
Report Number 1643.01

gA Report Number 34001.01-R013

PROBABILISTIC EVALUATION OF THE DIABLO CANYON

TURBINE BUILDING SEISMIC CAPACITY

USING NONLINEAR TIME HISTORY ANALYSES

Prepared For

Pacific Gas 8 Electric Company
77 Beale Street

San Francisco, California 94106

Prepared By

R. P. Kennedy
D. A. Wesley

W. H. Tong

December, 1988

890110009 5000275q @90104
pDp O'DOCK 0

pDC
p





PGLE Letter No. DCL-89-002

ENCLOSURE

PROBABILISTIC EVALUATION OF THE DIABLO CANYON

TURBINE BUILDING SEISMIC CAPACITY
USING NONLINEAR TIME HISTORY ANALYSES

2455S/0066K





1643.01

Section
TABLE OF CONTENTS

~Pa e

INTRODUCTION

2.

2.1

2.1.1
2.1.2
2.1.3
2.1.4
2.2
2.2.1
2.2.2
2.2.3
2.2.4
2.3
2.4
2.5
2.6

TURBINE BUILDING MODEL

Shear Behavior of Shear Walls

Shear Strength ~

Shear Stiffness
Shear Wall Drift Limits
Force-Deflection Relationship For Shear Drift
Flexural Behavior of Shear Walls

Flexural Strength
Flexural Stiffness
Flexural Drift Limits
Force-Def lect ion Re 1 at ionship For Flexural Drift
Operating Floor Beam Elements

Turbine Pedestal

Other Modelling Considerations
Treatment of Randomness and Uncertainty

2-1

2-5

2-5
2-12

2-13

2-17

2-26

2-26

2-32

2-35

2-35

2-36

2-39

2-42

3 ~

4 ~

EARTHQUAKE GROUND MOTIOH RECORDS

LINEAR ELASTIC RESPONSE FOR MEDIAN GROUND MOTION
INPUT

3-1

4-1

5.

5.1

5.2

5.3

HONLIHEAR ANALYSES WITH MEDIAN STRUCTURE PROPERTIES

Results
Prediction of Median (Randomness Only) Fragility
From Elastic Results

Influence of Ground Motion Characteristics on
Shear Wall Drift

5-1

5-1

5-7

5-25





1643.01

Section

6.

6.1

6.2

6.3
6.4

6.5

TABLE OF CONTENTS (Continued)

NONLINEAR ANALYSES WITH UNCERTAIN STRUCTURE
PROPERTIES

" Results
Prediction of Fragility Including Uncertainty
from Elastic Results
Other Sources of Variability and Conservatism

Influence of Ground Motion Characterization on
Shear Wall Drift When Structure Parameter Variation
is Incorporated
Influence of Structure Property Variability on
Shear Wall Drift

~Pa e

6-1

6-1

6-7

6-10

6-12

6-16

7.

7.1
7.2

7.3

7.4

7.5

CONCLUSIONS

Overview of Study

Primarily Deterministic Observation on the
Influence of Structure Property and Ground Motion
Variation on Shear Wall Drifts
Observation on Potential for Impact Between Turbine
Pedestal and Operating Floor
Probabi listic Capacity (Fragility) Estimates
Resulting From Nonlinear Analyses

Prediction of Fragility from a Single Median
Centered Elastic Analysis

7-1

7-1

7-9

7-22

7-23

7-29

8. REFERENCES 8-1





1643.01

LIST OF FIGURES

~Ft ure Title ~Pa e

2-1

2-2

2~3

2-4

2-5

2-6

2-7

2-8

2-9

2-10

2-11

3-1

3-2

3-3

3-4

Unit 2 Turbine Building Concrete Outline
(El 140 Feet)
Schematic Illustration of Turbine Building
Nonlinear Model

Diablo Canyon Turbine Building DRAIN-2D Model

Strength of Concrete Shear Walls

Cyclic Load-Deflection Behavior of Concrete
Shear Walls

Shear Deformation Hysteretic Behavior

Characteristics of the Hysteresis Model and
Identification of Hodel Parameters

, Shear Force-Drift Relationship for Lowest Element
of Wall 31

Standard Takeda Model for Flexural Deformation
Hysteretic Behavior

Shear-Deformation Curve for the Beam-Like Portion
of the Operating Diaphram at the Midspan

Shear-Deformation Curve for the Turbine Pedestal

Gazli, U.S.S.R., 17 May 1976, Karakyr Point,
Component North, 5X Damped Spectral Acceleration
- Record 1 Scaled to S = 3.0g

a
Gazli, U.S.S.R., 17 Hay 1976, Karakyr Point,
Component East, 5X Damped Spectral Acceleration- Record 2 Scaled to S 3.0g

a
Tabas, Iran, 16 September 1978, Component N74E, 5X
Damped Spectral Acceleration - Record 3 Scaled to
E 3.0g

Tabas, Iran, 16 September 1978, Component N16W, 5X
Damped Spectral Acceleration - Record 4 Scaled to
S ~ 3.0g

a

2-45

2-46

2-47

2-48

2-49

2-50

2-51

2-52

2-53

2-54

2-55

3-12

3-13

3-14

3-15





1643. 01

LIST OF FIGURES (Continued)

~F$ ure Title ~Pa e

3-5

3-6

3-7

3-8

San Fernando, CA, 09 February 1971, Pacoima Dam
Component S16E, 5X Damped Spectral Acceleration-
Record 5 Scaled to Y 3.0ga
San Fernando, CA, 09 February 1971, Pacoima Dam
Component S74W, 5X Damped Spectral Acceleration-
Record 6 Scaled to S 3.0ga
San Fernando, CA, 09 February 1971, Lake Hughes f12,
Component N21E, 5X Damped Spectral Acceleration-
Record 7 Scaled to Sa = 3-Og

San Fernando, CA, 09 February 1971, Lake Hughes f12,

3-16

3-17

3-18

3-9

3-10

3-11

3-12

3-13

3-14

3-15

Component N69W, 5X Damped Spectral Acceleration-
Record 8 Scaled to S 3.0g

a
3-19

San Fernando, CA, 09 February-1971, Castaic,
Component N69W, 5X Damped Spectral Acceleration-
Record 9 Scaled to Sa = 3 Og 3-20

Imperial Valley, CA, 15 October 1979, El Centro,
Component, NOOE, 5X Damped Spectral Acceleration-
Record 10 Scaled to S = 3.0g

a
3-21

Imperial Valley, CA, 15 October 1979, El Centro,
Component N90W, 5X Damped Spectral Acceleration-
Record 11 Scaled to S 3.0g

a
3-22

Imperial Valley, CA, 15 October 1979, El Centro
f4, Component S50W, 5X Damped Spectral Acceleration
- Record 12 Scaled to S = 3.0ga

3-23

Imperial Valley, CA, 15 October 1979, El Centro
f4, Component S40E, 5X Damped Spectral Acceleration
- Record 13 Scaled to E 3.0g

a
3-24

Parkfield, CA, 27 June 1966, Temblor, Component N65W,
5X Damped Spectral Acceleration - Record 14 Scaled
to S 3.0g
Parkfield, CA, 27 June 1966, Temblor, Component S25W,
5X Damped Spectral Acceleration - Record 15 Scaled
to S 3.0ga

3-26





1643. 01

LIST OF FIGURES (Continued)

~F$ ure Title ~Pa e

3-16

3-17

3-18

3-19

3-20

3-21

3-22

3-23

3-24

3-25

3-26

Morgan Hill, CA, 24 April 1984, Coyote Lake Oam,
Component N75W, 5X Damped Spectral Acceleration-
Record 16 Scaled to Y 3.0g

Morgan Hill, CA, 24 April 1984, Coyote Lake Dam
Component S15W, 5X Damped Spectral Acceleration-
Record 17 Scaled to Sa = 3 09

Coalinga, CA, 02 May 1983, Pleasant Valley Pump
Station, (Switch-yard), Component 045, 5X Damped
Spectral Acceleration - Record 18 Scaled
to S = 3.09

Coalinga, CA, 02 May 1983, Pleasant Valley Pump
Station, (Switch-yard), Component 135, 5X Damped
Spectral Acceleration - Record 19 Scaled
to S = 3.0g

a
Dayhook, Scaled (X1.7), Component N10E, Baseline
Corrected, 5X Damped Spectral Acceleration - Record
20 Scaled to Sa = 3'og
Dayhook, Scaled (X1.7), Component NBOW, Baseline
Corrected, 5X Damped Spectral Acceleration - Record
21 Scaled to S 3.0g

a
DCPP, North M=7.0, Strike Slip Bilateral, 5X Damped
~Sectral Acceleration - Record 22 Scaled to
S = 3.0g

a
DCPP East M=7.0, Strike Slip Bilateral, 5X Damped

~

~

S ectral Acceleration - Record 23 Scaled to
a

3.0g

DCPP North M=7.0 Strike Slip Unilateral, 5X Damped
~Sectral Acceleration - Record 24 Scaled to
S 3.0g

DCPP East M=7.0 Strike Slip Unilateral, 5X Damped
~S ectral Acceleration - Record 25 Scaled to
S ~ 3.0ga
Acceleration Response Spectra for Three Empirical
Records Scaled to an Average Spectral Acceleration
of 3.0g Over the Frequency Range of 3 to 8.5 Hertz

3-27

3-28

3-29

3-30

3-31

3-32

3-33

3-34

3-35

3-36

3-37





1643.01

LIST OF FIGURES (Continued)

