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1 ABSTRACT

The paper shows the effects of seismic motion iapeticy on the soil-structure interaction (SSI) oese

of a nuclear structures founded on different sitaditions. The paper presents results obtained faom
sequence of parametric SSI studies using the ARBBS8d stick SSI model that was also employed in
recent EPRI studies (Short, Hardy, Merz and Johngd®6 and 2007). The paper focuses on the efédcts
foundation embedment on incoherent SSI respondéerémt stochastic and deterministic incoherent SSI
approaches are employed. These incoherent SS|agm® are a part of those used in the EPRI studies
called the SASSI-based approaches (deterministicaA® SRSS approaches, and stochastic simulation
approach). In addition, an alternate version of 8RSS approach is included. The 2005 and 2007
Abrahamson incoherency models for all sites, hao#-rsites and soil sites are applied. No wave gssa
effects are considered. The computed SSI resuti& shat incoherent SSI effects are significantlfoth
non-embedded and embedded structures. Conclusimhseeommendations are stated at the end of the
paper.

2 SEISMIC MOTION INCOHERENCY

Seismic motion incoherency is due to the localispagandom variations of the seismic ground motion
horizontal plane across building foundations asesult of wave scattering and wave passage effects.
Assuming that the ground motion stochastic spatlations in horizontal plane can be idealizedaby
stationary Gaussian stochastic field, then, itstigb&orrelation structure is completely defined iy
coherency spectrum, or coherence function. Moreigédly, the coherence function is a complex qugntit
often called in earthquake engineering literatime unlagged” coherence function (Abrahamson, 2007)
However, in practice, the “lagged” coherence fumttithat is real and positive quantity defined hg t
amplitude of the complex coherence function is u$iethe horizontal apparent wave velocity of thawe
passge term is considered to be constant for efjuincies, then the “plane-wave” coherency model is
defined. The plane-wave coherency models coulddeel in conjunction with the plane-wave propagation
SSI codes, as it is illustrated herein.

It should be noted that the coherence fancat any given frequency is identical with thatistical
correlation coefficient or scaled covariance betwieo random variables that are defined by the dogs
of the motion at two different locations. This obsgion suggests that a series of efficient enginge
numerical tools developed for digital simulationsbbchastic spatial variation fields based on fiazétion
of covariance kernels could be extended for simafabf seismic motion spatial variation fields ugin
factorization of coherence kernels at each frequenc

Currently, based on significant statistical datebagormation, motion incoherency models were defiby

a set of specific coherency functions for differsoil conditions and foundation levels for 1) ates and
shallow foundations (Abrahamson, 2005), 2) allssi®d embedded foundations (Abrahamson, 2006), 3)
specific for hard-rock sites and shallow of embelfirindations (Abrahamson, 2007) and 4) specific so
sites for shallow foundations (Abrahamson, 2007Me Tcoherency function is unity for coherent SSI
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analysis. The coherence function is near unityost frequencies (less than 5 Hz) and reduces with
frequency and separation distance between theaigsT points in the free-field.

3 INCOHERENT SSI ANALYSIS METHODOLOGY

Two types of incoherent seismic SSI analysis apgres could be used: the stochastic approach and
deterministic approach. These approaches weretigagsd by Short, Hardy, Merz and Johnson (2007).
Stochastic approacts based simulating random incoherent motion zatibns (called Simulation Mean in
EPRI studies). Using stochastic simulation algongh a set of random incoherent motion samples is
generated at each foundation SSI interaction no#fes. each incoherent motion random sample an
incoherent SSI analysis is performed. The finahm&SI response is obtained by statistical avegagin
SSI response random sampl&eterministic approachapproximates the mean incoherent SSI response
using simple superposition rules of random incoheyenode effects, such as the algebraic sum (cal&d

in EPRI studies) and the square-root of sum of pugcalled SRSS in EPRI studies).

It should be noted that for the stochasitisulation approach and the deterministic apprdeged on
linear superposition, the number of extracted ceey matrix eigenvectors, or incoherent spatial @sod
can be as large as desired with zero impact orint@herent SSI analysis run time. By default, bé t
incoherent spatial modes are included. Consideratib all incoherent spatial modes improves the
incoherent SSI accuracy and produces an accura®/ewy of the free-field coherency matrix at the
interaction nodes; this can be checked for eaatukztion frequency. The AS approach is fast, fenes
faster than the stochastic approach, and it is &asyge.

