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REPCRT
DERIVATION OF FLOOR RESPONSES
REACTOR BUILDING
BIG ROCK POINT NUCLEAR POWER PLANT
CHARLEVOIX, MICHIGAN

1.0 INTRODUCTION

D'Appolonia Consulzing Engineers, Inc. (D'Appolonia) is pleased to sub-
mit this report to NUS Corporation (NUS) as documentation of the deriva-
tion of floor responses at various locations in the Biz Rock Poiant Nuc-
lear Power Plant Reactor Bui.ding due to seismic motions at the base.

It is our taderstandiog that the floor time histories derived at the
spent fuel pool locaticm will be usad by NUS in the analys‘s of the

new high demsity fuel racks that will be added to the spent fuel pool.

In order to develop aa accurate represeatation of the floor time histories
nf motions of the structure, a mathematical model of the reactor building
as described in Section 3.0 was developed. All salient characteristics

of the structure including soil-structure {nteraction effects were
represented in this model.

As discussed in this report considerable engineering iudgement was ra-
qr.red to estimate the properties of the subsurface soils and rock which
wer. used to derive the soil-structure interaction parameters for the
model. T“he floor responses were finally develcped by performing a linear
transient dynamic analysis of the system with three simultameous ..tho-
gonal earthquake excitations of the structure at its foundation level.
The floor response spectra at the specified locations were then derived
from the floor time histories obtained at their respective locatioms.
3ecause of the uncertainties in the subsurface material properties,
recommendations on the effects of variations in the soil compliance

functions used in the model have b2en provided.

524 242
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The results of the anilyses are presented in this report with appropriace
graphs and are discussed in Section 5.0.

This report describes the uevails of this study ian the following order:

® Section 2.0 - Analytical Methodolcgy

® Section 3.0 - Development of Mathematical Model
¢ Section 4,0 - Input Seismic Motion

® Section 5.0 - Dynamic Analysis

® Section 6.0 - Results of Analyses

® Section 7.0 - Summary

524 243
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2.0 ANALYTICAL METHODOLOGY

2.1 BACKCRCUND INFORMATION

The Big Rock Point Nuclear Power plant is locataed about four miles to
the northeast of Charlevoix, !lichigan near the shore of Lake Michigan.
The plant was put iato commission in the early 1960's and is owned and
operated by Consumers Power Company, Jackson, Michigan. The proposed
additioo of high density fuel racks in the spent fuel pool of the Re -~
tor Building requires development of floor time histories and their
respective response spectra ac this location. At the time of original
design, the seismic design basis was a zero period zround acceleraticn
equal to 0.05g. However, a horizontal zero period desiga grouad accel-
eration of 0.123 has been specified by the Owner (Notes, March 9, 1978,
Zeeting at Consumers Power Company offices) for the amalysis of fuel
racks at this plant.

3ecause NUS is performing a time~history amalysis of the fuel racks,

both the floor time histories and the floor response spectra are being
submitted to NUS at the spent fuel pool location. Ia addition, as per
the request of NUS, floor response spectra at two additional locations
in the structure are being submitted for any future equipment analysis.

2.2 SITE CONDITIONS

The representativs site subsurface profile was determined from the rec-
ords ol borings performed by Rayuond Concrete Pile Company (Consumers
Power Company, 1978a). In gemeral, the site subsurface profile may be
described as composed of approximately ten feet of sand, gravel and
lizestone fragments at the surface underlain by about 40 feet of medium
dense to very demse glacial deposirs termed "hardpan.” The standard
Jenetration resistance in this glacial till deposit varies from a mini-
zum of about 19 blows/ft to a maximum of over 100 bSlows/ft. Underlying
the till is a gray to black fossiliferous l.mestone with thin shale

partings to a depth of at least several huidred feet. 3ased on an
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examination of the core recovery percentage, approximately the upper
15 feet of the limestone is relatively highly weathered. The ground-
water table is very close fo the ground surface.

Figure 1 shows the site plan and the locations of the Boring Nos. 3
through 9 drilled by Raymond (3oring Nos. 1 and 2 were dril’ed more
than 1,500 feet off to the acrthwast). A schematic representation of
the subsurface profile along an east-west section (Section 1-1, Figure
1) through the Reactor 3uilding foundation is shown in Figure 2.

2.3 STRUCTURAL ARRANGEMENT

The Reactor Building comsists of a 3/4-inch thick stzel containment
sphere approximately 129 feet in diameter which encloses the reactor
vessel and core, the new and spent fuel storage areas, the steam gen~
2rating system and auxiliary equipment. The reinforced concrete foun-
dation is in the s’ ‘e of an iaverted spherical dome approximately seven
feet thick. Within the contaioment sphere, the major equipment and
structural arrangement ara as shown in Figures J and 4. The Reactor
Building is classified as a Category I structure.

Structures adjacent to the Reactor Building, as shown in Figure 1, in-
clude the Turbine 3uilding and the office building, while the screen
well and pumphouse are some distance removed. 2ecause these structurss
are separated and independent from the Reactor Building, no interaction
Detween these structures and the Reactor 3uilding was considered in the
analysis.

2.4 ANALYSIS PXOCEDURE

The primary purpose of this analys.s is to derive the floor time his-
torias of motion in the three component directions at the spent fuel

poos floor of the Big Rock Point Plant. The development of the struce-
tural sodel of the Reactor Buildiag is presented ‘n detail in 3ection
3.0, To accurately determine the required floor time histories, a three-
dizensional shear beam model of th: reinforced concrete Reactor Building
internal structure was developed from the structural drawings of the

plant.
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To preserve the effects of i{nteraction between the steel shell and the
enclosed structure, an equivalent single-mass stick model having the
frequency properties - . the spherical shell was developed and attached
at the base of the structure. Because the structure is located on gla-
cial till deposits underlain by limestome bedrock, a represertation of
the soil-structure interaction between the foundation and the soil was
providec through lumped springs and dampers. The structural wol2l so
developed is shown in Figure 5.