~Ft ure Title ~Pa e

3-27

5-1

5-2

6-1

6-2

6-3

6-4

6-5

6-6

6-7

Mean, Hedian, 84K NEP, and Upper Bound Spectra for
Ensemble of 25 Scaled Records (S 2.25g)a
Bilinear Force - Deflection Relationship Versus
Pseudo Elasto-Perfectly Plastic Relationship of
Equal Area and Equal Capacity V

Cumulative Probability Plots of Natural Logarithm
of Drifts
Maximum Story Drift for S 3.0g Versus Dampinga
Haximum Story Drift for S 3.0g Versus Shear
Wall Stiffness Ratio
Maximum Story Drift for S 3.0g Versus Shear
Wall Strength Ratio
Haximum Story Drift for S = 3.0g Versus Operating
Floor Stiffness Ratio
Maximum Story Drift for S 3.0g Versus Operating
Floor Strength Ratio
Haximum Story Drift for S = 3.0g Versus Turbine
Pedestal Stiffness Ratio
Haximum Story Drift for S = 3.0g Versus Turbine
Pedestal Strength Ratio

3-38

5-32

5-33

6-19

6-20

6-21

6-22

6-23

6-24

6-25





1643.01

LIST OF TABLES

Table T1tle ~Pa e

2-1 "

2-2

2-3

2-4

2-5

2-6

2-7

3-1

4-1

5-1

5-2

5-3

5 4

5-5

6-1

6-2

6-3

6-4

Turbine Build1ng Nonlinear Model Node Coord1nates 2-56

Turbine Building Nonl1near Model Nodal Masses 2-57

Median Capacities of Shear Wall Elements 2-58

Effective Shear Wall Elastic Shear and Flexural
St1ffness 2-59

Ratio of Total Drifts to Shear-Only Drifts and
Equivalent Total Drift Knockdown Factor Used

Elastic Hodal Properties of the Turbine Build1ng
Hodel with Median Structure Properties 2-61

Model Structural Property Values 2-62

Earthquake Time Histories 3-39

Elastically Computed Response for F1gure 3-27 Median
Spectrum Scaled to S 2.25g

a
4-5

Nonlinear Results for Median Structural Model at
S = 3.0g

a
Nonlinear Results for Median Structural Hodel at
S = 6.0g

Elastic Deformed Shape at Yield Versus Inelastic
Deformed Shapes at Several Different Drift Levels
for Wall 31

Estimated F Values from Spectral Averaging Method
for Various"Maximum Story Drifts 1n Wall 31 5-37

Estimated F Values From Various Methods at
Differing Mlximum Story Drifts for Wall 31 5-38

Nonlinear Results for Uncertain Structural Propert1es 6-26

Compar1son of Hedian and 90K Bounds on Drifts for
3.0g, 4.0g and 6.0g With and Without Uncertain-

ty on Structural Properties 6-27

Comparison of Fragi 11ty Estimates from Extrapolating
'esultsof a Single Median-Centered Elast1c Analysis

W1th Results from Multiple Nonlinear Time-History
Analyses 6-28

Turb1ne Build1ng Fragility Estimate Incorporat1ng
Additional Variable Parameters 6-29

v111





1643.01

INTRODUCTION

During Phase II of the Diablo Canyon Long Term Seismic Program (LTSP)

study, probabilistic seismic capacity estimates were made for all of the

important civil structures using the standard fragility evaluation

method described in References 1 and 2. This standard fragility
evaluation method has been applied in the seismic probabilistic risk

assessment of over thirty nuclear power plants and is well documented in

many additional references. From the Phase II LTSP evaluation, it was

found that the Turbine Building has the lowest seismic capacity of the

important Diablo Canyon civil structures and is the only one that could

possibly be a significant contributor to the seismic-induced risk of

core damage.

The standard fragility evaluation method essentially involves

artificially raising the ground motion level to obtain failure. The

idea is not to predict failure at expected ground motion level but at a

hypothetically higher level. During the Phase II study, a number of

possible failure modes which could lead to overall severe distress of

the Turbine Building were investigated using the standard fragility
evaluation method. It was concluded that the most probable cause of

overall severe distress of the Turbine Building was substantial

inelastic drift and strength degradation of the two major east-west load

1-1
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carrying shear walls spann1ng from foundation level (El 85 feet) to the

operating floor (El 140 feet). It was further judged that conditions

for these two walls was slightly more severe in Un1t 2 than 1n Unit 1.

A series of nonlinear time-history analyses of the east-west earthquake

response of the Unit 2 Turbine Build1ng were performed with emphasis on

the two major east-west load carrying shear walls below the operat1ng

floor. In these analyses, structural damping as well as both the

strength and stiffness of each of the major east-west seismic load-

carrying elements influencing the behavior of the shear walls were

probabilist1cally var1ed. To account for the var1ability of ground

mot1on characteristics, twenty f1ve (25) d1fferent earthquake ground

motion time-histories each with the same average spectral acceleration

over the frequency range of interest were used. A total of fifty (50)

nonlinear time history analyses (each of the 25 ground motion records

used twice) were conducted at a specified average spectral acceleration

1n order to probabilist1cally describe the resulting 1nelastic drift of

the major east-west shear walls. A criterion relating inelastic drift
to probability of severe distress and strength degradation was specified

for these walls. Using this criterion, the probability of severe wall

d1stress was estimated for each of the 50 analyses. Th1s process was

repeated at three different average spectral acceleration levels. The

probab111ty of severe wall distress as a function of the three average

1-2
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spectral accelerat1on levels was then est1mated. It was found that the

resultant probab111ties of severe wall distress could be reasonably fit
by a lognormal distr1bution. This determination formed the basis, for

estimates of the median capacity (50K probability of severe distress)

and randomness (ground motion related) and uncertainty (structure

related) var1abil1ties. It was also found that the substantially

largest source of var1ability of shear wall drifts comes from ground

motion variation and not from uncertainty in structure properties.

Therefore, differences of opinion over structural strength, stiffness,

and damping properties are relatively unimportant compared to

variability in ground motion characteristics.

The purposes of this study were to:

l. Improve the Phase II LTSP study fragility
estimate for severe overall distress of the
Turbine Building, and

2. Compare the fragility estimate based upon
multiple nonl1near analyses with the estimate
extrapolated from a single median-centered
elastic response spectrum analys1s obtained using
the standard separation-of-variables fragility
evaluation method.

This report describes the probabilistic nonlinear analysis of the

Turbine Building and presents the results obtained from this study. It
should be emphasized that this study is concerned with the predict1on of

ground motion levels associated with the onset of severe structural

1-3
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distress and significant strength degradat1on of the major east-west

shear walls of the Turbine Building and not the prediction of failure

capacity. It 1s the authors'pinion that the predict1on of partial or

total collapse is essentially impossible for such a civ1l structure. 'n
the Diablo Canyon seismic probabilist1c risk assessment, the onset of

severe structural distress of the east-west shear walls was

I " « -'I g

all safety equipment housed in the Turbine Building. While the precise

degree of conservatism introduced by this subst1tution would be

difficult, if not 1mpossible, to ascertain, 1t is reasonably certain

that 1t is considerable.

1-4
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2. TURBINE BUILDING HOOEL

Figure 2-1 shows a plan view of the Unit 2 Turbine Building; Figure 2-2

presents a schematic elevation view, emphasizing the major east-west

shear walls at Column Lines 19 and 31 (herein called Wall 19 and Wall

31) which support the heavy operating floor at El 140 feet. There is an

east-west braced frame on line 35; however, it is neglected for

simplification of the model, resulting in some conservatism in wall

demands. Essentially, Walls 19 and 31 are the only two major walls

available to resist east-west drift of the heavy operating floor. In

turn, nearly all of the in-plane lateral loads imposed on these two

walls come from the east-west inertial loads of the operating floor plus

their own self-weight. Although additional in-plane loads enter due to

east-west inertial loads at intermediate floors (El 104 feet and 123

feet at Wall 19 and El 107 feet and 119 feet at wall 31), these floor

masses are small compared to that of the operating floor, and much of

their east-west inertial load is carried by external buttresses added to

the Turbine Building. The inertial loads transferred into Walls 19 and

31 from the superstructure above the operating floor are also small;

they were approximated by a slight increase in the weight at the

operating floor level. The base of Walls 19 and 31 are at El 85 feet.

Each wall is 55 feet high by approximately 137 feet long and contain

several openings (particularly Wall 19). The thickness of Wall 19 above

2-1
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El 104 feet is 20 inches; below El 104 feet the wall thickness varies

but averages about 35 inches. Wall 31 is 24 inches thick over its
entire height. Thus, these walls are long relative to their height and

are rather thick.

The operating floor consists of a 12 inch concrete slab supported on a

steel beam framing system. It is 139 feet wide and 267 feet long

between Wall 19 and 31 plus a 77 foot overhang beyond Wall 31. The slab

contains,a cutout for the independently supported turbine pedestal that

is approximately 59 feet wide by 212 feet long. Thus, for east-west

lateral forces, the operating floor was treated as two independent 267

foot long by about 40 foot deep beams between Walls 19 and 31. The

stiffness and capacity of these beams are influenced by the small

cutouts shown on Figure 2-1.