Herein, we considered both stochastic asgrdhinistic incoherent SSI approaches using thé& AC
SASSI code (Ghiocel, 2007 and 2009). In additioth® stochastic simulation apprach, three detestiini
approaches were considered: i) linear superpositio algebraic sum, of the scaled incoherent apati
modes (AS in EPRI studies), ii) quadratic supeitfiys of the incoherent modal SSI complex response
amplitudes (transfer function amplitudes) assundrzero-phase for the incoherent SSI complex regpons
phase (SRSS in EPRI studies), and iii) quadratjgespostion of the incoherent modal SSI complex
response amplitudes (transfer function amplitudesjuming a non-zero phase for the incoherent SSI
complex response that is equal to coherent SSI lexmmpsponse phase (not used in EPRI studies)laBe
implementation is an alternate version of SRSSagr that does not neglect the complex responssepha

4 CASE STUDIES

Two case studies are considered: i) A typical PW&adRor Building (RB) with three different embedment

levels, and ii) the AP1000-based stick model usetthé EPRI studies with different embedment levats

two different foundation mat sizes. The AP1000-bastck model that was surface founded in the EPRI
studies was embedded in the analyses of this pdjer.two embedded structural models are shown in
Figures 1 and 2. The embedded foundation wallsradeled by shell elements.

Seismic input and soil layering were assunjeidentical with those used in EPRI studies Agt1000-
based stick model, ii) typical hard-rock site-sfiecGRS with 2007 Abrahamson hard-rock coherency
model and hard-rock soil profile with Vs of 9000sfpii) RG 1.60 GRS with 2007 Abrahamson soil
coherency model and soil layering with Vs of 10p6.f

4.1 RB SSI Model

The embedment levels were 0 ft and 50 ft. Seismpati and soil layering that were used in EPRI gsidi
were considered. The RB foundation diameter wa$t18bree incoherent SSI approaches were applied.

The effect of embedment is shown in Figurdt 3hould be noted that the motion incoherendgoté
are larger for embedded foundation than for nonextdbd foundation. This is due to the increase én th
dominant SSI mode frequency of the RB structuréisshiom 7 Hz for non-embedded foundation to 10 Hz
for embedded foundation. Incoherencu is more prooed with increasing frequency.
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Figure 1 Embedded RB Model
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Figure 3 Embedment Effects on the Coherent anchieremt ISRS Computed at Top of RB Structure

In either case shown in Figure 3, there is a sicgit reduction of response relative to coherert SS
4.2 AP1000-Based Stick Model

In this study, we used two versions of the AP1086€dl stick model: i) the Original model that is ctika
that used in EPRI studies (Short, Hardy, Merz astthdon, 2007)and ii) a Modified model to reflect the
real horizontal foundation size of the actual ARL@Qclear island complex with two different sointions.
Thus, the AP1000-based stick foundation size wadified from the 150ft x 150ft size used in the EPRI
investigations to the 158ft x 254ft size that ighie actual design, as shown in Figure 2.

For the original AP1000-based stick model, the $mjering, seismic input and Abrahamson coherency
model were identical with those used as in the ERBdlies. For the modified AP1000-based stick model
with a larger foundation size, the seismic inputl anil layering were changed to reflect two extresog

site conditions: 1) hard-rock site (Vs about 9@@Jfand 2) soft soil condition (Vs about 1000fpR)e
seismic input was defined by a site-specific grospectrum that is typical for the hard-rock coratit{peak
spectral acceleration is in the 20-25 Hz rangea),tae RG 1.60 spectrum for the soil condition, essively.
The 2007 Abrahamson coherency model for hard-rauk soil sites were applied (incoherency model
options # 5 and 6, respectively, in ACS SASSI). Taetrol motion was defined at ground surface.

The two versions of the AP1000-based stick modedsewconsidered with no embedment, as in EPRI
studies, and with 35 ft and 50 ft embedment depéspectively.
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Figure 5 Embedment and Motion Incoherency Effeat8% Damping ISRS at
Basemat Center (Node 1) and at the Top of CIS (Na$d

Figures 4 and 5 show the computed (mean) incoheaedt coherent acceleration transfer function
amplitudes and 5% damping ISRS in the X directibtha basemat center (node 1) and at the outrigger
extending 75ft in X direction from the top of thentainment internal structure (CIS) of the unmeaifi
EPRI AP1000-based stick model (node 229). The ssaimmic input and soft rock layering used in the
EPRI studies was considered. Comparisons are fagnmoedment, 35ft and 50ft embedments. The 2005
Abrahamson coherency model developed for all sit@s employed for both non-embedded and embedded

SSI models.