A mode-frequency analysis of this model was first pe: formed :o obtain

its frequencies and mode shapes as a check for coms.stency (a the model-
ling. The structure was then excited at the sase by an artificial sarth-
quake time history input acting simultaneously along three normal direc-
tions. The artificial earthquake records used in the analysis were
generated as part of this study and satisfy the general requirements

of the United States Nuclear Regulatory Commission (USNRC) Regulatory
Guide 1.60 (1973) and USNRC Standard Review Plan 3.7.1 (1975). The
development of these records is described i- .etail in Section 4.0.

The details of the dynamic analysis are presented in Sectiom 5.0.

To conservatively account for the possible variaticn of the subsurface
material properties, the mode-frequency analysis was repeatad by using

a lower bound and upper bound estimate of the scil compliance functions

used in the anal,sis. For lower bound anmalysis, the soil spring sciff-
nesses were reduced by 50 percent, while for the upper bound analysis,

the stiffnesses were increased by a Jactor of 1.5. The detailed rec~-
ommendations for incorporation of this variation in soil-structure in-
teraction parameters for floor equipment analyses ara discussed ia Sec-

tion 5.2.2. 5284 744
The ANSYS Computer Code (DeSalvo and Swanson, 1375) was used for all
dynamic analyses in this study. The program is based on the finite
element technique. The artificial time histories and the floor re-
spouse spectra were generated by using computer programs developed by
D'Appolcuis.
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3.0 DEVELOPMENT OF MATHEMATICAL MODEL

3.1 SUPERSTRUCTURE MODEL

The Reactor Building {s a spherical steel containment structure enclosing
a very rigid concrete intermal structure which performs all structural
support functicns related to the normal operation of the Reactor. The
spherical steel containment provides two functions: it is an enclosure
against the effects of the weather and it prevents radiocactive contamina-
tion of the atmesphere in the event of an accident. Only those salient
features of the contaimment shell which affect the response of the inter-
nal structure have been modeled.

J.1.1 Idealization of Reactor Internals
The internal structure rises from a base elevation of 577 feet and 1is
composed of the steam drum enclosure, the reactor enclosure and the spent
fuel pool. This congregation of structures is modeled as a single stick
with centroid locations dictated by the centroids of the major hori-
zeatal sections through tha structure. The masses of all floors, walls,
equipment and water are lumped at the appropriate nodal locations., This
mathematical idealization of the Reactor Building (Fi_ures 3 and 4) is
iagrammed ia Figure 5.

3.1.1.1 Stick Properties

Horizontal sections were cut through the structure at mid-point eleva-
tions between all lumped masses shown in Figure 5. Axial bending, shear
and torsioual properties about the section centroid wers calculated for
each section based on the size and gecmetric arrangement of walls at

the cut sections. The ceantroidal location of the structure above the
630-foot elevation was located to be sffser by 22,7 feet in the X-diraction
and 5.4 feet in the Y-direction with respect to the centroidal location
of the structure below the 630-foot elevation. This shift in the cen-
troidal location was modeled by extending a rigid link menber from Node 4
to Node 3 (Figure 5). The rigid link member was assigzned axial bending
and torsional properties sufficiently high to guarantee its behavior

-

as a rigid link. Furthermore, rigid links were also used hetween VNode ’

K91 DA
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and Node 11, Nodes 15 and 13 and Nodes 14 and 13 (Figure 3). Node 11
represents the location of the new high demsity fuel racks ia the spent
fuel pool area where floor time histories and the floor response spectra
were generated. Node 13 represents the base of "he contaiame:* shell,
whereas Nodes .4 and 15 are translational and torsional coupling nodes
for Nodes # and 9, respectively, having the same respective coordinate
specifications. As explained in Section 3.1.2, the rigid link cocanec-
ticns between Nodes 15 and 13 and Modes 14 and 13 represent the trans-
laticnal interaction between the shell and the intarmal structure.

The member properties were input to the computer code ANSYS using the
STIF4 three~dimensional beam element. The properties input are pre-
sented in Table 1.

TABLE 1 .

INTERNAL STRUCTURE MEMBER PROPERTIES
== e T o T 1 e
| YOOES | ey | (ee)dx 10° | (£0)'x 10° | eobx10® | * | Y |
? 1-2 478 | 1.85 0.41 | 0.96 } 2.9 | 1.7?
223 | 396 217 | c.60 | 138 | 3.3 L3
| 45 | 1,480 | 5.94 .69 ! 3.7 | 17! 1.6
| 5=6 | 1,740 | 3.78 5.62 ! 4.40 ; 1.8 : 1.7
| 6=7 | 1,920 11.43 3.03 | 3.87 | L7 L7
| 7-8 | 1,540 | 9.71 10.30 f 0.32 | 2.1 ; 2.0

8=9 2,320 | 1230 | 1190 | 21,90 | 2.1 1.9

Where, Ix = bending moment of inertia about X-axis
= bending moment of inertia about Y-axis

I
J = torsional moment of imertia about Z-axis
@_ = shape factor ia X-direction

a

= shape factor ian Y-diraction
NOTE: See Figure 5 for definition of mempers and coordinate axes.

“~ A0
i'\—/ ,’1*' ._“‘\3
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3.1.1.2 Mass Properties
All masses of the structure were modeled as lumped masses located at
their nearest nodal locations as shown in Figure 5. The structural
mass included the floors at the elevations of the nodes and the walls
having a height incorporating half the distance t» the floor level above
and below. The msss moments of inertia for bending and torsion of the
walls and floors about the centro dal axes were also lumped at the
nodal locations.

