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ABSTRACT

        ASCE 4-98 is a consensus standard for the seismic analysis of safety-related nuclear structures,  
published originally in 1986 and revised in 1994. As of 2013, an updated draft of the standard is being  
balloted. ASCE 4 is intended to be used with the seismic performance based design standard, ASCE 43.  
The goal of ASCE 43-05 is to ensure that nuclear facilities can withstand the effects of earthquake ground 
shaking with desired performance which is expressed as probabilistic target performance goals. To meet  
the target performance goals, ASCE 43 presumes that the analysis process in ASCE 4 adds sufficient 
conservatism to ensure that the analysis results exceed 80% of the seismic demands.
          This paper presents a case study of a deterministic Soil-Structure Interaction (SSI) analysis of a  
nuclear safety-related structure that was performed in accordance to ASCE 4. A second probabilistic SSI 
analysis  was  performed  and  the  results  of  the  deterministic  and the  probabilistic  SSI  analyses  are 
compared to evaluate the level of conservatism that the ASCE 4 design process introduces.  This case 
study  demonstrates  that  the  deterministic  analysis  rules  in  ASCE  4  generally  add  sufficient  
conservationism to develop 80% non exccedance probability seismic demands.

METHODOLOGY

Building Description and Structural Load Path

The nuclear-related facility is a two-story box-shaped cast-in-place reinforced concrete building,  
which is partially embedded in the soil.  Original soil investigations for this 35 year old building did not  
provide sufficient  information to perform the seismic analysis.  Thus, supplemental  soil  investigations 
were performed on either side of the building. The results of these investigations are labeled Site 1 and  
Site 2. Either site may exist under the building generally. 

Vertically,  loads are resisted by a cast-in-place T-beams and a flat-slab floor system.  The T-
beams and floors are supported by shear walls and numerous columns. Columns are supported on spread  
footings which are cast integrally with the basement floor slab.  Laterally, the roof and floor slabs acts as  
diaphragms to distribute lateral loads to the low-rise reinforced concrete shear walls.  The fraction of  
lateral load resisted by concrete frame action is negligible in this  building.

Seismic Loads

Seismic loads at the site are characterized by a Probabilistic Seismic Hazards Analysis (PSHA). 
The horizontal and vertical free-field surface design response spectra at 5% damping are shown in Figure 
1. The enveloped smooth design response spectra is used as input to the deterministic analysis. The 
individual spectra for Site 1 and Site 2 are used as input to the probabilistic analysis. The development of 
input time histories for deterministic and probabilistic analyses are discussed below. 
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Material Properties and Analysis Procedures for Deterministic Analyses

Soil Properties: The building is founded on a layered site with significant inversions in the shear 
wave velocity profile. The extent of the soil layers, which are important to the SSI analyses, are marked 
by clear changes in the shear wave velocity profile.

The dynamic soil properties are obtained from the PSHA. Since velocity profiles directly beneath 
the facility are not available, the two velocity profiles included in the PSHA for the area are used for the 
deterministic analyses. These profiles were developed based on measured data on either side of the 
facility. Deterministic analyses consisting of Best Estimate (BE), Lower Bound (LB), and Upper Bound 
(UB) soil properties are performed for each of the two profiles. Since either profile could exist under the 
building, the envelope of the six analyses  are used to establish the deterministic seismic demands. 

Strain compatible shear wave velocity (Vs) and damping profiles are taken from the soil 
properties developed by the PSHA results for the 2500 year hazard level. These are shown for site 1 in 
Figure 3. These velocity profiles are consistent with the seismic hazard computed for the two areas of the 
site and thus provide the strain compatible properties required by ASCE 43. The lower and upper bound 
shear wave velocity profiles shown in Figure 3 include broadening using a COV of 0.5 to comply with the 
provisions of ASCE 4-98. Compression wave velocity (Vp) profiles for use in SSI analyses are developed 
using the relationship between Poisson’s ratio computed using the ratio of low strain Vs and Vp, and 
strain compatible Vs. Poisson's ratio for these soils ranges from 0.24 to 0.39. Compression wave damping 
is taken as equal to shear wave damping. Compression wave velocity profiles are also shown in Figure 3. 

