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CONSISTENT SITE-RESPONSE/ SOIL-STRUCTURE
INTERACTION ANALYSIS AND EVALUATION

DRAFT
1 Background

The subject of development of site specific performpbe-based design motion and its
application for soil-structure interaction (SSI) anasisls'nas, been discussed in several
regulatory guides and standard review plans and other st' ards including RG 1.208,
SRP 2-.5.2, SRP .3' •;•no'71 SRPSP ~ SR ... ~ 37.,ASCE .4 9'adASCE 43!0 More recently, the
Interim Staff Guidance (ISG, May 2008) describes the use of various site-specific ground
motions for structural analysis and evaluatlion.!Jn this paper, the industrl-interpretation of
the guides and the agreement on the details "ofthe development and adp!Icatlon of the
ground motion for SSI analysis reached during t&'lNRCNEI meeting oiiSptember 25
and 26, 2008 are presented. TI&ncmphasis of thi'do,'ument is on development of the
site-response motion consistent wmmiQhs blication to SSianalysis and.evaluation.

In this paper, first t
design are presenr6
evaluation of th&eiic
_application of theMI
consideration of the

As l
to propose an altenC
was reed that eith

&fground milons required for seismic
on•,th'.teuse ofU"the ground motion for

tbiylit •,•th. ) site is discussed. Next, the
ific SSI analysis* is presented. Finally,
iut motion for-SSI analysis is discussed.

ISZfember 25 and 26, 2008, the Staff plans
Ppment of input motion for SSI analysis. It
presented in this paper or the forthcoming

It should be nothec
development of~tl
soil profile is cor
large that backfill

ission of consideration of geometry of the backfill in the
ion is outside the scope of this paper. It is assumed the
situ soil layers or the lateral extent of the backfill is so
A as a soil layer in the free-field analysis.

2 Seismic Motion and SSI Input Parameters

2.1 'CSDRS

Certified Seismic Design Response Spectra (CSDRS) - Site-independent seismic
design response spectra that have been approved under Subpart B, Standard DCs, 10 CFR
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Part 52, ESPs: Standard DCs; and COLs for NPPs as the seismic design response spectra
for an approved certified standard design NPP.

CSDRS are used in SSI analysis of the standard plants. Typically, CSDRS are used as a
surface motion for SSI analysis of the structures.

2.2 FIRS

Foundation Input Response Spectra (FIRS) - This is the site-specific motion
developed at the foundation elevation of the structure in the free-field.

The foundation elevation is the most appropriate locati.ono6 develop FIRS which in turn
is used to develop SSI input motion. Specifying th&ýs69ffiibJnput at'any other location
can lead to unrealistic response spectra at the foddbion lev*'6P'ý(e6ither seriously
unconservative or unrealistically high). Dev~el~phient of the FIRS should be consistent
with its application for SSI input motion d6ý_,`H6ment.
FIRS is a site specific performance-based designi imotlon ,Vaous soi amhicatlon

methods in NUREG/CR 6728 canibe used to develp.oFIRS" For example 'fi ethod 2A
of NUREG/CR 6728, the probabli-§Sfic~seismic hazard&analysis (PSHA) is performed and,
for sites in Central-Eastern US, the!inlf6Ahazard spectra .at the horizon with the shear
wave velocity of 9200 ft/sec at the meanean anniral f probabililof exceedance (MAPE) of
10-4 and 10-5 are obtained. The roclk•miotions arehamplified&-i•the soil column
representing the site.-. -T6brsider variati6n and uncerainties idynamic soil properties,
the properties areraniomize•anhd a suite ofptyjpically 60fdanomized soil profiles are
generated for soil ft lificationfhanalysis Soil umplification analysis is performed and the
response motion at thnJinorizon'o: interest aredobtained as the median response motion at
the wodeylsoofthe input•motto l• Iand 10 ý5MAPE). A frequency-dependent
deslgnii.faetor is~~omputed iisiiig the unifmhazard soil motions. The design factor is

appi'to the soil rspnise motion, atthe MAPE of 10-4 and the design response
spetijm (DRS) is developed. Onh, the horizontal DRS is obtained the vertical DRS is
develo6dusing the appropriate V/W kios for the site. The details of development of
performanccibased motion arepresented in NUREG 6728.