The equipment masses and mass inertias (Consumers Power Company, 1978b;
NUS Corporation, 1978) were distributed at nod=s as shown in Figure 6.
The equipment masses were positioned at the nodes nearest to their ac-
tual locations with the reactor vessel and crane masses split between
two nodes. Table 2 shows the total lumped masses and mass inertias
distributed at Nodes 1 through 9,

TABLE 2
INTERNAL STRUCTURE LUMPr¥D MASSES

| i MASS | Lyx = Loy ! L2z ]
| NODE | 2 . 2 : 2 ‘ 2 | o
, | (lb-sec“/ft | (lb-sec -ft | (lb-seci-ft | (lb-sec -ft 1
| | x 104) | x 107) ; x 10°) : x 107) ||
1 { 3.62 | 1.06 g 0.22 E 1.26
2 | 412 ! 1.40 E 0.37 | 1.69 |
! | | '
i 3 | & 0.85 3 0.26 ! 1.03 g
| & | s.08 i 1.45 | 1.17 § 2.62 !
H ]
L5 | 6.46 : 4.20 | 2.50 ; 7.11 |
| 6 | 11.80 | 6.34 | 5.06 | 134 |
i i
7| a8 E 17.7 g 12.9 ; 26.7 |
H | ]
| 8 | 18.0 i 36.4 ; 35.8 ! 72.1 ;
S | \ ]
I s | 23.2 | 3.3 ! 8.1 1 16.3 ;
L A ! ]
Where, I _ = mass moment of inertia about X-axis -
. KA 7249
va = mass moment of inertia about Y-axis b LT T

Izz = mass moment of inertia about Z-axis

NOTE: See Figure 5 for definition of nodes and coordinate axes.

Revisien 1
October 31, 1978
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The sloshing forces generated by the water in the spent fuel pool were
calculated using the method outlined by Epstein (1976). The stiffness
values of the spring-mass systems representing sloshing were compared
to the stiffness of the members to which they were attached and the
comparison indicated that the sloshing springs were several orders of
magnitude softer than their structural counterparts as indicated by
the mass and frequency ratiocs between the spring-mass system and the
structural members. The sloshing springs were, therefore, removed from
the model (USNRC Standard Review Plam 3.7.2 [1975]) and the horizortal
mass of the water ian the speant fuel pool was divided between Nodes 5,

5 and 7. The total vertical mass of the water in the speat fuel pool
was placed on Node 7 at the elevation of the pool floor (see Figure 6).

3.1.2 Contaimment Shell

The three-quarter-inch thick steel containment shell is attached to
the massive concrete iatermal structure. Because the mass of the con=
tainmen: shell I only four percent of the mass of the inter.al struc-
ture, a modal analysis of the shell was performed using axisymmecric
elements vith non-axisymmetric loading capabilities to ascertain if
any shell modal frequenciaes fell near dominant modal frequencies of
the intermal structure. Using guidelines for seismic coupling set

out ia the RDT Standard (1974), compariscas of the natural frequency
ratios between the contaimment shell and intermal structure were made
for all modes. The frequency ratios in the horizontal and vertical
directions were within the range requiring seismic coupling of the

two structures. The ratio of mass between the two structures, though
small, was not sufficient to warrant decoupling by RDT standards.

The shell was modeled as a three-dimensional beam element, STIT4, with a
lumped mass at the vertical centroid location of the shell. The bending

and axial properties of this three-dimensional beam were adjusted to pro=-
vide the same single degree of freedom frequency characteristics of the
shell in its first three modes of displacements in the X, ¥ and Z directions.
The transient analysis results cbtained for the shell, therefore, are not
meant to reflect the actual response of the shell but properly incorporate
the effect of the mass of che shell on the response of the internal struc-

y A ) | | ’1\
ture. W4 o 2oV

}
~/
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The base of the contaimment shell at Zlevation 584.5 feet is supported

by the common foundation of the shell and internal structure. This
foundation has already been accounted for {a the properties of the aember
connecting Node § to Node 9 of the iaternal structure. For this reason,
the shell base was connected to Node 8; further, due to the fact that the
shell interacts with the soil springs and dampers, it was also attached

to Node 9. Both comnections were made using rigid links with coupling in
torsional and three translational directions at Nodes 8 and 9. Coincident
Nodes 8 and 13 and Nodes 5 and 15 were used to specify the required di.ec-
tional couplings between the shell and the imternal structure. This in=-
sured that omly the hotizontal and vertical frequency effects of the shell
would be falt by the internal structure.

3.1.3 Structural Damping

The structural damping for both steel and concrete were chosen based on
USNRC Regulatory Guide 1.61 (1973) for a Safe Shutdown EZarthquake (SSE)
event. The regulatory guide specifies four percent damping for welded
steel structures and seven percent damping for reinforced concrete. These
damping ratios were used %o calculate the Rayleigh damping factor, 3, for
input to the ANSYS computer code (DeSalvo and Swanson, 1975).

The 3 factor provides a linear damping as follows:

D = g‘_“ (3.1.1)

where:

D = damping ratio,
% = predominant circular frequency of the structure, rad/sec.

The damping matrix (D] was then computed by the ANSYS code froa the ele-

ment stiffness matrix (K] as:

(D] = 3(K] (3.1.2)

The frequency at which damping would match the regulatory guide values was
chosen based on the dominant response frequencies of the intarnal and shell
structures. These Irequencies we.e determined for the internal scructure

) .
54 .'.'-JE
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and the steel containment through examination of relative ratios of mode
~oefficients for different modes of vibration of the whole structure;
the mode coefficients, calculated as the product of modal participation
factors aad spectral displacement, represent the relative displacement
potential of che structure in cheir respective modes.

