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ABSTRACT

.The probability-based method for the seismic reliability assessmenE'Tw“m

. .. 'bf ‘miclear structures, which has been developed at Brookhaven
"7 National Laboratory (BNL)[1:2], is extended to include the

effects of solil-structure interaction. A reinforced concrete

interaction effects on: (1) structural fragilities; (2) floor
response spectra statistics; and (3) correlation coefficients for
‘total acceleration responses at specified structural locations.

INTRODUCTION

To include the effect of soil flexibility on the rellability assessment
of nuclear structures under earthquake loads, the following- two—step appfaachl
is used. In the first step, the lumped parameter method for soil—structure
interaction analysis is used together with a stick model representing the’
structure, in order to obtain the motlions of the foundation plate. These
motions, which include both translations and rotations of the foundation
plate, are expressed in terms of the power-spectral density of the free-~field
ground excitation and the transfer function of the total acceleration response
of the foundation. The second step involves a detailed finite element model |
of the structure subjected to the interaction motions computed from step one.
Making use of this structural model and interaction motions the reliability

analysis method yields the limit state probabilities and fragility data for
the structure.

Text margin »
RELIABILITY ANALYSIS METHOD

An important ingredient for the reliability analysis is the
identification of limit states. A limit state represents a state of
undesirable structural behavior. In general, a limit state 1s defined from
the actual structural behavior under loads. For a particular system, more
than one limit state may be considered. For contailnment structures, the
following limit states have been investigated: (1) flexure limit
statell, , and (2) tangential shear limit state.[3,

*This work was performed under the auspices of the U.S. Nuclear Regulatory
Commissiocan.
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'Zi: The flexure limit state is.reached when the maximum compressive strain at
the extreme fiber of the cross—section is equal vo 0.003, while yielding of
the extreme rebars in temsion is. permitted up to..a. strain«of_2l£ LEg,

where £, and Eg are the yleld strength and modulus-of elasticity of the
‘'steel, respectively.

The ultiwace tangential shear strength, V,, is given by V, = V. + i
Vgo + Vgi, where V. is the tangential shear strength provided by E
concrete, Vg, 1Is the tangential shear strength provided by the orthogonal |
reinforcement and Vgjy is the tangential shear strength provided by diagomal |
reinforcement. Usually the shear strength V,; is expressed in units of i
stress, which is achieved dividing V,, V., Vgo and Vgi by (bt) to
obtain vy, Ve, Vgg-and vgi, respectively, where b is the unit length e
and t the thickness of the cross section. Under normal tensile membrane '~ i
stress it is i

e [ PI—

v=20
c

= — %
Veo pofy (1 fs/fy) (1)

vsi = pify

where py is the orthogonal reinforcement ratic and py is the”dlagonall®t >
reinforcement ratio. Equation 1 assumes that the diagonal reinforcement |
resists shear exclusively. Under normal compressive membrane stress

v =0
c

S OSSN vu = (p0+pi)fy (2)

In addition, the maximum shear stress can not exceed 0.25 f'.

On the basls of the limit states defined above, a limit state surface can

be comstructed for a cross-section with a specific geometry and reinforcement
. arrangement. Text margl

- In the reliability analysis, the limit state probabilities are evaluated
cousidering the randomness and uncertainties in the loads, structural
resistance and soil preoperties. The dead load 18 considered deterministic and
constant during the life of the structures. The earthquake loads are random
and modeled as a Gaussian process with an appropriate spectrum. Uncertainties:
in the strength of concrete and reinforcement, and in the shear modulus and

material damping of the soil are included in the reliability assessment using
. the Latin hypercube sampling cechnique.l®]

i
For the dead load, the finite element technique is used to evaluate the
element stress resultants. For the earthquake load, characterized by its :
cross-spectral density matrix and duration of the strong motion phase, the
finite element analysis is used to evaluate the dynamic characteristics of the:
structure, i.e., the mode shapes and frequencies of free vibration. Using
these characteristics and the random vibration theory, the structural reéponse§
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15 obtained in the. form of across-spectral density matrix, which upon
integration produces a response second moment cross-correlation matrix.
4 .