In summary FIRS~is a sites-pecific performance-based design ,response spectrum
with both horizontaýl andývevrtical components at the foundation level of the,
structure in the free-fielldiand includes the design factors.

In this paper FIRS defines the motion that is developed following the process described
above. Depending on the project and number of Category I structures in the facility,
more than one FIRS may be required for the site. Also, depending on the application of
FIRS for development of SSI input motion, FIRS may be computed assurface motion of
a truncated soil column or as outcrop motion at the foundation level as defined in the
Section 2.4.
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2.3 Performance Based Surface Response Spectra (PBSRS)

Performance Based Surface Response Spectra (PBSRS) follows the same computation
steps as performed to. develop FIRS except that the soil column surface response defined
in Section 2.5 is used. The vertical component of PBSRS is obtained using applicable
V/H ratio.

2.4 SSI Input Motion and Soil Profiles

As stated in the Section 2.2, FIRS is a performance-baseh'motion and in effect is a
probabilistic motion. The SSI analysis is currentl -determijnistic analysis and is
performed with a minimum of three soil profiles. Iut motioinideveloped for SSI
analysis typically consists of 3-component a.eration time histui'es (two horizontal and
one vertical component). FIRS are used t6delop SSI input motiofiiDevelopment of
SSI input motion from FIRS is discussed in $~ition 3.2.

For the deterministic SSI analysistypically threesolj•4proes are used. Ttiell profiles
used in the SSI analysis should be cons9stent with th&•il profiles used for generation of
FIRS and its subsequent use to develop"the SSI input nMotion.

From the set of soil profilesiu sed in thsloil amplification analysis to develop the FIRS, a
companion set of.:straciiiompatible soil hear wave.ve vloc.ityanddamping profiles are
obtained. From jhis'set, the nffdian and tnejldard dieatibn of the soil velocity and
damping for each stil layer ares computed. T best estimate, the lower, and the upper
bound soil profiles for•SSI analys'is?,,are obtaine'&from the median profiles plus/minus one
standar de nlnalnmmmgiiithe m•'fffinum. variation of 1.5 x Gbest and Gbest/ 1.5 to

trescredAn•SRP 3.72 ere the term "best" denotes the best estimate
or ni7ian properties-. The P-wave velocity proies are obtained from the corresponding
shear'-wdae velocity profies usmgýthe soil Poisson's ratio of each layer. For the soil
layers bel•6,the ground "tr, table t~e~inimumr P-wave velocity of 5000 ft/sec should
be maintaineiilkFor SSI analysis, P-wave damping may be set to be equal to S-wave
damping for all soil layers. 90

In this paper, the thfee sollfprofiles defined above are referred toas the SSI soil profiles.

2.5 Soil Column Response - Surface and Outcrop Motion

Depending on the application of FIRS, FIRS may be a surface motion or an outcrop
motion as defined below.

The soil column analysis is typically performed using the one-dimensional wave
propagation programs such as SHAKE. The solution to the one-dimensional wave
propagation shows that, for each frequency of analysis, the motion in each layer can be
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decomposed into one incoming and once reflected component. In layered profiles such
as the one shown in Figure 2.1, the incoming and reflected components for layer "in",
defined as Em and Fm, are functions of the corresponding components of the layer next
to it. Following the trend layer by layer, it becomes clear that the incoming component of
motion in each soil layer is a function of the properties of the layers above it. In the
formulation of the SHAKE family of programs, the "outcrop" motion for each layer is
defined as two times the incoming component of the motion in that layer. Consequently,
SHAKE "outcrop" motion is a motion that in effect is a function of the soil layers above
and .below that layer. The outcrop motion with this definition is different from the
surface motion of the same column with the upper soil layers removed. The latter soil
column with top soil layers removed has also been referre'ljo",a's "geologic outcrop"
which in effect is a surface response motion of a truncaboil column.

In this paper, the outcrop motion definition used iA e programSHAKE is adopted. The
Soil Column Outcrop Response is labeled as, SCR. The Soil'G",Zlumn Surface Response
is labeled as SCSR. If the soil column is re d-t'. in height by removing some of soil
layers at the top of the soil column, the T ifibated Soil Column Surf •Response is
labeled as TSCSR. At the ground surface levelrSCSR and•,SCOR are theame.