A minimum gap of 3.375 inches exists between the turbine pedestal and

the operating floor. This gap is insufficient to preclude impact

between the turbine pedestal and the operating floor at the high ground
I

motion levels of interest in the fragility evaluation. Furthermore, the

effective inertial mass to be lumped at the top of the turbine pedestal

exceeds the entire inertial mass supported by Wall 19 plus Wall 31;

therefore, it was judged that impact could possibly lead to additional

distress in the shear walls. Thus, the turbine pedestal was included in

' 2
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the nonlinear model together with a gap element interconnecting it to

the operating floor beam elements on each side.

Because the turbine pedestal and the operating floor beam elements are

very ductile, they are each capable of undergoing lateral drifts in

excess of 18 inches before failure while the stiff shear Walls 19 and 31

are expected to suffer severe distress at lateral drifts of 6 inches or

less at the operating floor level. Thus, severe distress of the shear

walls is expected to occur well before failure of either the operating

floor beam elements or the turbine pedestal (see nonlinear results in

Table 5-2). For this reason Walls 19 and 31 were modeled in more detail

than either the operating floor beam elements or the turbine pedestal.

The operating floor and turbine pedestal were only modelled in

sufficient detail to approximate their potential for distributing

inertial loads to the shear walls.

The shear walls were-modelled into three segments each along their

height (El 85 feet to 104 feet, 104 feet to 123 feet, and 123 feet to

140 feet for Wall 19, and El 85 feet to 107 feet, 107 feet to 119 feet,

and 119 feet to 140 feet for Wall 31). These segments were chosen

because they correspond to points where both the stiffness and strengths

of the walls greatly change. Because of the low height-to-length ratio,

the wall shear stiffness is less than the flexural stiffness

2-3
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(particularly for Wall 31). Except For segment 2 of Wall 19 (El 104

feet to 123 feet), where the flexural capacity (controlled by yield

moment) and the shear yield capacity are essentially equal, the shear

capacity is less than the flexural capacity. Although probably

unnecessary, 1t was decided to model each shear wall segment with both a

nonl1near shear element and a nonl1near flexural element comb1ned 1n

ser1es because each element has different nonlinear properties. This

modelling has the slight advantage of separately defining shear

deformations from flexural deformations so that the probability of

severe distress criteria could be defined in terms of inelastic shear

deformations. To properly account for rotational effects, the flexural

elements were assigned a length equal to the segment height and the

series coupled shear elements were given a very short length relat1ve to

the flexural elements. Each element type was provided with appropriate

nonlinear force-deflection characteristics. Th1s approach to nonlinear

modelling of shear walls has previously been used 1n References 3 and 5

and the details are discussed in greater depth therein.

The analys1s was only concerned with east-west response due to an east-

west input; therefore, the schematic model shown in Figure 2-2 was

simpl1fied 1nto the two-d1mensional model shown 1n Figure 2-3 which is

compatible w1th the ORAIN-20 nonlinear analysis computer program

(Reference 28). The Turb1ne Building model node coordinates and nodal

2-4
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masses are given 1n Tables 2-1 and 2-2, respectively. Stiffness and

strength character1stics of each element are d1scussed 1n the following

subsections. Mass, st1ffness, and strength character1st1cs of the

operating floor elements and the turbine pedestal were provided by

Pacific Gas and Electric (Reference 30).

The model shown in Figures 2-2 and 2-3 with the properties described

herein was developed based on a rev1ew of Turbine Building responses

obtained from-the substantial 3-D finite element model of the entire

building used during the des1gn process. Based on th1s review, it was

judged that the s1mple model shown in Figure 2-3 was fully adequate to
W

describe the in-plane shear wall behavior of Walls 19 and 31. This

model adequately represents the shear and moments induced in these walls

by the overall building response. This model also properly describes

the nonl1near response characteristics of the shear walls, including the

influence of nonlinear behavior of the operating floor and turbine

pedestal 1mpact.

2.1 Shear Behav1or of Shear Walls

2.1.1 Shear Stren th

Barda (Reference 7) determined that the ultimate shear strengths of low-

rise walls (he1ght less than length) can be represented by the following

relationship:

2-5
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vu vc+ vs

hw~8.3 f'3.4 f' -0.5 + p f
C C ny

(2-1)

where:

v„= Ultimate shear strength, psi

vc = Contribution from concrete, psi

vs = Contribution from steel reinforcement, psi

f' Concrete compressive strength, psi

h„Wall height, in

a Mall length, in
w

p Vertical steel reinforcement ration

f Steel yield strength, psi

2-6
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The contribution of the concrete to the ultimate shear strength of the

wall as a funct1on of h„/aw is shown in F1gure 2-4. Also shown in

Figure 2-4 are the available test values (References 7 through 10) and

the corresponding ACI 318-83 formulation. The tests included load

reversals and varying reinforcement and h /a ratios. Meb crush1ng

generally controlled the fa1lure of the test specimens. Tests were

performed with no axial loads; however, an 1ncrease 1n shear capac1ty

due to the presence of axial loads of H/4a„t was recommended, where H is

the axial load in pounds, and t is the wall thickness in 1nches.

One of the conclusions reached by Oesterle (Reference 10) was that for

walls with hJx„ I, vertical steel has no effect, and the ent1re

contribution to shear strength is due to the hor1zontal steel. In order

to estimate the effect of the horizontal and vertical steel, the steel

contribution to wall shear strength was determined from test values for

the range of 0.5 < h /a < 2 using the test data from the above
w w

references. The effective steel shear strength was assumed to be in the

form

vse vsn shAv + Bv (2-2)

where A, B are constants and

2-7
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v „ ~ pnf ~ Vertical steel contribution to shear strength.

vsh phf Horizontal steel contribution to shear strength.

ph Horizontal steel reinforcement ratio.

The constants A and B were calculated based upon the concrete

contribution to the ultimate strength as given in Equation 2-1.

Constants A and B were approximated as follows in terms of the height-

to-length ratio:

<0.5

0.5 to 1.0

>1.0

A

1

-2.0 h /a +2.0

B

0

2.0(h„a )-1.0

1

Thus the median ultimate shear strength is given by:

vu vc+ vse

83 f'34 f' -05 + —+ p
w N

c '
a 'a t se y

2-8
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where p Ap„ + Bph with A and B determined as shown above. The

logarithmic standard deviation associated with this equation was

estimated to be 0.20.
t

The data used to substantiate the median shear strength equations

presented above were derived from tests conducted on cantilever walls

whose height, h„, was known. However, the Turbine Building east-west

shear spans more than one story. For these walls, the equivalent

cantilever wall height, h„e, was taken as the ratio of the in-plane

moment to the in-plane shear at the section under consideration. The

equivalent height, hwe, was used to determine the median wall shear

strength and provides a more accurate representation of the moment-shear

interaction.

The determination of the median shear strength of the lower story of

Wall 31 of the Unit 2 Turbine Building is selected as an example. This

wall is 2 feet, thick and approximately 137 feet long. It is reinforced

by No. 6 bars spaced 12 inches apart at both faces and in both the

vertical and horizontal directions. There are also 56 Ill vertical trim

bars at elevation 85'. These are utilized for flexural capacity only.

Grade 60 steel was used for the vertical reinforcing steel while grade

40 was used for the horizontal direction. The median concrete

2-9
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compressive strength was estimated to be 6600 psi and the median yield

strengths were taken to be 66 ksi and 51 ksi for the vertical and

horizontal bars, respectively. There are also structural steel columns

embedded in Wall 31. Anchorage of these columns to the shear wall is

provided by steel shear lugs welded to both flanges of the columns. The

steel columns are expected to act as dowels to provide additional shear

strength. However, at the bottom story, the shear strength contribution

from these embedded steel columns is limited by the strength of the

column anchor bolts which is much lower than the columns and thus dowel

effects from the vertical columns were conservatively ignored in this
lower segment. The equivalent cantilever wall height based on the

elastic load distributions was estimated to be approximately 47 feet.

Since the floor slabs are supported primarily by the structural steel

frames, the effect of the axial load acting on the wall was neglected

with slight resulting conservatism. The median concrete shear strength

was found to be:

v< = 8.3 /6600 - 3.4 ~6600 (47/137 - 0.5)

718 psi

The effective wall height-to-length ratio is less than 0.5 (47/137

0.34) so the reinforcing steel shear strength was based upon the

vertical wall reinforcement.

2-10
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Pse Pn

2x044
j2

~ 0 00306

The steel shear strength was found to be:

vse = 0.00306 (66000) = 202 psi

For a rectangular wall with uniformly distributed vertical

reinforcement, the effective depth, d, from the extreme compressive

fiber to the resultant of the tensile force was taken to be 0.6 a from
w

Reference 9. The median wall shear strength was found to be:

v ~ (718+ 202) (0.6 x 137 - 3.38' 6.33') (2) (144) (10 )u

openings

19,200 k

At higher elevations up the wall, credit was taken for dowel behavior of

the embedded steel columns. To determine the portion of shear carried

by the columns, the columns were converted into equivalent concrete

areas based on their relative shear modulus.
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The median shear capacity, vc, carried by the concrete (including dowel

action) and the median ultimate capacity, vu, are presented in Table 2-

3. it is estimated that the logarithmic standard deviation associated

with uncertainty of both vc and vu is about 0.25 when the uncertainty

with Equation 2-3 and the uncertainty in concrete and steel strengths

are both included. As a result, the 95K confidence capacities are

estimat'ed to be about 66K of the values listed in Table 2-3.