3.2 FOUNDATION MODEL

The foundation of the Biz Rock Point Reactor Building is an invertad
spherical concrete dome approximataly seven feet thick embedded in
the soil. Because of the existence of sand drains around the base
of the containment shall and comstructicn joints in the outer foun-
dacion block, as shown in Figurs 7, the ground surface for embedment
purposes was chosen at Elevatiom 384,.5 feer., The foundation l.as an
average dlameter of 92.0 feet at this elevation which is actually
eight reect below plant grade.

To determine the joil-structure interaction parameters, the inverted
dome foundation was treated as an equivalent circular disk foundation.
The disk was given s radius that provided the same surface area in
centact with the soil as the dome foundation and was embedded to a depth
equal to the centroid elevation of the iaverted dome (Elevation 3573
feet). The equivalent disk foundation was then placed on an idealized
soill profile to evaluate the soil compliance functions which represent
the interaction between the foundation and the subsurface.

3.2.1 Evaluation of Elastic Properties of Subsurface Layers

The subsurface profile was developed from boring logs provided by
Consumers Powver Company (1978a). The borings were supervised by
Raymond Concrete Pile Company in 1959 as part of the original foun=-
dation design of the plamt. Each Soring log contains a general
descripcion of the sampled and cored materials at different depths
and includes information on soil penetration resistance ia blows
per foot for glacial till and percentage of core recovery for the
lizestone bedrock. A general profile under the Reactor Building,

as shown in Figure 3, was developed from these boring logs (alse

724 252
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refer te Figure 2). As shown in Figure 3, the equivalent foundation
disk vas modeled as being supported directly onm a layer of glacial till
of thickness 28 feet which {s underlain by a l5-foot layer of weathered
linestone followed by a layer of competent limestone considered to be
bedrock.

The basis for subdividing che limestone into two layvers was percent
core recovery shown on the boring logs; weathered rock has core ricov-
ery <50 percent. Because the available subsurface data did not contain
any direct data on the elastic properties of rhe limestone rock. an
average elastic modulus of a very competent limesrone was fi.st esti-
mated to be equal to 8 x 106 psi for data based on tests on a large
number of limestone rock samples (Deere, et al., 1965). This value
of elastic modulus was then reduced by about 5Q4¢ifccnc for the compe=-
tent limestone and by about 35 percent for _'.'.'.’." weathered limestone by
assuming that the core recovery pcrconta‘fvis a direct function of Geo=-
mechanics classification racing and :then using Kulhawy's (1978)
relationship Setween strength re-iuction in rock versus the Geomechanics
rating. These reductions account for both quality and mass affec:s in
the rock present at the site, whereby rock quality was relaced to the
.covery percentage. The elastic properties obtained in this manner
chereby assigned to the weathered rock an elastic modulus approximately
ona-third the value of the elastic modulus of the asore competent rock

underlying ict.

The elastic properties of the glacial till have a much more predominant
effect on the soil-structure interaction parameters. Due %o a lack of
sufficient appropriate data on the alastic properties of the glacial
till, best estimate elastic properties were used in the computation of
the soil-structure interaction parameters; lower and upper bound valuas

for the interaction parameters were alsoc determined.

Using soil data on grain-size distribution and effective stress para-
meters provided by Consumers Power Company (1978¢), empirical ralations
developed by Hardin (1973) for gravelly soils, and D'Appolonia's pre-

vious exmerience with glacial tills, a best estima.e shear wave

n24 2535
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velocity of 1,700 feet per second was postulated. The corresponding
shear modulus, ccmputed by usinog the relatiounship

Ge avf (3.2.1)

where,
G = shear modulus,
£ = mass density, and

v' = shear wave velocity,

was fcund to be approximately ome-fifth of the shear modu.us of the
underlying weachered rock.

3.2.2 Seil-Structure Iateraction Parameters

Using the shear moduli obtained above and the total mass moments of
inertia of the reactor building, the equivalent spring constant and
damping for each response mode (degree of freedom) of the forndation
were calculated for the layered system. The static spring comstants
for a rigid circular footing restiag om an equivalent elastic half-
space may be calculated using the formulae given in Table 3, and damp~-
ing values using the formulae given in Table 4. The technique devel-
oped by Christiano, et al. (1974) was used to reduce the layered med-
ium to an equivalent elastic half-space for each mode. This technique
is based on the assumption that within each laver of a multi-layered
system, the strain enmergy is equal to that contained between the same
elevations in a homogenecus medium having the same elastic amodulus as
the layer. For each static displacement mode, the strain energy in

rthe layered medium is estimated by assuming a stress discribution equal
to that incurred in a homogeneocus elastic hali-space. B8y aquating the
strain energy to external work, a single elastic spring for each mode,
equivalent to the multiple spring system representing the various lavers,
:ay be obtained.

DAPPOILONLA
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TABLE 3

SPRING CONSTANTS FOR RIGID CIRCULAR FOOTING
RESTING ON ELASTIC HALF-SPACE (L)

OTION [ SPRING COKS‘!ANT(

] REFERENCE |

bcro !

Vertical K: - ol Timoshenko & Gocuier (1951) |
|

32(1-\))0:° 1

Horizontal x: - Ty Bycroft (1956) E
|

86:03 ;

Rociking Kb - G- Borowicka (1943) ;
'

{

|

16 3 !