Deiendin2 on aDolication of FIRS FIRS mav be com Ku as SCSR. TSCSR. or as
SCOR as described in Section 3.
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3 FIRS Application

FIRS has three basic applications as described below.

3.1 Comparison of FIRS with CSDRS to Determine Certified
Design Motion Applicability

3.1.1 Surface Structures

If the certified design is a surface founded sti
been performed with a SSI model with no en
Figure 3-1. For the evaluation of the applica
should be computed as the soil column sulifV
same as PBSRS defined in Section 2.3. TheN
with the corresponding CSDRS and the decis
is made. A"k

he design has
illustrated in
ý, the FIRS
case, FIRS is
'are compared
fi$SSI analysis
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Facility

CSDRS L FIRS

SOIL SOIL

GENERIC SOIL PROFILE N"IB______"_

S OIL Sol]

GENERIC SOIL PROFILE ___

S_, '______ _______ PROCK ,. ROCK

AAA• ,9200 ft/sec Zone

(a) SSI Model with Generic Soil Profile . . , .b) Facility at the Site (c) Site Soil Profile

Figure 3-1 Comparison of CSDRS with FIRS for Surface Structures
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3.1.2 Embedded Structures Analyzed as Surface Structures in the
Certified Design

Some structures in certified design have been analyzed as surface structures with no
embedment. The embedment has been ignored since the certified design is based on
numerous soil profiles that cover a wide range of site conditions. However, the structure
is an embedded structure as shown in Figure 3-2. For these structures the FIRS should be
computed as the surface response motion of a truncated soil column (TSCR) and
compared with the CSDRS. ,

For computation of FIRS as TSCR, the truncated soi,,,`if should include the effect of
soil layers above the foundation depth on the nonliharsdi propertles of the soil layers
below in terms of both the confining pressure aIswell the soll~column frequency of the
soil layers above the truncated depth. One direct approach to Include these effects in the
analysis is to perform the soil column analysfor the full soil colu!!'.with no truncation
and develop the set of strain-compatible sOfl elocity and damping pidfiles. Once the
strain-compatible soil profiles are obtained, remove the soil layers corresponding to the
embedment depth of the structure {soil-E in Figute 3-1) thd perform the se'fid round of
soil column analysis with the tridi&•t&t-soil columns\i h no further iteration on soil
properties. Once the response motions at;the truncate&s4 irface are obtained (TSCR), the
FIRS are developed using the procedute descrjibed in Sectior-'2.2. The FIRS in the
horizontal and vertical- directions are compared'wltpthle CSDRSin the respective
directions and the,des6 onthe need iSSI analysis is made.
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CSDRS

GENERIC SOIL PROFILE

r FIRS

SOIL

SOIl

ROCK
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(c) Truncated Site Soil Profile

GENERIC SOIL PROFILE

(a) SSI Model with Generic Soil Profile

Figure 3-2 Co for Embedded Structures Analyzed as Surface Structures in
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3.1.3 Embedded Structures Analyzed as Embedded Structures in the
Certified Design

In the certified design, the structures have been modeled and analyzed as embedded
structures as shown in Figure 3-3. It is assumed that CSDRS is used as surface motion in
the certified design.

For this structure, first the CSDRS-based foundation spectra should be developed. This
is the soil column outcrop response (SCOR) at the depth of the foundation in the soil
column. The generic design soil profiles used in the certl'M'aesign of the structure and
the input CSDRS should be used in the soil column dei~cnbvolution analysis to develop
the CSDRS-based foundation motion. The envelopk-oit';hLth SRS-based foundation
spectra for all the generic soil profiles are complitedInd usedi@fftcomparison with the
site specific FIRS. De-convolution analysisjs- repeated to dev the CSDRS-based
foundation spectra in the vertical dlrectlon"-

For the computation of FIRS, the soil column at
performed and the soil column outcrop responsc
used to develop the FIRS. The vertical Ymotion
V/H ratio.