, 2.1.2 Shear Stiffness

The shear stiffness of each shear wall segment was estimated by:

AvG
K = F

s s h

where A„ is the shear area, G is the shear modulus, h„ is the wall

segment height, and Fs is a stiffness knock-down factor to account for

concrete cracking. The shear area, Av, was taken as the full cross-

sectional area of the wall subtracting out the effects of major openings

and not adding any stiffening effect from embedded steel columns; The

shear modulus was taken as G 2.85 x 10 KSF. The stiffness knock-down5

factor due to concrete cracking is uncertain for such thick, low-rise

shear walls which do not have substantial normal stress. Tests by Los
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Alamos National Laboratory for the U.S. Nuclear Regulatory Commission,

Sozen, and others would 1ndicate that at the concrete capac1ty level,

Vc, the factor Fs 1s h1ghly variable, but 1s generally well below

un1ty. It was the authors'udgement to select a median value of Fs

0.50; thus, the median stiffness in shear was taken to be one-half the

uncracked st1ffness. The resulting median "elastic" shear stiffnesses

for each wall segment are g1ven 1n Table 2.4. Because of the highly

uncertain nature of Fs, the logarithmic standard deviation to account

for uncerta1nty 1n shear stiffness was taken to be 0.50. W1th this

large an uncertainty, the 5X - 95K confidence bounds on stiffness are

44K to 228K of the stiffnesses listed in Table 2-4 corresponding to the

capacity Vc. At shear loads beyond Vc, the wall softens substantially

below the values given in this table, and this softening is accounted

for in the nonlinear force-deflection model.

2.1.3 Shear Wall Drift L1mits

Corley (Reference 11) reports on the drift capac1ty of a large number of

shear walls subjected to cycl1c load. Using data only for walls whose

capac1ty is governed by shear, the data reported 1n Reference ll would

suggest that the 95% - 5X conf1dence bounds on the drift capacity of

shear walls at the onset of significant strength degradation ranges from

about 1X to 3X of the wall he1ght. Drift capacity of walls governed by

flexure would be even h1gher.
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Ferritto (Reference 12) performed an extensive study of various types of

three-story concrete structures subjected to the 1971 San Fernando

earthquake. Defining Damage Ratio as the ratio of repair cost to

replacement cost, Reference 12 presents an estimate of Damage Ratio

versus Drift Ratio (drift to wall height) for shear wall structures. A

Damage Ratio of 1.0 (essentially collapse) is reported to correspond to

Drift Ratios of 7% and greater. However, a Damage Ratio of 0.30 is

judged by the authors to correspond to the onset of significant strength

degradation capable of severely damaging those structures if the ground

motion had lasted longer. A Damage Ratio of 0.30 was reported to

correspond to Drift Ratios of 1% to 2% for shear walls. Equally

important, at a Drift Ratio of 0.5%, the reported Damage Ratio was only

0.05 which would correspond to very limited wall damage.

The Reference 11 data and the Reference 12 data to some extent are for

shear walls with considerably greater height to length ratios than the

walls of interest herein and thus may be too optimistic for the low rise

Turbine Building walls. A limited amount of good quality data also

exists for low rise shear walls whose failure is governed by shear.

However, because of model size limitations, these data are likely to be

too pessimistic for the thick, full scale Turbine Building walls.

Estimated mean, coefficients of variation (COV) and approximate 95%
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exceedance limits are presented for the onset of significant strength

degradation from these limited data:

SOURCE

Barda (Ref. 7)

Shiga (Ref. 13)

LANL (Ref. 14)

BEAN

0.62K

0.55%

0.54K

COV

0.16

0.31

0.11

95K LIMIT

0.48K

0.33K

0.45K

Considering all of these data together with their limitat1on, the

following was taken to represent the estimated median drift 11m1t and

associated logarithmic standard deviation, B, corresponding to the onset

of significant strength degradat1on of Walls 19 and 31:

Median Drift Limit, D ~ 0.7X

Randomness Var1ab1lity, BR 0.15

Uncertainty Variab111ty, B 0.30

Compos1te Variab111ty, BC 0.335

2-15





1643. 01

These estimates result in the following:

SEVERE DISTRESS

PROBABILITY 50K COHFIOEHCE 95% - 5X CONF. BOUND

DRIFT LIHIT (X OF WALL HEIGHT)

50K

16'X

0.70

0.60

0.55

0.43 - 1.15

0.37 - 0.99

0.33 - 0.90

When treated on a composite basis (using 8C ), there is about a 16K

probability of severe distress at 0.5X drift and about an 84K

probabil1ty at 1.0X drift. These estimates might be more conservat1ve

than necessary, but appear reasonable.

Both Walls 19 and 31 were segmented into three elements up their height

because of chang1ng capacities and stiffnesses. W1th the shear

capacities listed in Table 2-3, dr1ft percentages tend to be greatest

w1thin the lower element of Wall 19 or w1th1n the lower or upper

elements of Wall 31. It was conservat1vely decided to 11mit the element

having the greatest dr1ft percentage to the 11mits specified by Equation

2-5. Thus, the probab111ty of severe distress was based upon the shear

element w1th the largest dr1ft percentage obtained as a percent of the

element he1ght, such that the 11mit cr1terion was essentially treated as
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an element drift criterion. The total drift of either Wall 19 or 31 was

less than the maximum element drift percentage times the total wall

height of 55 feet (often substantially less). Thus, the above drift
criterion was used in a more conservative manner than if it had been

applied over the entire wall height.

2.1.4 Force-Deflection Relationshi For Shear Drift

Reinforced concrete walls resist shear through various mechanisms.

Initially, the wall is elastic and shear resistance is developed

according to elastic beam theory. Inclined shear cracks develop when

the principal tensile stresses exceed the concrete tensile strength.

Once shear cracks open, the shear force is resisted mainly by the

reinforcing bars and aggregate interlock. Other mechanisms such as

dowel action, truss action, and the flexural compression zone also

contribute to the shear resistance. The opening and closing of cracks

under load reversals causes a pinching behavior to be noted in the

hysteresis loops. Also, as shear cracks open wider and damage to the

concrete increases, the contribution of concrete, through aggregate

interlock, to shear resistance decreases. This effect causes strength

degradation under large displacement cycles. A typical shear force-

shear distortion diagram obtained during a structural wall test is shown

in Figure 2-5 which illustrates the reverse cycle loading behavior
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characterized by stiffness degradation and pinching of the hysteresis

loops. Relatively few reversing load tests of low-rise walls have been

reported. Fiorato and Corley (Reference 15) have sumoarized the

laboratory testing conducted on low-rise walls with typical

reinforcement ratios in the range of 0.25 to 0.5X, which are more

typical of commercial building construction as reported in References 7,

8, 9, 16, 17, and 18. Much of the structural wall testing conducted at

the University of California, Berkeley, sumnarized by Bertero (Reference

20) and Popov (Reference 21), provides useful information on the

behavior of low-rise wall segments. Cyclic load testing of low-rise box

structures with reinforcement ratios in the range of 0.6 to 1.6X has

been limited to model structures and conducted primarily in Japan

(References 22 through 25) and by the Los Alamos National Laboratory for

the U.S. HRC (Reference 14 and others).

Considering these test data, Kennedy (Reference 4) has suggested that

the primary or envelope loading curve for inelastic shear elements

representing the shear flexibilityof low-rise reinforced concrete walls

can be defiried by a bilinear approximation of the deformation behavior

of low aspect ratio walls under monotonically increasing load. The

consideration of a bilinear curve consisting of two linear segments is

based on the work by Umemura (References 22 and 23) interpreted in terms

of the Arakawa fornula for shear strength of reinforced concrete
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members. The slope of the f1rst segment represents the effect1ve

"elast1c" shear stiffness of the concrete wall section, while the slope

of the second segment represents the effective stiffness of the

reinforcing steel after cracking has occurred.

The hysteresis behavior for the shear element 1s defined by a set of ten

rules. These rules are described below, and they are also shown by

their corresponding numbers in Figure 2-6.

Rule 1: The shear deformation curve, defined by a linear stiffness, K

is elastic up to the yield shear force, V .

Rule 2: Once the yield point in any direct1on is exceeded, loading

continues on the second slope defined by a softer linear

stiffness parameter, sK.

Rule 3: Unloading 1s 1n1t1ated when the direction of loading

changes. A degrading unloading stiffness feature, as shown

in Figure 2-7, is built into the model. Therefore, if the

system unloads from Rule 2, instead of unloading parallel to
I

the elastic st1ffness. K, to a recovery point such as a,
r'nloading1s towards a new recovery po1nt, e, such that

2-19



S



1643. 01

e ~ (1-a)e (2-6)

~here a is the unloading stiffness parameter. The reduced

unloading slope is used for subsequent unloading as long as

the maximum deformation is not exceeded. If the recovery

point, e , is reached, loading in the opposite direction is

according to Rule 4. Reloading from this part is according

to Rule 8.

Rule 4: Once the unloading is finished, the system would initially
exhibit a low stiffness in the opposite direction. This is a

typical pinching behavior which is observed in shear wall

tests. The pinched behavior is due to opening and closing of

cracks under cyclic loads. Loading stiffness for this point

is assumed to be the same as the second slope of the primary

curve, sK. Once zero deformation is reached, loading will be

according to Rule 7. Unloading from this part is according

to Rule 5.

Rule 5: Unloading from Rule 4 is parallel to the unloading (Rule 3)

slope on the same deformation side. Once zero shear force

is reached, loading in the opposite direction is according to

Rule 8. If the direction of loading changes, loading is

according to Rule 6.
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Rule 6: If the direction of loading changes while in Rule 5, loading

will be on the same line until the point where unloading was

initiated is reached (Point A in Figure 2-6). Loading is

according to Rule 4 thereafter. On the other hand, unloading

from this part is according to Rule 5.