Torsiocn KB o Cto Reissner § Sagoci (1944) |
|

(1) geference: Richart, Hall and Woods (1970)

(2)0 = shear modulus of elastic half-space

Vv = Poisson's ratio
ro = gquivalent radius

DAPPOLONTIA
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DAMPING RATIOS FOR RIGID CIRCULAR igormc
RESTING ON ELASTIC HALF-SPACE(

MODE OF MASS (OR DAMPING RATIO
VIBRATION INERTIA) RATIO(2) D |
1

1=v) = 0.425
Vertical B = ® i |
. - s ;
] z i
J(-8v) a | 0.288 |
$liding 3 " 21~ 3 S~ ’
"2 4 | l

o | 3
: |
ot | (148,) ri; '
o | |
Torsional 3. = 19 - 2’-& '
3 "'S‘At ‘ 3 " 1928, |

Q

-

\
L

(I)Rnlcrcnc-: Richart, Hall and Woods (1970)

(2)

M) o O
(RO S
LI I I

Poisson's ratio
equivalent radius
mass density of soil
mass of foundation
rotational mass moment of inertia of foundation
torsional mass moment of inertia of foundation

f\‘

/ ‘.j‘:)

w
r~_
=
t
L
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3.2.2.1 Frequency and Embedment Corrections of Soil Spriags

The lumped spring constants calculated abcve were corrected for frequency
and embedment effects. The frequency corrections account for the dyna-
mic stiffness relacionships for a soil-foundation system while the em-
bedment corrections represent the stiffening effects of the soil due

to confinement of the foundatiom.

Frequency Corrections - Neglecting the smzlil coupling bSetween the hori-

zontal and rockiag motions, tne relationship ber een the force amplitudes
and displacement 2zplitudes for a massless disk supported on a homogena=
ous elastic half-space may be defined as (Veletsos and Verbic, 1973 and
Verbic and Veletsos, 1972):

P u

5 . Qj 4 (3.2.2)

where:

?, represents the generalized force amplitudes,

u, represents the general’zec displacement amplitudes, and

Qj is a complex-valued stiffness or impedance function of
the form

( v % A
Qj - xj [1;j (a,, v) + ‘.-lc,cj @y, V)] (3.2.3)
i sy~bol .".J represents the static stiffness of the disk in j-direction

and kj and cJ are dizensionless functions of Poisscn's ratio of the

soil, v, and the dimensionless frequency narameter
l‘_’ - atol‘l’ (3.2.4)

whare:
4 = angular frequency,
i radius of the disk, and

V’ = the shear wave velncity.

e
L
—

N
'\ N
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In the equivalent spring-dashpot systam representation of the supporting
medium, kj and cj may be chought of as the dynamic *~ariation of the
stiffness and damping parameters, respectively, of the medium. Then

the values of K k, represeat the frequency-corrected values of spring

373

constarcts and ‘j‘ocj represent the frequeacy-related values of damping.
The values of functions kj and cJ under dynamic loading conditions have
bean estimated b5y Verbic and Veletsos (1972) for all translational and
rocking nodes and by Veletsos and Nair (1973) for the translational
mode. Curves of kj and cj as functions of a as given in the above
.efarences were used to compute these values. Because the damping co-
efficieat has the zost influence near rescnance, the average of the k,
ralues calculated over the estimated building frequency range was uu:i
in the final computation of the frequency correction factors for the

soil springs.

Embedment corrections - The embedmeri .ciTection factors in each dis-
placement node were obtained by considering the depth of embedment of
the foundation models. The influence of embedment on the stiffness para-

meters for all modes of vibration has been avaluated using finite element
techniques by Johnscn, et al., 1974, The additional stiffening effects
obtained from these embedment factors were reduced by a factor of two for

conservatisa (to account for excavation and any backfill effects).

3.2.2.2 (Corrections to Soil Damping

The damping ratios calculatad based on the esiations of Table 2 repre-
sent radiation dampiug. Radfation dampisny ‘s controlled by the zeome-
try of the elastic half-space. For shallow soil lavers overlying a
stiff material, a portion of the radiation damping i{s lost by reflec-
tion of the radiating wave from the stiff layer. The amount of wave
energy reflected {3 a function of the impedance, :V‘, of each laver
and is given by the following relatiom (Furrer, et al., 1973):
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E.R, = — x 100 (3.2.5)

where,
E.R. = percent of energy reflected
21 = mass density of the glacial till
ga = mass density of the weathered rock
vl = gshear wave velocity in the glacial till
Vz = ghear wave velocity in the weathered rock

The radiation damping for each response mode was reduced by a factor
equivalent to the reflected wave energy ratio. The radiation damping
was than further reduced by a factor of one-half for conservatism.

The actual damping ratio is composed of radiation and material damping.
The material dampicg is the resul: of intermal friction losses within
the soil structure. A value of five percent was assumed for all mater-
{al damping and was added to the radiaticm damping in all modes.

The damping ratios were convertad to damping constants for input %o

a damping matrix in the transient analysis. Frequency corrections for
the lumped springs were quite small and, because the radiation damping
component had already been counservatively reduced by one-half, such cor-
rections were neglected Jor the damping. Furthermore, embedment cor=-
rections for the damping were conservatively not considered.

The final lumped sprinz and damping parameters used in the best asti-

mate analyses are presented in Table 5.
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TABLE 5

FREQUENCY AND EMBEDMENT CORRECTED
SOIL STRUCTURE INTERACTION PARAMETERS

MODE LUMPED SPRING LUMPED DAMPING i
10 i 3 1
Vertical 2.27 x 10™" 1b/fe | 2.07 x 107 1b-sec/ft |
9 7 !
Horizontal 6.22 x 10° 1lb/fc 3.54 x 10" lb-sec/ftc |
13 | 10 l
Rocking 2.33 x 107 1lb-fz/rad 4,03 x 107" lb-sec-ft/rad !
!
13 10 |
Torsicn | 2.08 x 107 lb=-ft/rad 3.92 x 107" lb-sec-ft/rad ‘
a2
( } " 'l : oY
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4.0 INPUT STZISMIC MOTION

Artificial earthquake time histories (ATH's) were developed to simulate
ground motioms to which the structure is subjected during an earthquake.
A time history is a series record of ground accelerations representing
+ seismi. event. They were used in the anmalysis of the Reactor Build-
ing *o induce base displacements for the model analysis.