Seismic input: Acceleration time histories fit the 5% damped surface response spectra (DRS). 
Fitting procedures are consistent with methods defined in ASCE 43-05, however, additional spectral 
matching requirements are implemented for those time histories that are used in SSI analyses. 

Seed record selection can have a significant impact on the computed in structure response for 
systems with low damped, or narrow banded transfer functions (Houston 2010). The time history fitting 
process,  specified  in  ASCE 43,  can  result  in  valleys  in  the  Fourier  spectrum of  the  fitted  motions.  
Depending  upon  the  phasing  information  of  the  seed  records,  if  narrow  banded  transfer  functions 
describing the amplification of the motion in the structure response occur at the same frequency as the  
“valley”  in  the  Fourier  spectrum,  then  non-conservative  structural  responses  can  be  computed.  This  
phenomena  is  also observed in  this  analysis  and is  discussed in  the  results  section.  An engineering  
solution to mitigate this effect is to average the response due to five different recorded ground motion  
seed time histories. 

Structural Properties: The overall mass and stiffness properties of the building and hence the 
primary dynamic behavior, are represented in the SSI models. Laterally, the facility is a shear wall 
structure and the primary lateral load resisting elements are diaphragms and shear walls. Secondary load 
path elements are frame action between walls and slabs bending out-of-plane.  The amount of lateral load 
in the secondary load path is minimized by cracking out-of-plane flexural stiffness of walls and slabs. The 
ASCE 43 guidance of 50% of the uncracked stiffness is used for the out-of-plane stiffness of walls and 
slabs.  The roof girders and columns in bending are assumed to be cracked in the analysis. Columns are 
taken as uncracked axially. 

Soil-Structure Interaction Models: The SSI analysis is performed with SASSI.  Each dynamic 
model used in SASSI analyses consists of three parts: a free field model, a model of the excavated soil 
and a model of the building. The free field model represents the semi-infinite soil layers. The building 
model used to determine the seismic response of the facility is a detailed full 3D model of the building. 
The mesh is adequate to capture the horizontal building response with at least 14 elements horizontally 
between walls and 4 vertical elements per wall. The response of the flat slab internal floor is calculated 
with 8x8 elements in a typical two-way spanning bay. The mass of supported equipment is included and 
lumped directly to the structure when the dynamic coupling requirements of ASCE 4 are satisfied.  A 
frequency cutoff, fmax, of 30 Hz is used since previous analyses indicate that the building modes with 
significant mass participation are roughly 9 Hz laterally and 7 Hz to 15 Hz vertically; and the rigid body 
SSI modes are in the 4 Hz to 7 Hz range. 
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The excavated soil for the SSI model consists of solid elements with nodes located at the layer 
interfaces of the free field model. The vertical spacing between these nodes will not exceed Vs/(5fmax). 
The dynamic properties of the solid elements of the excavated soil model are identical to those described 
for the free field model. The excavated soil model is connected to the structural model only at the nodes 
located at the soil-structure boundaries. 

The control motion is specified as the free field motion and is input at the surface. The in-layer 
motions in the free field for the LB, BE, and UB soil cases are enveloped and the resulting spectrum 
compared to the mean in-layer response spectrum computed using the guidance provided in ASCE 43-05 
for moving the ground motion up or down in the soil column.  The mean estimate of in-layer response is 
developed using SHAKE to deconvolve the surface input motion through a suite of soil columns that 
represent the variability in strain compatible properties provided in the PSHA.

Per ASCE 4, for seismic loading where time history analysis is performed, an individual demand 
is obtained from the dynamic analyses of three statistically independent earthquake inputs, one vertical 
and two mutually perpendicular horizontals. The time history in any component direction is the algebraic 
sum of the components of three time histories (one vertical and two mutually perpendicular horizontal) in 
that direction. Alternately, the results of the three different directions may be combined with either the 
SRSS rule or the 100-40-40 rule.

