussian excitation. The solution
of the problem is based on the theory of extreme value
statistics and the Parseval’s theorem, [5, 13–15]. The cu-
mulative distribution of the peak absolute response over a
duration t has been defined as a function of the parame-
ters for mean zero-crossing rate of the process, ν and the
shape factor for the response PSD, d. Both parameters are
expressed as functions of the first threemoments of the re-
sponse PSD function. Due to the limitations of the report
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length, the reader is referred to [5] for numerical expres-
sions of the parameters.

The mean and standard deviation of the peak absolute
response over a duration t (Rt ) may be obtained in general
as R̄τ = pσR and σRτ = qσR , respectively, where p and q
are peak factors, defined as functions of the three spectral
moments and the duration t. Noticing that λ0 = σ2

R
, then

the mean of maximum response of the oscillator is:

R̄τ = p
√

λ0 , (3)

where λ0 is the zero moment of the response PSD, [5].
Concerning the validity of the theory assumptions for

earthquake excitations, in the above formulations, t is
taken as the strong motion duration of the earthquake,
which is assumed nearly stationary and the peak response
usually occurs during this phase (Figure 1). Definitions and
equations for the estimation of the strong motion dura-
tion are proposed by the current codes (ASCE/SEI 4-16 [1],
ASCE/SEI 4-98 [2]) as a function of various seismo-tectonic
parameters. The assumption of a Gaussian excitation is
acceptable from the point of the central limit theorem,
since the earthquake groundmotion is an accumulation of
a large number of randomly arriving pulses.

The applicable iterative procedure for conversion of
the acceleration response spectrum into a PSD function
uses the formulations above and includes the following
steps:

• Conversion of the acceleration response spectrum
RSa(ω) to a relative displacement response spec-
trum RSd(ω);

• Assumption of any acceleration PSD function
Sa,0(ω);

• Calculation of the mean of the maximum rela-
tive displacement response for all the frequencies,
defining the response spectrum with the assumed
Sa,0(ω) and the relations given above. This repre-
sents the new relative displacement response spec-
trum RSd,1(ω);

• Calculation of the ratioR(ω)=RSd(ω)/d RSd,1(ω);

• Correction of the assumed acceleration PSD func-
tion Sa,0(ω) by the square of the ratio R(ω) and
calculation of a new acceleration PSD function
Sa,1(ω).

Iterations are repeated until a correction factor with a
specific value is reached (usually 5–10%).

3. Calculation of the mean of the maximum structural re-
sponse

The calculation of the mean of the maximum response
for different structural points requires the acceleration
PSD function, Sa(ω) of the input acceleration and the
transfer function between the acceleration input and any
desired response (displacement, stress, acceleration, etc.),
Hr(ω). The transfer functions are computed through a
standard SSI analysis frequency-domain method. The cal-
culations use the defined relations above.
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Figure 2. Schematic of the RVT approach for SPRA of building
structures.

Figure 2 illustrates the schematic of the exposed RVT
approach for the SPRA of buildings.

The assumptions of the RVT techniques for seismic re-
sponse analysis of building structures lead to some con-
clusions for the advantages and limitations of their appli-
cation:

• RVTproposes a convenient formof the inputmotion
representation;

• Reduced time for structural analysis and prepara-
tion of input data in comparison with the acceler-
ation time history approach;

• Reliable results for building structures with a pro-
nounced fundamental natural mode of vibrations;

• Reliable results for sites with prevailing seismicity
that excludes short duration pulse-like earthquakes;

• Limited to equivalent-linear structural systems;

• Results are presented as maximum of extreme re-
sponse quantities for each frequency and different
percentiles. Time-histories of response quantities
cannot be obtained.

4 Numerical Example

The applicability of the exposed RVT techniques for
the probabilistic safety analysis of NPPs is verified by a nu-
merical example. The example considers the structural re-
sponse of a WWER-1000 reactor building to seismic exci-
tations, including the SSI.

This type of building is symmetric and its free vibra-
tions are dominated by a single pronounced mode at each
of the two main horizontal directions. For a fixed based
finite element model of the building, around 50% of the
structural mass is activated in the first mode of vibrations
and around 20% in the fourth (Figure 3). Nevertheless,
for the SSI finite element model, the fundamental struc-
tural response is dominated by the soil response. This is
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Figure 3. Dominant modes of free vibrations in main direction X for the examined WWER-1000 reactor building: a) 

1st mode (f=4.81 Hz), b) 4rd mode (f = 6.59 Hz) 

b)

Figure 3. Dominant modes of free vibrations in main direction
X for the examined WWER-1000 reactor building: a) 1-st mode
( f = 4.81 Hz), b) 4-th mode ( f = 6.59 Hz).

expressed by a shift of the first dominant frequency to 1.7-
2.0 Hz for both of the main horizontal directions. This ef-
fect can benoticed in thefloor response spectra, illustrated
in Figure 4.

A finite element model of the complex of the building
structure and the soil domain is generated. For the pur-
pose of modelling and analysis, the software environment
of SASSI2015 is used. The program is validated through
natural experiments and approved analytic solutions, and
has a vast application for the nuclear industry projects.
The functionalities of the code allow for execution of linear
dynamic analysis in the frequency domain with the con-
sideration of the soil-structure interaction (SSI), using the
flexible volume method. The non-linear response of the
soil is considered by effective strength parameters, con-
sistent with the strains, developed in the soil domain.