Under the assumption that the earthquake load -and structural response
to earthquakes are Gaussian, techniques for estimating the rate at which a
response vector outcrosses the limit state surfaces have been esta-
blished.[l] This outcrossing rate can, in turn, be used to evaluate the
conditional limit state probabilities of the structure subjected to the
given combination of earthquake and dead load.

SOIL-STRUCTURE INTERACTION ANALYSIS

1
...The equations of motion for the lumped parameter model of the soil- |
6. With this procedure, a coordinate system that dynamically couples and
statically uncouples the soil-structure system is chosen. This is %
desirable, since different variabilities are usually associated with the !
structure stiffness and foundation-sgoil interaction parameters. Further-:
more, it also allows for the use of the fined-base modes of vibration in

|
the analysis, thus reducing the number of unknowns in the equation of %
mction.

A frequency domain solution for the equatiouns of motion is used. The
solution obtained is the transfer function vector which relates‘the-*-% ﬂ
translational and rotational responses of the foundation plate to the free-
fleld ground motion. Once the transfer function of the foundation motions
is obtained, the cross—-spectral density matrix of the foundation accelera-
tion response can be obtained in terms of the power spectrum of the free—
field ground.acceleration. This cross—-spectral density matix is then used
as input for a detalled fin’te element model of the fixed-base structure
for the calculation of the structural fragilities. For the computation of
the floor response spectra statistics the simplified stick model cam be
used. In this manner, the two step approach required for the structural
fragility evaluation 1is not required for floor response spectra calcula-
tions. .

Text margin

In the derivation of the equations of motion for the entire soil-
structure gystem no assumptions are made as to the type of halfspace to te
used. The halfspace could homogeneous or nonhomogenecus, horizontally
layered or uniform. 1In general, a three~dimensional representation of the
halfspace is necessary. In the frequency domain, the interface forces P
and Q are related to the magnitude of the base siiding up and 'Y through
the impedance functions. For the case of a circular rigid disc on a
halfspace several solutions have been reported.[7,8] Following the working

Ref. [7] the force amplitudes P and Q corresponding to the displacements
up and Y are expressed as follows:

o] o)
P KoKy Hia G ) K2 (K ,+Ha C )
1
::x 1 w 12 127 14218 b 3)
Q wa(Klz"'iaoClz) (K +1a (

=

Cyy)

o

structure system are formulated following the procedure outlined in Ref. 3J‘
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where KO, KJ have dimensions of stiffness and depend on, the
foundation ragius, R, S-wave velocity in the halfspace, Vg, and Poisson's
ratio v. The expressions used for. those. stiffness were-those-given in
Ref. [7]. The K's and C's are dimensionless” quantities that depend on the
Poisson's ratio v, the foundation radius and the frequency parameter a, = !
wR/Vg, where w is the frequency in radians per second. Expressions for ‘
the calculation of the dimensionless coefficients K and C are also given in |
Ref. [7]« The quantity £ in Eq. 3 is the hysteretic damping in the soil
expressed as a percent of the initlal viscous damping ratio. Finally, i
denotes the complex number v=1. 1In addition to the sliding and rocking ‘
springs, a vertical and a torsional spring are also necessary. Vertical !

and torsional modes of vibration, however, were not included in the example
decrihed ‘in- this paper.

s

CONTALNMENT BUILDING AND SOIL DEPOSIT
——— "__—_.—q

The reinforced councrete containment structure consists of a circular!
cylindrical wall, a hemispherical dome and a circular foundation plate as!

shown in Fig. 1. The contalnment wall is reinforced with hoop and
meridional rebars In two layers, one in the vicinity of the internal
surface and the other near the external containment surface. Details of ;
the containment reinforcement can be found in Ref. [9]. The concrete )
uniaxial compressive streagth is considered to follow a Gaussian i
distribution with a mean of 6,085.6 psi and a standard deviation o 650, 5; %
I

psi. The Young's modulus and Poisson's ratio for the concrete are taken as
3.6 x 106 and 0. 20, respectively. For the reinforcing steel a lognormal '
distribution with a mean of 71,100 psi and a standard deviatiom of 2,570
psi is considered appropriate. The Young's modulus and Poisson's ratio for
the. steel- are 29 x 106 psi and 0.3, respectively.