The seismic demand in any direction is the envelope of the demands for the analyses cases 
described above (three soil conditions for two soil profiles). The change of sign, if applicable, is 
considered. 

In-structure Response Spectra:  The response spectra is generated for damping ratios of 2%, 5% 
and 15%.  The three components of the earthquake motion are considered when developing in-structure 
response spectra. An individual response spectrum is obtained from the dynamic analyses of three 
statistically independent earthquake inputs, one vertical and two mutually perpendicular horizontal 
motions. IRS at any degree-of-freedom, resulting from three different input components, is combined 
using the SRSS rule per ASCE 4. 

Per ASCE 4, in conjunction with response-spectra broadening discussed below, the peak 
amplitude may be reduced by 15%. Consistent with EPRI-NP-6041-SL and EPRI-TR-103959, the 15% 
reduction in peak amplitude is limited to subsystem damping values less than 10%; and narrow frequency 
peaks with a bandwidth to central frequency ratio, B, less than 0.3. The limitation on peak clipping is 
more conservative than required by ASCE 4-98, but it is consistent with current (2013) ASCE 4 
committee deliberations.

To account for uncertainties in the structural frequencies owing to uncertainties in such 
parameters as the material properties of the structure and soil, damping values, soil structure interaction 
techniques and the approximations in the modeling techniques used in the seismic analysis, the computed 
best estimate floor response spectra broadened ±0.15 fc  on either side of the frequency, where, fc 

corresponds to the frequency of the structural peak. 
Three response spectra are obtained for the three LB, BE, and UB soil conditions. A single 

response spectrum for that direction is obtained by enveloping the three spectra and smoothing. 

Material Properties and Analysis Procedures for Probabilistic Analyses

The probabilistic analysis makes use of Latin Hypercube Sampling (LHS) techniques wherein the 
variability of the supporting soil, building properties, and input ground motions are incorporated using 
randomized parameters. The randomized parameters for each set include: soil shear wave velocity and 
damping; structure frequency; structural damping; and input time histories. Two separate sets of 32 
realizations are used in order to represent the uncertainty in the underlying site profile and corresponding 
surface motions. 

The LHS method is a stratified sampling method used to generate a set of parameter values based 
on multiple random variables (RV). In the implementation of LHS, each Cumulative Distribution 
Function (CDF) of a RV is divided into n strata of equal probability, or fractiles. A fractile is then 
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randomly selected from each RV without replacement, and combined to form one realization of the 
analysis.

LHS results in N realizations of the probabilistic analysis, where the parameter values of each RV 
are defined as the midpoint probability associated with each fractile. Using the mid-point probability of 
each fractile, rather than standard LHS where a single value is selected at random within each fractile, has 
been shown to provide better estimates of the parameters of the distribution (Morgan, 1990). 

Seismic Input: Free field acceleration response spectra are the seismic input specified the 
deterministic analysis procedure. The 5% damped spectrum shape for each of the two site profiles are 
used as seismic input for both horizontal and vertical seismic analyses. 

Acceleration time histories are developed for the seismic analysis and are specified in the free 
field. Separate suites of time history records are developed to match the DRS for the two sites.

Since structural response is most sensitive to vertical input, 32 real recordings are matched to the 
vertical DRS (only amplitude scaling of records). The vertical component from each of the 32 
acceleration time history (ATH) sets selected from the real recordings are modified by a constant 
amplitude scale factor applied as required to attain the best fit of the spectral acceleration values in the 1 
to 20 Hz range. The logarithmic standard deviation, β, of the spectral fit to the free-field response spectra 
is computed. If  β  > about 0.1, then the scaled ATH records are loosely fit to the free-field response 
spectra such that  < 0.1. 