Rule 7: Once the cracks are closed (s 0 in Rule 4), loading begins

toward the previous point of maximum deformation. In

addition, a stiffness degrading feature, as shown in Figure

2-7b, is built into the model. Thus, instead of loading

towards the previous point of maximum drift (Point A in

Figure 2-7b), a new target point such as B is defined such

that

(2-7)

where q is the stiffness degradation parameter. Once

point B is reached, loading starts on the second slope again

(Rule 2). Unloading from this part is according to Rule 3.
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Rule 8: This rule assures that any loading from Rule 3 will be

towards the previous intermediate point (Points B and C in

Figure 2-6). Once this point is reached, loading is

according to Rule 7 (Point C in Figure 2-6). However, for a

point such as B, loading from Rule 8 is on the second slope

(Rule 2). Unloading from this part is according to Rule 9.

Rule 9: Unloading from Rule 8 is parallel to the last minimum

unloading slope (Rule 3). Once unloading is finished,

loading in the other direction is according to Rule 4. A

change of direction in load would cause the system to follow

Rule 10.

Rule 10: Loading from Rule 9 is on the same slope until the previous

intermediate point (Point D in Figure 2-6) is reached.

Loading is according to Rule 8 thereafter. Unloading from

this part is according to Rule 9. The small amplitude or

shakedown behavior of the shear hysteresis model is shown in

Figure 2-7c.

The 10 Rule hysteretic model defined above is based on quasistatic

cyclic load tests of shear wall elements representative of nuclear plant

box-type reinforced concrete structures. The model is similar to the
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shear models used by Banon (Reference 26) and Saiidi (Reference 27).

Except for shear p1nching and strength degradat1on, the model is very

sim1lar to the modified Takeda model (Reference 28) bu1lt 1nto Computer

Program ORAIN-20 for use to represent the hysteretic behav1or of

reinforced concrete 1n flexure. Comparison of the model behavior with

available cycl1c load test data 1ndicates that the model provides good

agreement with test results when large displacement cycles are

considered up to displacements associated with the onset of substantial

strength degradation. The shakedown behavior (1.e., behavior after peak

deformation 1s reached as shown in Figure 2-7c) used 1n this model is

unverified because of 1nsufficient experimental data on cyclic behavior

after peak response is reached. However, proper model1ng of this

shakedown behavior is unimportant so long as a peak drift criteria is

used as the measure of damage. The proper modeling of this shakedown

behavior would be very important if a total hysteretic energy absorption

criterion had been used as the measure of damage. The lack of

experimental data on shakedown behavior is one of the primary drawbacks

to the use of a total hysteret1c energy absorpt1on criter1a as a measure

of damage.

Once the overall shear force-deformat1on model was established, 1t was

necessary to estimate the parameters to use tn this model. Figure 2-8

shows the envelope loading curve wh1ch would be expected for the lower
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segment of Wall 31 based upon the strength, stiffness, and drift
estimates described in Subsections 2.1.1 through 2.1.3, respectively.

Also shown is the chosen bilinear representation of this expected

curve. This bilinear representation is a compromise of competing

objectives. The yield point, V , on this bilinear representation was

chosen to correspond to the shear capacity of the concrete only, Vc,

awhile the second slope factor, s, was set at 0.03.

This bilinear representation conservatively underpredicts the expected

shear force at drifts'ess than about 0.45K and overpredicts the

expected shear force at 0.7X drift by about 14K. It does maintain the
'f

total area under the expected force-drift diagram out to 0.7X drift.
The loading diagram would have been better fit if the effective yield

point, V , had been set midway between Vc and Vu with a lesser secondary

slope value. However, it should also be noted that s also defines the

slope of the pinching behavior after unloading (see Rule 4 of the 10

rule hysteretic model) and an s of 0.03 is already rather low for this

pinched behavior. The maximum drift is reached after several strong

nonlinear response cycles for strong ground motion from magnitude 6.5

and greater earthquakes (see Reference 4) and is influenced by the

hysteretic energy absorbed in the pinched hysteretic loops. Use of an s

value less than 0.03 would have significantly reduced the hysteretic

energy absorbed in these pinched hysteretic loops. Furthermore,
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Reference 4 shows that the maximum drift reached for a given ground

motion level is rather insensitive to the second slope, s. It is fudged

that the conservatism introduced by setting V equal to Vc more than

compensates for the 14K overshoot of the ultimate capacity, Vu, at a

drift of 0.7X. Lastly, it is fudged that uncertainties introduced by

choosing this model are encompassed within the previously defined

variabilities for strength, stiffness, and drift limits corresponding to

the onset of severe damage.

For all of the wall elements, the yield capacity V was set equal to Vc

and s 0.03 was used. The above discussion applies equally to all of

these elements. The remaining hysteretic rule parameters were set at:

Unloading stiffness parameter, c 0.35

Stiffness degradation parameter, y 0.95

These same parameter values have previously been used in References 4

and 5 for similar shear wall evaluations. Reference 4 has shown that

the maximum shear drifts are not very sensitive to a reasonable range on

either of these two parameters.
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2.2 Flexural Behavior of Shear Walls

2.2.1 Flexural Stre th

Equations to predict the overturning (in-plane) moment capacity of

rectangular shear walls containing uniformly distributed vertical

reinforcement are found in Reference 9. These equations were derived
t

from the basic ultimate strength design provisions for reinforced

concrete members subjected to flexure and axial loads contained in

Section 10.2 of ACI 318-83. These provisions are based upon the

satisfaction of force equilibrium and strain compatibility.

Equation 1 of Reference 9 can be used to predict the flexural strength

of rectangular walls having uniformly distributed reinforcement. The

accuracy of this equation has been verified by testing. Equation 2 of

Reference 9 shown below, was presented as an adequate approximation to

Equation l.

~05Af a 1+ —f 1-—
u syw Af a

(2-8)
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where

As Total area of vertical reinforcement at section

fy Yield strength of vertical reinforcement

a„ Horizontal length of wall

c Distance from extreme compressive fiber to neutral axis

Hu = Axial load, positive in compression

Inspection of Equation 2-8 reveals that the overturning moment capacity

of a rectangular wall can be adequately represented by lumping the total

area of the uniformly distributed vertical reinforcement at midlength of

the wall and applying the basic design provisions in Section 10.2 of ACI

318-83.

R BIc
(Af +N)

u sy u 2 2

~here a1 is the ratio of the depth of the equivalent rectangular

concrete'tress block to the distance to the neutral axis, c.
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This approach was typically used to predict the median flexural strength

for walls without concentrated reinforcement. Concentrated

reinforcement can be embedded steel columns well tied to the concrete

wall or the vertical wall reinforcement bars within the effective

flanges of the cross walls cast integrally with the wall evaluated. The

compression flange steel is typically neglected since it is near the

neutral axis, and its effect on the moment capacity is small. The total

moment capacity of reinforced concrete shear walls including

concentrated reinforcement is then:

R 81c B1c(Af +N) —- —+~Af d-—
u sy u 2 2 iffy 2 (2-10)

where

Af = Area of concentrated reinforcement steel

ffy = Yield stress of concentrated reinforcement steel

d Distance from the extreme compressive fiber to the

centroid of concentrated reinforcement steel

As an example the lower segment of Wall 31 is analyzed here for

flexure. Additional resistance contributed by the dead weight of the
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wall and the embedded steel columns is more significant to the flexural

strength than to the shear strength. However, the column contribut1on

at the lower story 1s l1mited by the y1eld strength of the column anchor

bolts which 1s 240 k1ps per column. The effect of vertical ground

acceleration is included in the analysis. In the following, the

concrete compression strength 1s taken as 6.6 ksi and the steel y1eld

strength 1s 66 ksi.

As ~ 207.8 1n

Asfy 207.8 x 66 = 13,720 kips

Afff = 240 kips per column (limited by anchor bolts)

a = 137'

Nu 2260 kips (compression)

13720 + 240 x 5 + 2260 1 - 0.4 5 6 A
1 0.85 x 6.6 x 24

127.6 - 5.6 A, inches
I

10.6 - 0.47 A, feet
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where 0.4 (5/6 A) accounts for concurrent upward ground

acceleration for structures with vertical frequencies in the

rigid range.

13720 (137 10.6 - 0.47 A) +
U 2 2

240 (23 92
10.6 - 0.47 A) +

2

24Q (38 92
10 ~ 6 - 0.47 A)

2

240 (57 42
10.6 - 0.47 A)

2

24Q (81 69
10.6 - 0.47 A) +

24Q (1Q8 23
10 ~ 6 - 0 ~ 47 A)

2260 i1 0 4 ~5/6 A) j (137 10.6 - 0.47 A)
2 2

The influence of A is small and will be approximated. By equating Hu to

the Hosgrt elastic load bending moment at the wall base scaled by the

ratio of A to the peak Hosgri ground acceleration level, 1.08 x 10 A,6

the A is solved to be 0.96 g. Therefore,
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~ 1.04 x 10 k-ft6
u

Following this same procedure the median moment capacity fo'r each of the

wall segments was computed. The effects of the embedded steel columns

were included, but the contribution of these columns was limited by

column splices and anchor bolts. The resultant moment capacities are

shown in Table 2-3. After the wall flexural capacities were evaluated,

equivalent yield shear forces were estimated by using the relative ratio

of elastic computed shear and moment loads in the wall segments. These

equivalent yield shear forces are also shown in Table 2-3 and may be

directly compared with the shear capacities. It can be seen that

flexural yielding should not occur in any of the wall segments except

possibly the middle segment of Wall 19 since capacities are limited by

shear for all other segments. This expectation was borne out by the

nonlinear analyses results. The median yield capacities of the

nonlinear flexural elements were defined by the H„values in Table 2-

3. For flexure, the logarithmic standard deviation associated with

uncertainty in strength was taken to be the same as for shear, or

0.25. This assumption is conservatively larger than necessary, but had

little effect on the results.