A three—dimensional finite element model of the containment was
coustructed using thin shell finite elements. Under the dead load the |
stresses in the containment were calculated using this model. With that
same model the first twenty natural frequencles and mode shapes were
determined. The frequencies of the first two pairs of bending modes, the
significant modes for the containment response to earthquukes are!2:97%%pgi0 ™
and 8.82 cps, respectively. To account for cracking of the concrete the

stiffnesses of the elesments in the containment model are taken to be one
half of those of the uncracked sections.

For the soll-structure interaction analysils, a simplified model of the
containment and internal structures is used in Fig. 2. The internal
structures are: the drywell, the reactor pedestal and the reactor shield
wall. The simplified structural model is the so-called stick model which
consists of beam elements. Included in the stick model are the masses and,
rotational inertias of the reactor and sump floor. For the imnternal
structures the uncracked stiffnesses were used.

Tke soil deposit b2neath the structural foundation has been idealized
as an homogeneous soll deposit. The mean S and P-waves velocities in the
soil are 1,100 ft/sec and 5,700 ft/sec, respectively. A lognormal distri-
bution with a mean of 1.0 x 107 ksf and a CoV of 0.7 is used for the
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shear modulus.[9 10] 'For ‘the hysteretic damping ratio a lognq%mal dis-
tribution with a mean of 0.075 and a CoV 1.0 is counsidered appropriate.
[9,10] The Poisson's ratio for the soil is 0.45,-and-the-dry-and-wet
unit weight are 138 pcf and 150 pecf;, respectively:” It is well known that
the dynamic stress-strain behavior of soils is highly nonlinear. Instead
of performing nonlinear dynamic analysis for the soil-structure interac-
action, it has been customary to use one-dimensional wave propagation
analysis and an equivalent linearization technique (SHAKE analysxs[ 1])
in order to obtain the soil properties to be used in the soil-structure
interaction analysis. For the rellability anaysls this would have to be
done for several levels of earthquake intensity since all ground shaking
intensities that are likely to occur at the site must be included in the |
reliability evaluation. Since consideration of nonlinear effects is beyond
the scope of this study, only one set of soll properties are used in the
analysis. A mean value of the gsoil stiffness that corresponds to one half
o +_...of the initial tangent stiffness 1s chosen, as well as the corresponding
mean damping ratio.

i

|
EARTHQUAKE LOAD i
The ground acceleration at the free-field, on the condition that an earth-
quake occurs, is idealized as a segment of a statlonary filtered white
noise random process with zero-meaan, described in the frequency domain by
its power spectral density Sg\m) The power spectwal density,"S (m);““ ’?
of an earthquake 1s site-specific. 1In this study, the power spectrum of
the earthquake ground acceleration is obtained from the site-specific
response spectrum using the method described in Appendix B of Ref. 9. An
analytical form for the power spectrum 1s chosen, and the random vibration
theory is-used to calculate the response spectrum, consistent with the
chosen power spectrum. An optimization technique is used to determine the
parameters of the analytical form for the power spectrum, that minimize the
difference between the site-specific response spectrum and the response
spectrum consistent with the proposed power spectrum. It should be
empihasized that only the shape of the power spectrum 1s obtained with this
technique, and that the frequency content of the ground acceleration

remains unchanged for the peak ground acceleration range defined by ‘fhatrain
selsmic harard.