The two horizontal components associated with each vertical record are used as seeds in the 
fitting process for developing horizontal records, and β of the spectral fit to the horizontal free-field 
response spectra is computed. Since β > 0.2, the approach used are to fit each of the horizontal records 
tightly to the target spectrum. A scaling factor is applied to represent the horizontal component-to-
component directional variability. This variability represents the randomness of two orthogonal horizontal 
components of ground motion, H1 and H2, about the target geometric mean horizontal control motion. 
In this case the H1 component of motion is multiplied by the lognormally distributed random variable, R, 
with a median value of 1 and a a β of approximately 0.18.  Similarly, the H2 motion is multiplied by the 
inverse of the random variable.  The vertical directional variability is similarly incorporated with a factor 
having a median value of 1 and a lognormal standard deviation of 0.25. This approach is consistent the 
probabilistic approach in the 2013 updated draft of ASCE 4.

Response spectra for the suite of 32 ground motions fit to the Site 1 surface response spectra is 
shown in Figure 2. The blue line in the figure corresponds to the target from Figure 1 while the red line 
corresponds to the average the 32 response spectra. 

Dynamic Soil Modeling: The site is modeled as a series of infinite visco-elastic horizontal layers 
over a semi-infinite visco-elastic half-space. Strain compatible soil properties developed in the PSHA are 
used as the bases for the analyses. These strain compatible properties were developed for profiles at the 
two sites and for each of these profiles, median, 16th, and 84th shear wave velocity and damping values are 
provided. The values and distributions of soil properties are used to develop lognormal CDF for each of 
the two profiles. The CDF’s for each layer within each profile is subdivided into 32 equal probability 
bins. The material property associated with the mid-point probability of each bin is selected for use in 
developing the Latin Hypercube realizations. Taking 32 realizations for each layer from each of the two 
profiles will result in a total of 64 realizations to be analyzed.

Monte Carlo processes used to develop realizations of soil velocity and damping profiles are 
often based either on uncorrelated randomization of layer velocities or, alternatively, full correlation of 
the layer velocities. While full correlation of layer velocity tends to yield conservative estimates of the 
amplification function for the soil profile, both approaches can lead to velocity profiles that are 
significantly different than the velocity relationships observed in measurements.

In developing the profiles for the probabilistic analyses at the site, it is reasonable to assume that 
within any one realization the velocities within any unit are fully correlated (i.e. the fractile for the 
velocity in a particular geological unit remains constant). However, unlike the case for granular soils, the 
soil at this site was deposited by different volcanic events, and there is no physical reason to expect that 
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the velocities between geological units should be correlated. Therefore, the velocities between units is 
modeled as uncorrelated. This assumption is consistent with the observed measurements of velocities at 
the site.

Structural Properties: The overall mass and stiffness properties of the building and hence the 
primary dynamic behavior, are represented in the SSI models. The best estimate of the structural 
properties is developed. Variability in the structural model is incorporated in the stiffness and damping 
properties used to develop each of the thirty-two realizations of the structure.

Per EPRI-6041, the logarithmic standard deviation on frequency is about 0.15 for nuclear power 
plant-type steel or concrete structures where detailed analysis and accurate models are used. A β = 0.15 
on frequency translates to a β = 0.30 on stiffness since stiffness is proportional to frequency squared.

The ASCE 4 lower bound and upper bound stiffnesses, which are based on the recommendations 
of the “ASCE Working Group on Stiffness of Concrete Shear Wall Structures,” (ASCE, 1994) are  KLB = 
0.75 KBE and KUB = 1.25 KBE.

The ASCE 4 lower bound and upper bound stiffness correspond to nonexceedance probabilities 
of 0.17 and 0.77 respectively which are close to ±1 standard deviation. If the ASCE 4 lower bound and 
upper bound stiffness are assumed to be ±1 standard deviation values then the corresponding β would be 
0.29 and 0.22, respectively. This is consistent with the β = 0.30 on stiffness used herein.