Three ATH's were developed to represent ground motions in two normal
horizontal directions and the vertical direction. and hav.ng response
spectra satisfying the gemeral requirements of UNSRC Standard Review
Plap Secticm 3.7.1. The peak zero period he.-.ontal and vertical
acce.erations for these time histories were specified by Consumers
Power Company to equal 0.123 and 0.08g, respectively (Notes, March 9
1978 nmeeting at Conswers Power Company offices).

The time histories were derived to match smooth ground design response
spectra (SGDRS) for horizomtal and vertical earthquake mctions. These
ground response spectra are shown in Figure 5 for five percent cri-
tical dampiag. The horizontal SGDRS coni~rm with the USNRC Regula-
tory Guide 1.60 (1973) recommendations. .he vertical SGDRS follow

the guidelines recommended by Newmark, 2t al. (1973) which were the
basis for the USNRC Regulatory Guide 1.50. The duration of ground =mo-
tion was determined to be equal to 12 seconds which adequately satis-
fies the total duration value determined usiang 3olt's (1977) procedure
recommended by Standard Review Plan Sectiom 2.5.2 (197%5) D'Appolonia
feels that the SGDRS selected for the horizontal and vert'cal directions
provide the necessary conservatism for evaluating the effects of a pos-
tulated seismic event on the reactor intermals at the 31ig Rock Point
Nuclear Power Plant.

4.1 DEVELOPMENT OF ARTIFICIAL EARTHQUAKE TIME HISTORY
An existing ATH digitized at 0.0l second was revised by selactive scal-

ing to form one componeat of the horizontal earthquake record called the
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North-Scuth component record. The source tize history - 48 used to analy-
tically excite single degree of freedom oscillators haviang natural fre-
quencies ranging from 0.2 Hz to 49 Hz at five percent of critical damp-
ing. A record of peak response of each oscillator forms the response
spectrum of the source time history.

The time history response spectrum was compared to the horizonzal desizn
response spectrum fcr five perceant damping recommended by the USNRC in
Regulatory Cuide 1.60 (1973). Selected frequency components of the Fast
Fourier Transform of the ATH were scaled to cause the tize hiscory re-
sponse spectrum to approximate the design response spectrum. 3y an itera-
tive procedure of scaling and macching, the or.,%aal time history was
altered so that its response spectrum matched the NRC spectrum o guide-
lines presented in USNRC Standard Review Plam 3.7.2 (1975). Baseline
correcticus were applied to the record in each iteration. Plots of the
morth=-south horizontal acceleration time historvy and its associatad
response spectrum are plotted in Figure 9.

The vertical ATH was de- ived in the manner described above. Peak ver-
tical acceleration wa scaled to 0.08g or two-thirds peak horizental
acceleration, The vertical response spectrum was matched to the ver-
tical design response spectrum recommended by Newmark, et al. (1971)
as discussed e2arlier. The vertical acceleration time history and re-

sponse spectrum are plotted in Figure 9.

The east-west component of the horizontal earthquake tizme history was
derived directly from the north-south time history by putting a 0.l6-
second pericd of zero accelerations in front of the record and remocving
the same period of accelerations from the end. In this manner, statis-
tical independence of the two horizontal componencs of excitation was
achieved. The response spectra obtained matched the USNRC Regulatory
Cuide 1.60 (1973) design spectrum without further alterationm.

To satisfy the requirements of the USNRC Standard Review Plan that all

three earthquake ccmponents be . lated, the statistical independence

e | s
gL
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of each of these three records with respect to the other two was calcu-
lated. The highest correlation cocefficient between any two records
was 0.070, which i3 be.ow the maximum value of 0.16 recommended by

Chen (1977).

4.2 DAMPING VALUES FOR WHICH RESPONSE SPECTPA WERE MATCHED
The recommended damping constants to be used for various components and

materials when analyzing structural response are givem by USNRC Regula-
tory Guide 1.61 (1973). Applicable values for this analysis are four
percent for steel piping and equipment, and seven percent for rein=-
forced concrete for the Safe Shutdown Earthquake. The time histories
generated to match response spectra curves at five percent damping were
used to compute oscillator response at four percent and seven percent
damping. These response curves were compared to design respomnse curves
for four percent and seven percent damping. The time history accelera=-
tions were then scaled so that the response at four percent and seven
percent damping enveloped the desisn response curves according to USNRC
Standard Review Plan 3.7.1 (1975). The respective scale factors used
for the north-south, east-west and vertical components so obtained were
1.03, 1.06 and 1.03.
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5.0 DYNAMIC ANALYSIS

Two types of dynamic analysis were performed on the Reactor Building
model: mode-frequency analysis and transieat reduced linear analysis.
Mode-frequency analysis was performed to obtain a stability check on
the model and to examine the modal displacement characteristics of the
structure at its natural frequencies of vibration. As explained pre-
viously in Section 3.1.3, such an analysis also provided the basis of
computing the Rayleigh damping factor, 3. Linear tramsient analysis
was performed to obtain the floor time histories of motions at differ-
ent locations of the structure from which the respective floor response
spectra at the specified locations were obtained.