In this study, it has been observed that the following form for the
power spectrum

2 4, 4
2 (L+4E° ) [L~exp(-w /w.)]
5g(w) = 8 1 p, J ] )

o L Y3 2.2 2 2
i=1 [1 (w/wj) 17+ 45j(“/“3)

may be a better representation of the ground motioms at a site than the
so-called Kanai-Tajiml snectrum. The spectrum of Eq. 4 has a lower high
frequeng y content than the Kanai-Tajimi spectrum, and the ratio

Sg(M)/m tends to a finite value as w approiches zero. The site-

specific response spectrum at the site is shown in Fig. 3, and the proposed
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power gpectrum is shown in Fig. ‘4« ‘The response spectrum consistent with
the proposed power spectrum in compared in Fig. 3 with the specified site-
specific response spectrum..ﬂxy.
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STRUCTURAL FRAGILITIES

Fragility curves are defined as a plot of the conditional limit state
probability for a peak ground acceleration Aj=a. Fragility curves for
both the tangential shear and bending limit states were computed with and
without consideration of soil-strucutre interaction effects.[?] As an
example, the rragility curves for the tangential shear limit state with and
without soil-structure interaction effects are shown in Fig. 5 . The i
median and range of ‘the fragility curves shown in Fig. 5 are given in Table
1 below. 1In Table 1 the upper bound corresponds to a probability of |

failure of 0.937, the lower bound to a probhability of failure 10-11, {

TABLE 1
Median and Range of Tangential Shear Fragility (in g's)
Condition Median Iower Bound Upper Bound |
T'ixed-base 1.60 0.57 2.29
Interaction 1.87 0.56 A 7gt marain M

As can be seen from Fig. 5 and Table 1, the soil-structure interaction
increases the median of the fragility, and its dispersion as measured by
the fragility range. For the bending limit state the effects of soil~-

structure Interaction were similar to those for the tangential shear limit
state.

FLOOR RESPONSE SPECTRA

Floor response spectra statistics were computed for the fixed-base and
interaction conditions. 1In particular, the mean floor response speéctra’ Yend®
the coefficients of variation of (CoV) of the floor response spectra
ordinates have besn computed. The mean and CoV floor response spectra at
the top of the centainmenc building are shown in Figs. 6 and 7 respec~
tively. The floor response spectra for the interaction and fixed-base
condition are markedly different. For the interaction condition ihe
spectral ordinates are always smaller than those for the fixed-base
conditiou for frequencies above 1.5 cps, and the predominant spectral
frequency for the interaction ccudition is lower than that for the
fixed-base. The CoV's of the floor response spectra ordinates for the
interaction condition are much larger than those for the fixed-base,
especlally for frequencies between 1.5 and 3.0 cps which is the range of
interaction frequencies for the various Latin hypercube samples.
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©i . .The correlation matrices for the total acceleration reSpoﬁse at four

below.

locations, namely nodes 1,2, 6 and 14 (see Fig. 2) are shown in Table 2,
———— a4 - . o -.. .." - '4?- ..?-‘\..E_v '.A.!.]\_ :.“.- I‘_::-?-; s+ e s
TABLE 2
Acceleration Responses Correlations
(a) Fixed-base
Naode 1 2 6 14
1 1.0 .9921 .3855 -0,09524
2 9921 1.0 4779 -0.07749
N I -3855 4779 1.0 .3651
{b) Interaction
Node 1 2 6 14
1 1.0 .8980 2468 -.2349
6 2468 .5369 1.0 4753
14 -.2349 -.1583 .4753h““““_ “”_;,9

Correlation coefficients between the floer respouse

!
t
i
i
)

1]
.
!

also be easily computed with the proposed approach.

structure interaction effects have bheen included.
for a reinforced councrete containment obtained with the method show that

CONCLUDING REMARKS

This paper presents a reliability analysis method in which soil

the soil-structure interaction increases the median and range of the

structural fragility.

of the floor response spectra ordinates are markedly affected by the

interaction effect.
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