EPRI-6041 provides median and median minus one standard deviation damping values for 
reinforced concrete members at stress levels of “about ½ yield” and “beyond or just below yield point” 
listed in Table 11 as Stress Levels A and C.  Consistent with EPRI-6041, the structural damping values 
are assumed to be log-normally distributed. The logarithmic standard deviation, β is calculated from 
(Median -1  Damping) = (Median Damping) e-1. An intermediate stress level with a median of 0.07 and 
a logarithmic standard deviation of 0.4 is inferred from the EPRI-6041 data. This stress level is consistent 
with ASCE 43-05. 

Soil-Structure Interaction Models: The SSI analysis, dynamic models, control motion, and 
combination of motion and vertical-horizontal cross coupling are described in the deterministic SSI 
analysis procedure.

In-structure Response Spectra: The response spectra are generated for damping ratios of 2%, 5% 
and 15%.  Individual response spectra are obtained from the dynamic analyses of each set of acceleration 
time histories used for each realization. In-structure response spectra at a degree-of-freedom, resulting 
from the three different input components are combined using the SRSS rule per ASCE 4. The extraction 
is sufficient to define the median response, 80th percentile non-exceedance probability (NEP) response, as 
well as estimates of β. Peak clipping is performed as described above. Uncertainties in structural and soil-
structure interaction frequencies are specifically incorporated in the probabilistic SSI analyses; therefore, 
no enveloping or smoothing of the computed in-structure response spectra is required.

RESULTS
The results of the probabilistic SSI analyses are compared to the results of the deterministic SSI 

analysis in terms of In-Structure Response Spectra (ISRS) and peak accelerations.
Peak  Accelerations: Ratios  between  peak  accelerations  for  the  deterministic  SSI  and  the 

probabilistic  SSI  are  shown in  Table  1.  The  peak  accelerations  for  the  probabilistic  analysis  is  the 
envelope of the 80% nonexceedance IRS for the two site profiles. In general, the horizontal and vertical  
peak accelerations are less than 10% larger in the probabilistic analysis except the horizontal at roof  
elevation which is 4% lower. 

Ratios of 5% damped peak spectral accelerations for the deterministic SSI and the probabilistic 
SSI are shown in Table 1. In general, the horizontal and vertical peak accelerations are smaller in the  
probabilistic analysis. For the cases which are larger, the difference is less than 10%.

Influence of Seed Time History: Deterministic analyses are often performed with a single time 
history  based  on  a  recorded  ground  acceleration  seed  time  history.  ISRS  are  calculated  in  the 
deterministic portion of this analysis using different seed time histories and the results are compared.
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Figure  4a  contains  lateral  transfer  functions  for  different  nodes  on  the  roof.  These  transfer  
functions  correspond to the  best  estimate  case  for Site 1 soil.  Note  that  the roof in this structure is  
supported  laterally  by  the  buildings  main  shear  walls  and  this  response  is  typical  of  the  response  
throughout the building. The transfer functions reflect the structures 6 Hz dominate natural frequency and  
7% damped (ASCE 43) response. Symbols on the plot indicate calculated frequencies. Overall, these are  
very well behaved transfer functions.

ISRS at nodes in the building center and corner are shown in Figures 4b and 4c. Each of these  
ISRS are based on the center and corner transfer functions in Figure 4a. Each ISRS is based on a different  
recorded ground motion seed time history that is fit to the smooth horizontal DRS in Figure 1.  There is a 
factor of 1.5 in the ratio of the maximum to minimum peak spectral response at the buildings natural 
frequency.  At the peak spectral acceleration, there is a ratio of 1.2 to 1.3 between the maximum and 
minimum peak acceleration.

As discussed previously,  these differences are caused by local holes and peaks in the Fourier  
spectra.  To increase the reliability of the calculated response,  an average of  five different  seed time  
histories is reported from the deterministic analysis.

Note that most of the effort in an SSI analysis is expended in model preparation and calculating  
the transfer functions. The calculation of response for different input time histories is straightforward.  
Calculating the response of four additional time histories and averaging the result is a very small cost for 
benefit in analysis accuracy.   