2-31





1643.01

2.2.2 Flexural Stiffness

It was intended to estimate the flexural drift, 6f, and rotation, ai,
at the top of each shear wall segment i from:

3 2

V,hw
+ +6 +a h

i 3EIiFSF 2EIi SF
i-1 i-1 wi

(2-11)

Vih Hih

'i 2EIiFSF EliFSF 'i-1

where Ii is the uncracked moment of inertia, E is the modulus of

elasticity, FSF is the flexural stiffness reduction factor to account

for the effect of wall cracking, hw is the wall segment height, and
wi

(i-1) represents the top of the segment below. For estimating I, no

credit was taken for end flanges and the effects of major cutouts was

included. The modulus of elasticity was taken as E 6.67 x 10 KSF.5

However, during review of the results, it was found that the analyst had

used for flexural drift:

Vih
3

f) ~EI )
1-1 (2-12)
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which overstates the flexural stiffness since the first term (shear

term) in Equation 2-11 is two to four times as stiff as it should be

(based on F>F ranging from 1.0 to 0.5) while the second term (moment

term) and fourth term (rotational term) are ignored. The resulting

median flexural stiffnesses for each wall segment using Equation 2-12

are tabulated in Table 2-4.

The net result of using Equation 2-12 is that computed flexural drifts
were negligible compared to shear drifts in that the flexural

stiffnesses used for Wall 19 were twenty to sixty times the shear

stiffnesses, and were one hundred to three hundred times the shear

stiffnesses for Wall 31.

For walls with height to length ratios less than 0.5 (such as Walls 19

and 31), it is common practice'to ignore flexural flexibility and base

flexibilityonly on shear flexibility. Use of the erroneous flexural

stiffnesses obtained from Equation 2-12 and listed in Table 2-4 is

equivalent to making this common assumption of ignoring flexural

flexibility and considering only shear flexibility. However, the shear

stiffnesses contained a gudgementally selected stiffness knockdown

factor Fs of 0.50 which should compensate, for ignoring flexural

flex ib i 1 ity.
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To study the influence of 1nadvertently ignoring flexural flexib1lity,
the ratio of total-dr1ft to essentially shear-only-drift using

stiffnesses tabulated in Table 2-4 was computed for Walls 19 and 31

using stat1c horizontal appl1cation of the 1nertial wall weights shown

in Table 2-2. The total drift properly includes flexural drift computed

from Equation 2-11 with FSF judgementally selected as unity. The ratios

of total-drift to shear-only-drift (RT/S) are shown 1n Table 2-5. Then,

an equivalent total-drift stiffness knockdown factor FT to be applied to

the essentially shear-only-drift results based on the Table 2-4

stiffnesses can be computed from:

T ( T/S) s (2-13)

where Fs is the shear stiffness knockdown factor of 0.50. These

equivalent total-dr1ft stiffness knockdown factors, FT, are also shown

in Table 2-5. The net result of using Equat1on 2-12 for flexural drift
(i.e., essentially 1gnor1ng flexural dr1ft) 1s equivalent to using the

equivalent total-drift st1ffness knockdown factors 1n Table 2-5 1n lieu

of an Fs value of 0.5. Since all of the FT values 1n Table 2-5 are well

within the uncertainty range of st1ffness knockdown factors due to

concrete crack1ng, and s1nce a large logarithmic standard deviation of

0.50 was included 1n this study to account for shear stiffness
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uncertainty, 1t was concluded that stiffness errors introduced by the

use of the erroneous Equation 2-12 were small and easily tolerable when

compared to the stiffness uncertainty variat1on already included in this

study. A logarithmic standard deviation of 0.50 was also used for the

uncertainty assoc1ated w1th flexural stiffness.

2.2.3 Flexural Drift Limits

Nonlinear flexural drifts are small in each of the wall segments

compared to the maximum shear drift. Also, flexural drift capac1t1es

are larger than shear dr1ft capacities. Therefore, no drift limits were

developed or specified for flexural dr1fts.

2.2.4 Force-Deflection Rel ationshi For Flexural Drift

The nonlinear force-deflection hysteretic behavior for flexural drift
was approximated using a modified Takeda model. The standard Takeda

model bu1lt 1nto DRAIN-20 (Reference 28) is shown in Figure 2-9. This

standard Takeda model is very sim1lar to the shear deformation

hysteretic model shown 1n Figure 2-6 except that 1t does not contain

pinch1ng behavior, reduced unloading stiffness behav1or, or stiffness

reduction behav1or upon reload1ng. Thus, the standard Takeda model

absorbs considerably more hysteretic energy per nonlinear cycle than
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does the shear model of Figure 2-6, and it does not rachet towards

increased drifts with each nonlinear cycle. For flexural drifts of

shear walls, the standard Takeda model was modified to incorporate a

reduced unloading stiffness defined by o 0.35 which is the same value

as previously defined for shear drifts. However, no pinching behavior

or loading stiffness reduction was incorporated. It was judged that

this modified Takeda model provided a good nonlinear hysteretic behavior

representation for flexural drifts. It was used for all flexural shear

wall elements, the operating floor beam elements, and the turbine

pedestal element.

For the shear wall flexural elements, the yield point was defined by the

strength values in Table 2-3 and stiffness values in Table 2-4. The

second slope was defined by s 0.03 to account for some work hardening

effects.

2.3 0 eratin Floor Beam Elements

A monotonic or enveloping force-deflection diagram for each of the two

operating floor beam elements developed by the Diablo Canyon Project

Civil Group (Reference 30) is presented in Figure 2-10. This force-

deflection curve was based upon their review of static nonlinear finite
element cracked concrete analysis results previously obtained for the
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operating floor. This diagram accounts for different degrees of

concrete cracking as loadings are increased. Sl1ghtly d1fferent force-

deformation curves were developed for east to west and west to east

responses of the beam-like portions of the operating floor diaphragm.

For the DRAIN 1nput, the operating floor diaphragm force-deformat1on

curve was approx1mated by the bilinear curve also shown 1n Figure 2-10

which uses the same b111near representation for both east to west and

west to east responses of the diaphragm. It should be noted that the

strengths and stiffnesses defined 1n Figure 2-10 are applied equally to

Operat1ng Floor Elements I, 2, 3, and 4 shown 1n Figure 2-3.

It can be seen 1n F1gure 2-10 that the s1mplif1ed b111near

representation fits well up to floor deformations of about 6 1nches.

Beyond a deformation of about 8 inches, this b1linear representation

s1gn1f icantly overpredicts the stiffness of the operating floor. This

s1gn1ficant overprediction of st1ffness leads to an underprediction of

deformation of the operating floor and an overprediction of loads

distr1buted to the shear walls from the operat1ng floor for deformation

1n excess of about 8 inches. Since the drift capacity of the operating

floors is Judged to be 1n excess of 18 1nches which is not expected to

be reached prior to severe d1stress in the shear wall, the potential

underprediction of operat1ng floor drifts 1s of 11ttle concern.

However, the overpredict1on of loads transferred to the shear walls will
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lead to some conservatism in the estimated probabilities of failure of

the shear walls for a. given ground motion.

The above discussion applies when median stiffnesses are used. However,

for the probabilistic evaluation, stiffnesses are multiplied by a

probabilistically defined stiffness factor. For an operating floor

probabilistic stiffness factor of Ro , the overprediction of loads
oSTIFF

on the shear walls and underprediction of operating floor relative

drifts is only significant when the operating floor relative drift, a,ot

does not satisfy the following:

inches8

o R

STIFF

(2-14)

Each case where a exceeds the limits of Equation 2-14 is specifically

noted in the section where the results of the nonlinear probabilistic

evaluations are reported. It will be shown that no such cases exist for

the trials with average spectral acceleration ground motion of 3.0g,

very few cases exist at 4.0g; therefore, the issue only becomes

important with the 6.0g trials. Since the 3.0g trials were of the

greatest interest and the 6.0g trials were of much lesser interest, it
was decided to accept the overprediction of shear wall loads from the

operating floor rather than develop a more complex nonlinear model.
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The modified Takeda model described in Section 2.2.4 was used to define

the nonlinear hysteretic behavior of the operat1ng floor beam

elements. The same logar1thmic standard deviation values previously

described for the shear walls were used to descr1be the uncertainty 1n

the operating floor st1ffness and strength.

2.4 Turbine Pedestal

The expected enveloping force-deflect1on diagram shown 1n Figure 2-11

for the turbine pedestal was developed by the Diablo Canyon Project

Civil Group (Reference 30). This d1agram was s1mplified to the elasto-

perfectly plastic approx1mat1on also shown 1n Figure 2-11, wh1ch

provides a good fit at all drifts. The modif1ed Takeda model described

1n Section 2.2.4 was used to define the nonlinear hysteretic behavior.

Uncertainties in stiffness and strength of the turbine pedestal were

defined by the same lognormal deviations as previously described for

shear walls.