.1 MODE-FREQUENCY ANALYSIS

The fixed base location of the structure was defined at Node 10 of the
model (Figure 5) for the mode-frequency analysis of the structure.
Node 10 was considered fixed against all translations and rotatioms.
The natural frequencies of the structure obtained from this mode-fre=-
quency analysis are shown in Table 5. As may b. seen in Table 5, the
first frequency of the structure is approximately 4.1 Hertz. However,

this frequency is a torsiomal frequemcy of the structure above Node 7,
with all nodes below Node 7 remaining practically fixed. The next

twe frequencias of the structure, which occur at approximately 6.8

and 6.9 Hertz, are primarily due to the vibration of the repraesenta-
tion of the steel containment shell in the X and Y directions, respec-
tively. The first general frequencies of the internal structure in

the X and Y directions occur at approximately 9.3 and 9.5 Hertz, respec-
tively, corresponding to the fourth and fifth natural frequencies of

the combined structure. The sixth and all higher modes of the struc-
ture comprise combined participation by tie shell and the internals.

The results of the mode-frequency analysis indicate an active local-

2

r—

ized torsionil mode occurring at a relatively low frequency level,
Thus, in the reduced linear transient analysis, in addition to trans~

lational degrees of freedom, specification of torsiocnal degrees of
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freedom at Nodes 4 through 3 were judged to be necessary. Furthermore,
two additional mode-frequency analyses were performed using the upper
and lower bound estimates on soll spriag constants as explained in Sec-
tdon 3.2.2.

5.2 TRANSIFMT DYNAMIC ANALYSIS
The reducer linear transient dynamic acalysis featurs of the ANSYS com-
puter code was used to derive the floor time histories of motion at dif-

ferent eleva-ions of the structure. In this procedure, by using the
2acrix condensation technique, the stiffness, mass and damping matrices

of the atructure are reduced by specifying active dynamic degrees of
freedom at the various nodes of the structure. The dynamic degrees of
freedom as used in the analysis are shown in Figure 10; all translational
degrees of ‘reedcm at each node were specified to be active along with
torsional degrees of freedom at Nodes 4 through 9 to account for the
relatively low-frequency localized torsicnal mode of the structure as
explained in Sectiom 5.1.

All rotational motions at fixed base Node 10 were considered o be
fixed and the displacement time-nistories of the design earthquakes
were specified at this node. The displacement time histories of mo-
tion of the three components of the earthquake were obtained by twice
aumerically integrating the acceleracion time histories developed as

per the procedure described in Sectiom 4.0.

The transient dynamic solution was ' ained by numerically integrating
the equations of motion. The ANSYS .omputer code uses the Houbolt ium-
erical scheme in the transient dynamic analysis in which the displace-
sent i3 a cubic function and the acceleraticn is a linear function
across the time interval of integration. The initial velocity in the
analysis was assumed to be equal to zero. This integration procedure

is unconditionally stable for all time steps. However, to minimize

the numerical damping which 4is inherent in this type of integration pro-
cedure for large time steps of integration, a time interval of 0.005

second was used in this analysis. L\),A 9 C‘E
o e -
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As discussed above, the records of time histories were evaluated at
0.01 second. intervals. Since the time interval of integration used

in all time history analyses were 0.005 second, the acceleraction rec~-
ords were interpolated using the Fast Fourier Transform (FFT) routine
(Rabiner, et al., 1972). The 0.0] second records were first :ransformed
into the frequency domain. The frequency domain record, cen.ered at
zero frequency thus obtained, was symmetrically expanded to twice its
original size by adding zerocs to each end of the frequency domain.

The new record was transformed back into the time domain using the FFT
routine and a representation of the time histories at 0.005 second was
L.us obtained automatically.

5.2.1 Evaluation of Floor Respcase
The floor displacement time histories wer: obtained directly from the re-

sults of transient dynamic analysis. The floor acceleration time histories
weres obtained by twice differentiacing the flcor displacement time his-
tories. Plots of these time histories are described in T2ction 6.0.

The floor respouse spectra Jere obtained bdy using a D'Appolonia i{n-house
program for which the floor time histories of =motion along any particular
direction generated by the ANSYS routine are input. The program develops
the floow acceleration time histories from this input and then computes
and plots the floor spectra. All floor responses were calculated sepa-
rately for the three orthogonal directioms X, Y and Z, resnectively, at
three damping values (2, 4 and 7 percent of the critical). The ainimum
and maxizum frecuencies counsidered in the computation were 0.2 Hertz

and 50 Hertz. The frequency points chosen for computation of all spec-
tra were sufficient in accordance with the criteria recommended in

Table 1 of USNRC Regulatory Guide 1.122 (1976).

$.2.2 Effects of Parameter Variation on Structural Response
USNRC Standard Review Plan Secticn 3.7.2 (1975) requires that in the ana-
lysis of sub-systems of a structure consideration should be given to ex-

pected variations in structural properties, dampings, soil properties and
soil-structure i. .:rrcotion parameters, Detailed data and specifications

for structural d>roperties and dampiags are available for :hg;,st;uc:uzpr /
= 71 /1)
JLA e
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The variation from the specified values of these two parameters may
thus be considered to be neglicible. However, the elastic properties
of the subsurface materizl: sed in the derivation of the scil springs
were not based on direct field investigation results. Thersfcre, a
parametric study on the effects of variation in the soil zompliance
functions was considered necessary and was carried out by assuming an
upper bound and a lower bound estimate on the soil spring cunstants.

In this procedure, it was assumed that the derived soil spring constants
may vary +50 percect with respect to the best estimate values under the
actual field conditions., Therefore, two additional mode-frequency analy-
ses were periormed by multiplying the best estimate s il spring constants
by 0.5 and 1.5 for Lower bound and upper bound analyses, respectively.
The structural frequencies obtained in these twc analyses are shown

in Table 6 along with the frequeancies obtained from the analysis using
the best astimate soil springs.