It should be noted that the favorable embedmeeteffto reduce the SSI responses are dominant 1§ to
15 Hz frequency, above which the motion incoheresgfégcts become more dominant. As shown in Figure
5, in the high-frequency range the ISRS reducturesto motion incoherency could be more than 50%.
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Figure 6 Motion Incoherency Effects for Non-Embedidleft plots) and 40ft Embedded (right plots)
AP1000-based Stick on 5% Damping ISRS at Top of @iSthe HardRock Conditions (Vs of 9000fps)
with the Hard-Rock Seismic Input for X (top), Y(¢er) and Z (bottom) Directions.
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Figure 7 Motion Incoherency Effects for Non-Embedideft plots) and 40ft Embedded (right plots)
AP1000-based Stick on 5% Damping ISRS at Top of @iSthe Soft Soil Conditions (Vs oDDO0fps)
with the RG 1.60 Seismic Input for X (top), Y(cemtand Z (bottom) Directions
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Figures 6 and 7 show the effect on motion incohgrem the 5% damping ISRS computed for the modified
AP1000-based stick model, at the outrigger extepdihft in Y direction from the top of CIS (hode@)Zor
both hard-rock and soft-soil site conditions. Ti&4 8nalysis inputs for the two site conditionsugiing the
coherence functions, are described in section 4.2.

By studying Figures 6 and 7, there are severabldsispects that need to be remarked:

The effects embedment and motion incoherency oré&lonses are significant for both the hard-rock
and soft-soil sites. It should be noted that eventhe hard-rock site with Vs of 9,000fps (about
3,000m/s), the embedment effect still produces & 28RS reduction. More generally, the motion
incoherency effects are significantly larger fordieock sites than soil-sites. However, as shown in
Figure 7 for ISRS in Z-direction, the reduction daeoherence could be also large for soil sites if
higher frequency responses are present.

The effects of embedment and motion incoherencg®hresponse have simple trends for the hard-rock
condition and complex trends for the soft-soil dtind. For soft soil condition, the embedment effec
indicates a slightly different dynamic behaviortbé SSI model that is visible under both cohereilt a
incoherent inputs. For example, in the X and Zdioms, the coherent ISRS show that the embedment
amplifies the SSI mode responses at 25 Hz and 3fddrmencies. Also, the torsional SSI mode sthat
shows in the 12-14 Hz frequency range in Y-diractiesponse is clearly more amplified by the motion
incoherency for the embedded SSI model than theendredded SSI model, i.e. in the Y-direction for
the embedded SSI model, incoherent response beclamges than coherent response in the 12-14
frequency band.

The motion incoherency effects are larger for higlmequency ranges. The magnitudes of the ISRS
reductions depend significantly on soil site coiodis. For the hard-rock site, the motion incoheyenc
effects reduce the SSI response for all frequeaoges, but more drastically in the high-frequency
range above 10-12 Hz. For the soft-soil condititie, motion incoherency effects manifest signifigant
starting at lower frequency ranges, well below XOwhen the soft soil coherence function is used.

From the above remarks, it is clear that the coetbieffects of embedment and motion incoherency are
much more complex and less intuitive for soil sit€kerefore, it appears that considering the coewin
effects of embedment and motion incoherency saéssis important. For hard-rock sites the motion
incoherency effects for the embedded model carcdled from the non-embedded model results.

It should be noted that for the incoherent SSlys®d shown herein we used the same coherencyduncti

for non-embedded and embedded structures. No sifggdr adjustment of coherency function was made fo
embedded structures founded on soil sites as steggbey Abrahamson (2007). This aspect is currently
under investigation.

It should be noted that the 2007 Abrahamson sdiecence function is currently not accepted by USCNR
Only the 2007 Abrahamson hard-rock coherence fangs permitted by US NRC at this time.

5 CONCLUSIONS

Based on the investigated case studies showndp#ger, the following conclusions are drawn:

1) The effects of motion incoherency are similar fonrembedded and embedded nuclear structures.
The SSI results shown herein indicate that motimolerency effects are significant for both rock
and soil sites. Typically, motion incoherency efteare larger for rock sites in high frequency
range.
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2) Combined effects of embedment and motion incohgrane much more complex for soil sites than
for rock sites. For rock sites, it appears thatiomtincoherency effects are to reduce the SSI
response at all frequencies, but more drasticallthe high frequency range, above 10-12 Hz. For
soil sites, the motion incoherency effects manifesible at much lower frequencies, below 10Hz,
where global, dominant structural vibration modeiste

3) For structures with significant mass eccentricjtiemtion incoherency effects could amplify the
torsional SSI responses, as shown herein for the0B®-based stick model on a soil site, in Y
direction.

As practical recommendations, we believe that @l sites, the combined effects of motion incohesen
and embedment have to be considered. For hardsitek since motion incoherency effects have simila
trends for non-embedded and embedded SSI modeds,usk of simple reduction factors might be
acceptable.

We believe that more study is worthwhile to propasel gain acceptance for the use of soil coherence
function by the US NRC.
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