2.5 Other Modellin Considerations

A 3.375-1nch gap element was used to couple the turbine pedestal to each

of the operating floor elements as shown in Figure 2-3. Thus, for

elast1c response, the turbine pedestal 1s uncoupled from the operat1ng

floor and shear wall model.
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The elastic response of the turbine pedestal model consists of one mode

w1th a median frequency of 3.1 Hz (based on median st1ffness

properties). There are three 1mportant elast1c modes for the shear

walls and operating floor model. Their median frequenc1es are shown 1n

Table 2-6. Approx1mately 92K of the mass 1s incorporated 1nto these

three modes. The 4.0 Hz mode consists of deformat1on of the operating

floor with the shear walls nearly stat1onary. The 8.6 Hz mode consists

of drift of Wall 31 with both the operating floor and Wall 19 being

nearly stationary. The 9.5 Hz mode consists of drift of Wall 19 with

both the operating floor and Wall 31 nearly stationary.

Modal shears and moments are also presented in Table 2-6 for the turbine

pedestal mode plus the three important shear wall and operat1ng floor

modes. The modal shears and moments have been premultiplied by the

appropriate base 1nput motion part1c1pat1on factor so that they

correspond to a lg 1nput spectral acceleration. Lastly, Table 2-6

presents modal displacements for each of these modes defined for a lg

1nput spectral acceleration.

Based upon a rev1ew of the modal properties, 1t was )udged that

s1gnificant nonl1near drifts of the shear walls would be primarily
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1nfluenced by spectral accelerations in the 3 to 8.5 Hz frequency

range. For this reason, 1t was decided to scale all ground motion

records to the same average 5X damped spectral accelerations in the 3 to

8.5 Hz frequency range. Throughout the rema1nder of this report the

symbol, E , will be used to define the average 5X damped spectral

acceleration over the 3 to 8.5 Hz frequency range.

For all nonlinear runs, elast1c damping was probabilistically defined

with a median value of 7X and an uncerta1nty logarithmic standard

deviation of 0.35. Thus, the 95K - 5X confidence bounds on elastic

damping ranged from 4X to 12.5X. Cons1dering that some energy is

radiated from the structure back into the ground, th1s range of elastic

damping is considered to be reasonable. In the results section, it will
f

be shown that the probabilistically selected damping value had an

unobservable effect on the resultant shear wall drift or probability of

failure. Shear wall dr1fts are much more influenced by the energy

dissipated in the hysteresis loops than by the elastic damping selected.

Lastly, 1t was found from sens1tiv1ty studies that stable predictions of

the shear'wall drifts for this model could generally be obta1ned from

the DRAIH-20 computer program when a time step size of at 0.005

seconds was used. Th1s time step s1ze was used for most analyses

reported here1n. In a few cases, particularly at S 6.0g, it was
a
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necessary to,reduce the t1me-step s1ze to at ~ 0.0025 seconds.

2.6 Treatment of Randomness and Uncerta1nt

As noted 1n the prev1ous sect1ons, strength, st1ffness, damp1ng, and

dr1ft 11m1ts were each treated as lognormally d1str1buted random

var1ables def1ned by a med1an value and randomness, uncerta1nty, and

compos1te logar1thm1c standard dev1at1ons as g1ven below:

VARIABLE MEDIAN
LOGARITHHIC STANDARD DEVIATION

RANDOH UNCERTAINTY COMPOSITE

DAMPING

STIFFNESS RATIO

STRENGTH RATIO

1.0

1.0

0.35

0.50

0.25

0.35

0. 50

0.25

SHEAR MALL DRIFT LIHIT 0.7X 0.15 0.30 0.335

In add1t1on, randomness of the ground mot1on character1st1cs were

1ncorporated by us1ng 25 d1fferent ground motton records each scaled to

the same average 5X damped spectral accelerat1on, 5, 1n the 3 to 8.5 Hz

range. The probab111st1c shear wall dr1ft 11m1t cr1ter1a was used to

pred1ct the probab111ty of severe d1stress for the dr1fts computed 1n
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any given nonl1near analysis. The remaining probabilist1c var1ables

were used as defined 1n the remainder of this subsection.

For each value of Y (3.0g, 4.0g, and 6.0g), 50 nonlinear analyses were

performed. For each nonl1near analysis, the med1an st1ffnesses and

strengths of the shear walls, operat1ng floor, and turbine pedestal were

«altiplied by probabilistically defined stiffness and strength rat1os.

Stiffness and strength rat1os were independently defined for each

element type (shear walls, operating floors, and turbine pedestals).

Thus, a given element could have a high stiffness ratio and a low

strength ratio in a given nonlinear analysis. S1milarly, shear walls

could have a low strength ratio while the operating floor had a high

strength rat1o 1n the same analysis. However, all six shear wall

elements in shear and flexure had the same stiffness and strength ratios

for a given analysis. Similarly, the four operating floor elements had

the same stiffness and strength ratios for given analyses. This

approach was 5udged to provide the most realistic variation of

stiffnesses and strengths throughout the model. At the same time

elast1c damp1ng was considered to be an 1ndependent probab111stically

def1ned vari able.

Using the lognormal probabilistic dens1ty functions defined above,

specific values of the stiffness ratio, strength ratio, and damp1ng were
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independently and randomly selected for each of the 50 nonlinear

analyses. The 50 sets of independently selected properties are listed

in Table 2-7.

Each of the 25 earthquake ground motion time histories described in the

next section were used twice. The records were each used once in the

first 25 trials and then were repeated in the same order in the next 25

trials. Thus, Record 1 was used in Trials 1 and 26; Record 10 in Trials

10 and 35; and so on. For each trial, the largest story drift (defined

as a percent of height) associated with the 6 shear elements

representing portions of Walls 19 or 31 was compared with the

probabilistically defined shear'all drift limit for predicting the

probability of severe distress from that trial. In other words, the

probabilistic drift limits were treated as dependent for all 6 shear

elements. This dependency was considered to be the most appropriate

treatment of the drift limits.
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Table 2-1. Turbine Building Nonlinear Model Node Coordinates

NODE NO. X-COORDINATE
(Ft )

Y-COORDINATE
(Ft.)

1

2

3

4

5

6

7

8*
9*

10

11

12

13*'
4+*

15

16

17

18

19

20

21

22

0.
.19

19.19

19.38

38.38

38.55

55.55

55.55

55.55

189.16

189.16

189.16

322.77

322.77

244.16

322.77

343.77

343.98

355.98
356'.10

378.10

378.32

0.

0.

0.
0.
0.

0.

0.
49.42

-49.42

49.42

-49.42
0.

49.42

-49.42

0.
0.

0.

0.

0.
0.
0.
0.

* Slaved to Node 7

+* Slaved to Node 16
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Table 2-2. Turbine Building Nonlinear Hodel Nodal Masses

NODE NO. WEIGHT (Keeps) COGENT

1,573 MALL 19 AND FLOOR AT EL 104

832 WALL 19 AND FLOOR AT EL 123

4,219 MALL 19 AND OPERATIHG FLOOR*

10 2,250 OPERATING FLOOR*

2,250 OPERAT IHG FLOOR~

12 25,000 TURBINE PEDESTAL»

16 6,331 WALL 31 AND OPERATIHG FLOOR*

18 2,130 WALL 31 AND FLOOR AT EL 119

20 2,460 WALL 31 AND FLOOR AT EL 107

* Reference 30
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Table 2-3. Hedian Capacities of Shear Wall Elements

SHEAR CAPACITIES FLEXURAL CAPACITIES
COHCRETE

SHEAR WALL COHCRETE OHLY

VC (Kips)
ULTIHATE

VU (Kips)
YIELD HOHEHT

MU (KiP-Ft.)

EQUI VALEHT
YIELD SHEAR

V~ (Kips)

WALL 19

EL 140 - EL 123

EL 123 - EL 104

EL 104 - EL 85

10,600

11,000

9,200

12,800

13,300

13,500

0.23 X 10

0.39 X 106

0.71 X 10

13,700

11,200

14,100

WALL 31

EL 140 - EL 119

EL 119 - EL 107

EL 107 - EL 85

13,200

17,000

15,000

16,600

21,700

19o200

0.64 X 10

0 72 X 106

1 05 X 106

30,700

24,800

22,300
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Table 2-4. Effective Shear Wall Elastic Shear and Flexural Stiffness Used

CONCRETE

SHEAR WALL

EFFECTIVE SHEAR

STIFFNESS (Kips/Ft.)

- EFFECTIVE FLEXURAL,

STIFF HESS (Kips/F t. )

WALL 19

EL 140 - EL 123

EL 123 - EL 104

EL 104 - EL 85

1.14 X 106

1.22 X 106

2.25 X 106

6.13 X 10

7.55 X 10

5.05 X 10

WALL 31

EL 140 - EL 119

EL 119 - EL 107

EL 107 - EL 85

1.71 X 10

3.10 X 106

1.60 X 106

24.2 X 10

99.0 X 10

16.0 X 10
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Table 2-5. Ratio of Total Drifts to Essentially Shear-Only-Drifts
(Based on Table 2-4 Stiffnesses) and Equivalent Total-Drift
Stiffness Knockdown Factor

WALL SEGMENT

RATIO TOTAL-DRIFT
TO ESSENTIALLY SHEAR-

ONLY-DRIFT

RT/S

EQUIVALENT TOTAL-
DRIFT. STIFFNESS KNOCK-

DOWN FACTOR

FT

19

EL 140

EL 123

EL 104

1.37

1.32

1.21

0.68

0.66

0.60

31

EL 140

EL 119

EL 107

1.10

1.06

1.04

0.55

0.53

0.52
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content capable of producing both high spectral accelerat)on $ n excess

of 2.1g 1n the 8.6 to 9.5 Hz frequency range and h1gh spectral

accelerat)ons 1n excess of Equat)on 5-32 1n the 1.7 to 2.8 Hz frequency

range. Possibly the s)ngle parameter E would have performed better asa

a descrfptor of damage potential 1f 1t had been averaged over the

broader 1.7 to 9.5 Hz frequency range rather than over 3 to 8.5 Hz.
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Table 5-1. Honl1near Results for Hedfan Structural Model at T 3.0G
a

MALL 19 MALL 31

TRIAL
HO.