In this evaluation both the FIRS and CSDRS-6a
motions. The sites I compared 4.
to decide if a site~s•pcific SaSI analysis is needA

If in the certified desiguCSDRS%`isused as outiij

i4nyasis usii). the full hei•oftsoil column is
(SM at the depth of th&'ýf undation is

;ho býýb obtained from the applicable

l•pmotion are defined as outcrop
iticilh.ýCSDRS-'b-ased foundation spectra
tior not.

rop motion in the free-field at the
.ed foundation motion is the same as the
mpared with the FIRS computed as
evaluation.
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Facility CSDRS CSDRS BASED OUTCROP FacilityI IFOUNDATION SPECTERA

GENERIC GENERIC ------------ ---------------
SOIL-E SOIL-E GENERIC SOIL-E PROFILE SOIL-E SOIL-E SOIL-E

PROFILE PROFILE

OUTCROP FIRS

GENERIC SOIL PROFILE

SOIL

SOIl

GENERIC SOIL PROFILE

ROCK

9200 ft/sec Zone

(d) Site Soil Profile(a) SSI Model with Generic Soil Profile

FIRS for Embedded Structures Analyzed as Embedded Structures in
Certified Design
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3.2 Using FIRS to Develop Input Motion for Site-Specific SSI
Analysis

Once the decision is made to perform site-specific SSI analysis, the SSI input motion and
the soil profiles for SSI analysis should be developed. The SSI soil profiles and input
motion should be consistent with the soil profiles and the motion used for development of
the FIRS.

3.2.1 Site-Specific SSI Analysis of Surface Stfuctures

For surface structures with the foundation essentiall rat'theround surface, FIRS should
be developed using the soil column with its full eight and the 1s§1 column surface
response (SCSR) will be used to develop the"IRS eri FIRS' ill be developed
using applicable V/H ratio. In this case FRSanPB are the samdo The horizontal
and vertical FIRS can be used for SSI analysis.This is shown in Figurfý4. For SSI
analysis that require acceleration time history for input eg.%'*SASSI2000, -FIRS-
compatible acceleration time histores should be de v.16lop9d and used as input~f0llowing
the requirements of the time histo•!generation.

The three soil profiles for SSI analyslstare obtaimed from tie set of strain-compatible soil
profiles as describediin&S5ction 2.4.

%'2%

N K

o$
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= SSI Input

el (b) Site Soil Profile

and SSI Input Motion for Analysis of Surface Structures
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3.2.2F`SSI Analysis of Embedded Structures Modeled as Surface
Structures

If the structure has shallow embedment and is modeled as surface structure, the FIRS
should be developed from the truncated soil column surface response (TSCR). As
described previously, the soil column analysis is performed using the full soil column in
order to obtain the strain-compatible soil properties. The soil columns with the strain-
compatible soil properties are truncated by the removing jhi;top layer (layer E in Figure
3-5) and soil amplification is repeated without any furtheritle'6*tion on soil properties.

The truncated soil column response is used to developFIR'S The input motion for SSI
analysis is the same as FIRS. The soil columns for-SSIfana'lsis are obtained from the set
of soil columns used for the generation of the Fxgas descriWe&Fin Section 2.4.
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Analysis of Structures with Shallow Embedment MOdeled as Surface
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3.2.3 SSI Analysis of Embedded Structures Including Embedment

Development of FIRS and input motion for SSI analysis for embedded structures is a
multi-step process as defined below. The-model is shown in Figure 3-6. The steps are as
follows:

1. Using the soil column (full height),,two response spectra are developed. At the
ground surface the soil column surface response (SCS-R) is obtained and used to
develop the performance-based surface spectra (PBSR•S) as defined in Section
2.3. From the same set of soil column analysis'AtýeFIRS at the foundation depth
is obtained using the soil column outcrop responsc(SeOR) at the foundation
depth. ,

2. From the set of strain-compatible soil)']profiles obtained from generation of the
FIRS, the three soil profiles for SSI analysis are developed using4the procedure
described in Section 2.4. .