A comparison of the probabilistic estimation of the
computational model response is made, when two ap-

proaches for definition of the input motion are applied:
using accelerograms, consistent with the uniform hazard
free field response spectrum and using the uniform hazard
free field response spectrum itself.

A set of thirty three-component acceleration time his-
tories is generated for the first case using the Latin hyper-
cube sampling (LHS) method for generating random sam-
ples of parameter values. The set includes synthetic and
modified recorded earthquake accelerograms. The time
histories are generated for seed accelerograms, recorded
at the site of interest or at sites with similar geological
and seismological characteristics. The requirements of
ASCE/SEI 43-05 formatching the uniformhazard response
spectrum are met, as demonstrated in Figure 5.

The solution in the first case includes execution of
a series of deterministic dynamic analyses and a statis-
tical processing of the resultant structural response pa-
rameters. The solutions to the equations of motion in
SASSI2015, [6,7] are carried out for steady state harmonic
motions for each considered frequency. Therefore, for the
calculation of the responses due to transient motion, Fast
Fourier Transform is performed first. In this case of analy-
sis, except for the probabilistic definition of the input mo-
tion, several structural parameters are also probabilisti-
cally defined, including soil properties, soil layer thickness
and structural materials properties.

In the second case of analysis, the statistical mean val-
ues of extremes of structural response parameters are esti-
mated using the assumptions of the random vibration the-
ory. For this analysis the structural and soil properties are
defined as their estimated mean values.
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Figure 4. Comparison of floor acceleration response spectra, generated by analysis using accelerograms and RVT: a) 

at the foundation level (node 104), b) at the top of the containment (node 9115), c) at top of the auxiliary building 

(node 8636), d) plates of containment internal structure (node 7780)    
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Figure 5. Acceleration response spectra (ARS) (5% damping): a) of thirty generated time histories, b) mean of the 

thirty ARSs and uniform hazard ARS (UHRS) 
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Figure 4. Comparison of floor acceleration response spectra, generated by analysis using accelerograms and RVT: a) at the foundation
level (node 104), b) at the top of the containment (node 9115), c) at top of the auxiliary building (node 8636), d) plates of containment
internal structure (node 7780).
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Figure 5. Acceleration response spectra (ARS) (5% damping): a) of thirty generated time histories, b) mean of the thirty ARSs and
uniform hazard ARS (UHRS).

In the developed numerical example, the structural
response is evaluated by the floor acceleration response
spectra, calculated at 30 nodes of the structural model, lo-
cated at various levels and structural elements. The resul-
tant mean and mean plus one standard deviation (84 per-
centile) acceleration response spectra (5% damping), com-
puted by both of the approaches are compared and ana-
lyzed. The comparison is illustrated for four of the ana-
lyzed nodes in Figure 4.

The following observations aremade from the compar-
ison:

• The structural response is practically identical for
both of the applied approaches;

• The RVT procedure accurately matches the peak
spectral acceleration and frequency, calculated by
time histories.

• In case a second spectral peak occurs, a difference
between spectral accelerations around 7-8% is ob-
served for the frequencies of the rising slope of the
second peak (Figure 4d). The second peak spectral
frequency and acceleration also match well.

• The absolute acceleration (calculated at frequency
of 30 Hz) is also well matched by the approaches
used. The observed difference, averaged over the
thirty analyzed nodes is 0.68% and the maximum
difference is 2.31%;

• For the very low frequencies (below 0,2 Hz) the dif-
ference is significant and exceeds 50%.

The represented numerical example is indicative for
the correspondence of structural response, estimated by
the time history and RVT approaches for analysis. The
maximum difference between the responses, assessed by
both of the approaches (around 7–8%) appears in case a
second dominant frequency occurs and is observed in the
range of the rising slope of the spectral peak. In the current
example, this is the frequency range of 5–8 Hz. Although,
the reported difference is not significant, it indicates that
for structures with more than one dominant frequencies,
the RVT techniques may not capture precisely the struc-
tural response at higher frequencies. The large difference,

observed in the very low frequency range can be explained
with the theory assumptions. However, this range (below
0.2 Hz) is not of engineering interest for the considered
type of building. As a conclusion, the good agreement be-
tween the resultant accelerationfloor response spectra can
be explained with the predictive structural behavior, dom-
inated by a single pronounced frequency.

5 Conclusions

Based on the performed analysis and comparison of re-
sults, it is concluded that RVT is a reliable approach for
probabilistic assessment of the dynamic response of struc-
tures with a pronounced fundamental natural mode of vi-
brations, such as the WWER-1000 reactor building. An
advantage of the method is the significant reduction of
time, needed for the analysis execution, as well as the in-
put data preparation, compared to the approach using ac-
celerograms as input motion. In addition, the method al-
lows for covering the full range of the design earthquake
parameters, which might be underestimated in case a fi-
nite number of accelerograms is used.

Nevertheless, the RVT approach should be applied
with caution in SPSA of structures with more complex dy-
namic behavior andnumerous significant naturalmodes of
vibrations as well as for sites, where short-duration pulse-
like accelerations are typical.
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