In-structure Response Spectra:  ISRS at the partially embedded Level 1, Level 2, and roof are 
compared in Figure 5. Horizontally, the probabilistic ISRS are broader on the low frequency side and the 
peak basement 5% damped spectral acceleration increases slightly. Horizontally, the probabilistic ISRS 
peak spectral acceleration are reduced in Level 2 and roof elevations. The lateral response at Level 1 is 
not amplified by the structure and peak spectral acceleration of the probabilistic response is roughly 10% 
higher than the peak spectral acceleration of the deterministic response.  At the roof,  the peak lateral  
spectral acceleration of the deterministic analysis is roughly 25% higher than the probabilistic response.  
The peak spectral acceleration of the two site cases is similar, but the peak spectral accelerations may 
occur at different frequencies.

Vertically, the probabilistic ISRS are lower than the deterministic ISRS. The deterministic peak 
spectral acceleration of the Level 1 floor is roughly 20% higher than the probabilistic results. At Level 2,  
the deterministic peak spectral acceleration is roughly 10% higher than the probabilistic response. At the  
roof slab between girders, the spectra are similar.

Generally, the deterministic analysis performed using the ASCE 4 criteria is less than the 80% 
Non-exceedance  probability  (NEP)  SSI  results.  At  the  roof,  the  peak  horizontal  spectral  response 
predicted by ASCE 4 is roughly 20% larger than the 80% NEP response.

In Level 1, the ASCE 4 response is roughly equal to the 80% NEP response. However, there are  
regions where the 80% NEP response is larger than predicted by ASCE 4.  Note that the conservatism is  
built into the ASCE 4 analysis procedure by enveloping the structural response due to three different soil 
columns  and  then  broadening  the  spectra.  Level  1  floor  response  spectra  generally  do  not  include 
significant amplification form the structure and thus typically have less conservatism than elevated floor  
in the structures. Houston et al. (2009) observed similar results for the lower level of both embedded and 
surface structures. Note, that even though the two soil cases are significantly different from each other,  
the difference in the resulting probabilistic spectra are often within 10%.

CONCLUSIONS

SSI analysis are performed in accordance to ASCE 4, which has a set of deterministic analysis 
rules that are intended to develop 80% NEP seismic demands.  A probabilistic analysis  of  a nuclear-
related structure is performed to calculate the 80% NEP seismic demands and to compare the results with 
the deterministic analysis performed per ASCE 4.  
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Generally, the deterministic analysis performed using the ASCE 4 criteria is less than the 80% 
Non-exceedance  probability  (NEP)  SSI  results.  This  case  study  demonstrates  that  the  deterministic  
analysis rules in ASCE 4 generally add sufficient conservatism to develop 80% NEP seismic demands.
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Table 1: Ratio of Deterministic to Probabilistic Accelerations

Peak Acceleration 5% Damped Spectral Acceleration

Level Horizontal Vertical Horizontal Vertical

1 0.79 0.92 0.91 1.19

2 0.93 0.97 1.19 1.11

Roof 1.04 0.93 1.23 0.90

Figure 1. Horizontal and Vertical Field Surface Design Response Spectra for Site 1, Site 2 and the 
Enveloped DRS (5% Damping)
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a) H1 Horizontal a) Vertical

Figure 2 Comparison of Response Spectra for Site 1 Probabilistic Ground Motions

a) Deterministic Site 1 b) Probabilistic Site 1

Figure 3. Probabilistic dynamic analysis site properties
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a) Roof Node Transfer Functions at Center, Quarter Points and Building Corners

  b) Center In-Structure Response Spectra c) Corner In-Structure Response Spectra

Figure 4. Lateral Transfer Functions and ISRS for Roof Nodes with Different Seed Time Histories 
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a) Roof Slab, Horizontal Response b) Roof Slab, Vertical Response

c) Level 2, Horizontal Response d) Level 2, Vertical Response

e) Level 1, Horizontal Response f) Level 1, Vertical Response

Figure 5. In-structure Response Spectra ( 5% Damped)