The total frequency variaticm, +4f , in any mode § is then calculated
-
using the relationship (USNRC Regulatory Guide 1.122 [1976]):

2 0 o
af, = [(0.05£)° + (ag,%)%)7'"
where,
fj = gtructural frequency in mode j using best astimate
soil spring constants
Afj' s frequency variation in mocde i due to variation

in soil spring comstants

Based on an inspection of the floor response spectra, the predominant

fthunncics of the structure were observed to occur approximately below

18 Hertz. Thus, &fj in Equation (5.2.1) was calculated for all modes

below 18 Hertz for both upper and lower bound frequencies. The maxi-

sum value of the (Afj/fj) ratio was found to be equal to 0.195. There-

fore, it is recommended that a value of +0.195 fj be uvsed by NUS for

peak bdroadening in all floor response spectra obtained from this analysis.
[;

N T
0 a L 0 ’
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For time-history analyses of equipment at the spent fuel pool location,
it is recommended that upper and lower bound analyses be performed using
time intervals given by (Tsai [1974]):

Af
At' = [:1 :-f-{l it = K (42) (5.2.2)
b
where,
At' = the modified time interval,
At = the time interval used in best estimate analyses =
0.005 second, and
At,]
K = |1 4 =
- §
b
Following this procedure, the modified time intervals for upper and

and 5.978 x 10”7 see-

onds, respectively. Furthermore, it i{s to be noted that if floor dis-

lower bound analyses are obtained as 4.025 x 10.3

placement time-histories of moticn are used by NUS ia the analysis of
.he high density fuel racks, the diaplacement ordinactes of floor motion
should be multiplied by a factor Kz, that {s, by 0.648 and 1.428 for
upper and lower bHound analyses, respectively.

The effects of such variation in time interval on the response spectra
are shown as examples for Noda 1l (spent fuel pool location) in Figures
13 chrough 13, for two percent damping, along X, Y and Z axes, respectively.
As per request by NUS ‘telecon record of May 26, 1978), no peak broad-

ening of the floor response spectra was performed by D'Appolonia.

O

LM
f ~
=
f
4
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TABLE 6

NATURAL FREQUENCIES OF REACTOR BUILDING
BIG ROCK POINT NUCLEZAR POWER PLANT

S | ANALYTICAL FREQUENCIES IN HERTZ |
¥0. | rower sowwpY | sest sstoure | veper soup P
1 4.03 4.08 4.10
2 6.07 6.77 6.95
3 6.19 6.87 7.06
4 3.36 9.27 9.89
H 8.47 .50 |  10.22
6 14.24 17.55 | 18.47
7 14.84 18.25 | 19.31 |

(1)3¢st esr{mats soil springs were multiplied by 0.5

in this arcalysis.

Best estiaate soll springs were multiplied by 1.3
in this analysis.

(2)
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6.0 RESULTS OF ANALYSES

Results of analyses are presented in the form of plots of time-histories
and floor response spectra. As per request of NUS, such results are
presented for Node 1 (El. 657.5 feet), Node 3 (El. 630 feet) and for
Node 1l (spent fuel pool locatiom). 3oth acceleration and displace-
ment time~histories of floor motion along X, Y and Z directions at

Nede 1l are shown in Pigure 11, Only acceleration time-histories of

the other two nodes, Node 1. and Node 1, are shown in Figure 12.

The maximum accelaratioms at the spent fuel pool location (Nede 11)
along X, ¥ and Z directions are approximately 8, 7 and 4 tt/sccz. ce=
spectively, (Figure ll1) which correspond to 0.25g, 0.22g and 0.12g ac-
celeration, respectively. Therefore, the amplification of zero period
floor acceleracions over the zero period input accelerations of 0.12g
norizontal and 0.08g vertical are then given by 2.08, 1.83 and 1.5 along
X, ¥ and Z directions, respectively, at Node ll.

The levels of accelerations obtained for Node 3 (E1. 630 feet) are given
by (Figure 12) 8.5, 9.5 and 5 £:/sccz or 0.26g, 0.30g and 0.16g, respec-
tively for X, Y and I ‘{rections, respectively. The corresponding am=-
plificacion factors with respect %o zero pericd input accelerations

are then 2.2, 2.5 and 2.0, respectively.

vy

inally, the levels of accelerations along X, Y and Z directions obtained
at the topmost Node 1 (El1. 6537.5 fee:t) are shown to be (Figure 12) 11.5,
11.5 and S ft/soez or 0.36g, 0.35 and 0.16g respectively. The corres-
ponding amplification factors with respect to zero pericd imput accel-
eration are 3.0, 3.0 and 2.0, respectively.

Floor response spectra for Node 1l alcag X, Y and Z directions are shown
respectively in Figures 13 through 13, for Node 3 in Figures 16 through
18 and for Node 1 in Figures 19 through 21. In each of these figures,

the response spectra are shown for three dampings - 2, 5 and 7 percent

r o~
-1 /[1

~ -#3
\ # J !
JLT [
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of the critical. 1In additiom, Figures 13 througn 15 depict the effects
of soil spring parameter variation as discussed in Section 5.2.2. The
effects of such variation have been shown as examples for Node 1l along
the X, Y and 7 axes ocunly fur two percent of the critical damping.
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7.0 SUMMARY

An analytic model was prepared for the Reactor Building of the B8ig Rock
Point Nuclear Power Plant. The dynamic response of the model has been
determined for base excitations resulting from tn-ee earthquake arti-
ficial time histories of motion in three orthogonul directions. The
floor time histories of motion at three nodes of the medel, including
that representing the spent fuel pool location, have been computed from
this analysis and the associated floor response spectra have been de=-
rived. The effects on the mode-frequency respoase of varying tha soil
spring constancs have been computed, and recommendations are presented
for proper consideration of these effects on the equipment analyses

to be performed by NUS.

Respectfully submitted,

o’y CfLaﬁ?36';i:'

S. Chakrabarti

Mw & Loid

A. D, Husak

SC:ADh: zgo
Project No. 78-161
June, 1978
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