3. Using the SSI soil profilesIhI. coutcrop FIRS i sued as input at the depth of the
foundation level as "outcropIinptu It.motion ill Soil column convolution
analysis and the three soil column 1responses ae obtained at the surface of the soil
column. The envelope of the thee responiseýspectra atLthe ground surface should
be compared- WithABthPB SRS de-eloped ait theground 'suface in Step 1. If the
PBSRS isdless than th envelope !•mftheitAhee spectfa the outcrop FIRS can be
used to develop SSI inpt' motion. Time histories are generated to match the
outcrop FIRSTfollowin i..rqulremnrits for the time history generation. The
tiffhistories canuse i uim the three SSI soil columns at the

For tthe5aontev. 6'f s tl d not permit outcrop input motion
p~as SASSI20OO oil columnanaysls will be performed (using the three SSIW .schcoams AS20nsiol on

'Soil columns with no furthieriteration on soil properties) and the outcrop time
'hi-stories as input16todevelop4 . -n-column time histories for SSI analysis.
A1M'fatively, the response time histories of the three soil columns at the ground
surfac'ýn be used for ýSSI analysis. The surface time histories are fully
consistehiwith the in column time histories.

4. The same steps as lined in Step 3 will be performed for the vertical motion.
The envelope of'tle vertical response of three SSI soil columns at the surface
should be compared with the surface vertical PBSRS developed in Step 1. If the
surface vertical PBSRS is less than the envelope of three soil column responses,
the outcrop FIRS at the foundation horizon can be used to generate time histories
for SSI analysis. Similarly, the in-column time histories can be developed from
analysis of the three SSI soil columns using the P-wave velocity profiles
developed for SSI analysis.
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5. If the envelope of the three SSI soil-column responses at the ground surface level
either in the horizontal or the vertical directions are less than the corresponding
PBSRS at the ground surface computed in Step 1, the SSI input motion must be
developed as follows.

" Develop time histories to match the outcrop FIRS from SCOR as
discussed above.

" Use the outcrop time histories and the three SSI soil columns to generate
the in-column time histories. Modify the in-column time histories for
either the upper bound, mean or the lower bound soil profiles or all the in-
column time histories so that the resulting 4sfice response from the
modified in-column time histories envyelo•"he PBSRS. The modified
time histories can be used for SSI analys•imn-column motion with the
control point defined as within m~otib&t t•-dation level.
Alternatively the surface timenii'sto6ries associatf•dl&ith the in-column time
histories of the three soil prdfilemay be modified-l]f>used for SSI
analysis with the control potini:defined at the ground suirface for SSI
analysis. N

Instead of modifyingi the time historiles another acceptable approach is to
select additional soilEcolumns (i addition to the three soil columns
already developed for SSI an6lysis) from the set of soil columns used to
generate the FIRS (as SCOR). "Eor•ths optionand using all the selected
soil c~1d Sfor SSI analysis, it shou I e.demonstrated that envelop of
thqsurface response spectria,usifig,,lie outcrpFIRS (as SCOR) as input
motion will exc t the surfce•PBSRS computed in Step 1. This check
needigkto be madefor both horizontal and vertical motions. Once the check
is .madethe sameLset.ofisoil coumns must be used for SSI analysis.

4111050 the incolmn time histories for SSI analysis follows the
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a

PBSRS (as SCSR)

FIRS (as SCOR)

1 (b) Site Soil Profile
SSI Input Motion for Analysis of Structures with Embedment
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3.3 Checking SSI Input Motion for the Minimum Requirement

As requiredin SRP 3.7.1, the horizontal input motion for SSI analysis should not be less
than the suitable broad band spectrum scaled to 0. 1g. For all certified designs typically
designed to a broad band spectrum scaled to 0.30g, this check is not necessary. For site
specific SSI analysis of Category I structures not covered by the certified design, the
minimum requirement must be satisfied. For this evaluation the FIRS used as the basis to
develop the SSI input must be compared with the minimum motion. The FIRS are either
the outcrop FIRS (SCOR) or the surface FIRS depenldiiig (o the SSI analysis as described
in Section 3.2. If the FIRS does not envelop the minImum I spectra, the envelope of the
FIRS and the minimum spectra should be used tt(:develop the $5S input motion.
Alternatively SSI analysis should be performed twice using the slitespecific FIRS and the
minimum spectra separately and enveloping the SSI responses. The'three SSI soil
profiles obtained from the generation of FIRS c-,an be used for the SSIiianlysis.

The check for the minimum requirement is only for the lhofizontal motion. For vertical
analysis, site-specific FIRS can K eiUsed.
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