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

TOP
DRIFT

(Inches)

0.58
1.01
0.36
0.24
0.52

0.79
0.22
0.20
0.89
0.64

0.54
0.36
0.59
0.28
1.39

1.03
0.65
1.69
0.24
1.62

0.25
0.41
0.65
1.13
0.23

HAX
STORY
DRIFT

(~)

0.18
0.35
0.09
0.04
0.17

0.26
0.04
0.04
0.30
0.20

0.16
0.10
0.18
0.06
0.43

0.35
0.20
0.53
0.04
0.51

0.03
O.ll
0.21
0.43
0.04

TOP
DRIFT

(Inches)

0. 60
1.30
0. 61
0. 29
0.83

0.79
0.43
0.24
1.18
0.70

0.74
0.52
0.58
0.25
1.81

l. 10
0.89
2.36
0.25
2.11

0.48
" 0.62

, 0.97
0.90
0.62

NX
STORY
DRIFT

(<)

0.18
0.42
0.18
0.06
0.26

0.26
O.ll
0.05
0.38
0.22

0.24
0.17
0.18
0.05
0.61

0.37
0.28
0.69
0.05
0.59

0.15
0.19
0.32
0.29

0.19'PE

RATI HG

FLOOR
DRIFT

(Inches)

3.06
5.15
2.29
1.58
3.54

4.57
1.98
1.81
4.00
2.71

1.70
2.84
3.78
3.18
7.03

3.71
5.39
5.77
2.57
5.37

1.66
3.47
4.18
2.95
3.84

TURBIHE
PEDESTAL

DRIFT
(Inches)

3.22
2.47
1.86
2.20
2.35

2.40
1.58
2.12
2.70
2.45

1.37
2.24
2.81
3.43
4.80

'.28
3.50
2.48
3.47
3.12

1.86
3.07
3.76
1.88
3.88

PEDESTAL
IHPACT

CASES(1)

PROBAB-

ILITYY OF

SEVERE WALL
DISTRESS (X)

0
0
0
0

17.9

0
0

46.0
0

12.7

76.6

Z 76.6

(1) Y Snd1cates that turbine pedestal dkd impact the Operating Floor.
For all other caess, no 1epact occurred.

5-34





1643. 01

Table 5-2. Honl1near Results for Hed1an Structural Nodel at E ~ 6.0Ga

MALL 19 MALL 31

TRIAL
NO.

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

21
22
23
24
25

TOP
DRIFT

(Inches)

4.8
6.4
2.1
2.4
3.2

4.6
1.5
1.3
7.2
2.8

1.5
3.6
3.8
3.0
6.6

6.6
6.1

10.1
1.6
7.7

1.7
4.3
3.8
4.2
2.2

NAX
STORY
DRIFT

(<)

0.89
0.97
0.59
0.66
0.84

0.82'.48

0.43
1.16
0.71

0.48
0.81
0.74
0.73
1.05

1.00
1.09
1.82
0.55
1.23

0.55
0.77
0.82
0.81
0.68

TOP
DRIFT

(Inches)

5.9
7.7
4.2
3.1
5.8

6.3
2.0
1.9
9.1
4.0

1.8
5.9
5.6
4.2
9 '

8.2
8.1

12.2
2.8
8.8

2.0
5.3
5.2
5.2
5.0

MAX
STORY
DRIFT

(<)

1.46
2.05
0.97
0.90
1.20

1.50
0.65
0.64
1.89
1.13

0.57
1.45
1.41
1.21
2.08

1.67
1.72
2.76
0.95
1.91

0.65
1.33
1.45
1.33
1.28

OPERATING
FLOOR
DRIFT

(Inches)

8.8
14 0»
7,4
7.3
8.6

11 5»
4.4
3.6

13.1»
7.3

3.9
9.3

10 7
8.8»
ll 8

11.8»
10.3
18 5
5.6

14.2»

4.9
10 0»
9

6'.9

8.0

TURBINE
PEDESTAL

DRIFT
(Inches)

6.1
10.6
4.0
4.6
5.2

8.1
, 3.1

3.5
9.7
5.4

2.8
5.9
7.3
6.3
9.9

8.4
8.3

15.1
5.3

10.8

4.0
6.6
6.2
5.0
6.8

PEDESTAL
IHPACT

CASES( 1)

PROBA-
BILITY OF

SEVERE WALL
DISTRESS (X)

100
100

99
95

1N

1N
31
27

100
100

9
100
100
100
100

100
100
100
98

100

31
100
100
100
100

Q~ 2190

f 8 25
Z 2190

» Relat1ve d1aphram dr1ft exceeds the 11m1ts of appl1cab111ty of the b111near force-
deflect1on relat1onsh1p used for the operat1ng floor so that d1aphram dr1fts are
11kely to be underpred1cted and wall dr1fts are 11kely to be overpred1cted to some

extent for these cases.

(1) h tndicates that the Torhtne Pedestal dsd not tnpact the Operattng Floor.
For adit other cases there nas fnpact.

5-35





1643.01

Table 5-3. Elastic Deformed Shape at Y1eld Versus Inelast)c Deformed
Shapes at Several Different Dr)ft Levels for Mall 31

CASE

EL 107
DRIFT DRIFT

EL 119
DRIFT

EL 140
DRIFT

(Inches) (Inches) (Inches) (6)

ELASTIC YIELD

3.0G HEDIAN

6.0G HED IAH

0.043

0. 22

0. 40

0. 70

1. 33

0.11

0.58

1.06

1.85

3.5

0.16

0.63
1.14

2.10

4.1

0.25

0.72

1.27

2.56
5.3

1.0
5.1

9.3
16. 4

31.1

1.0

3.3
6.0

11.5

23.2

2.05

3.0

6.0

5-36





Table 5-4. Estimated F Values From Spectral Averaging Method for
V

Various Maximum Story Drifts in Mall 31

MAXI'TORY

DRIFT

(X)

f/f B fu/f 's 'u

(Hz) (Hz)

a ('u-'s aea )

PRE-
DICTED

(G)

RATIO

PREDICTED

TO ACTUAL

0.043

0.22
0.40
0.70
1.33

1.0
3.3
6.0

11.5

23.2

1.0
,569

.438

.338

,269

0.7
0.7
0.7
0.7

1.0

.698

.606

.537

.488

1.0
.634

.522

.438

.379

7X

9.5X
9.3X

8.5X

7.6X

8.6
4,9
3.8

2.9
2.3

8.6
5.7
5.2
4.6
4.2

1. 75

1.78
1.81

1.83

1.88

1.0
1.31

1.58

2.10
3.07

2.05

2.67

3.23

4.30

6.27

1.0
0.89
H.A.

H.A.

1.05





Tab1e 5-5. Estimated F Va1ues from Various Methods at OIfferlng
Maximum Story Drifts for Ma11 31

HAXIHUH
STORY

DRIFT

(~)
a

(G) Eg.(5-15) (G)

F„
Et). (5-18) (G)

ACTUAL SPECTRAL AVERAGIHG RIODELL-HENARK

3
HODIF IED

RIOOELL-HEMHARK

EQ.(5-24) (G)

4
EFFECTIVE

RIOOELL-NEQNRK

ve a
EQ.(5-25) (G)

AVERAGE
184

(G)

0.22

0.40

3.3

6.0

1.33 23.2

0.70 = )1.5

3.0

HA

4.6+

6.0

1.58

2.10

3.07

3.23

4.30

6.27

1.31 2.67 1.92

2.05

2.20

3.46

3.93

4.19

4.50

7.07

2.03 4.16

2.31 4.72

2.77 5.68

3.66 7.49 2.86 5.86

1.65 3.37

1.84 3.77

2.19 4.48

3.02

3.50

4.39

6.07

Approximate Estimate Sased on Equation (5-4)
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6. NONLINEAR ANALYSES WITH UNCERTAIN STRUCTURE PROPERTIES

6.1 Results

Using the randomly selected structure damping, stiffness, and strength

modification factors shown in Table 2-7, a total of 150 nonlinear time-

history analyses were performed (50 each at Y = 3.0, 4.0, and 6.0g). At
a

each S level, each of the 25 input time-histories were used twice.

Thus, these analyses incorporate uncertainty in structure properties as

well as randomness variability of the input motion. Table 6-1 tabulates

the maximum story drift as a percentage of the wall segment height for
both Walls 19 and 31. In nearly every case, these maximum story drifts
occurred in the lowest segment of each wall. For each trial, the com-

posite probability of severe wall distress is estimated based upon the

median drift limit of 0.7X and composite variability, 8 , of 0.335
co

discussed in Section 2.1.3. The overall composite probability of severe

wall distress is computed using Equation 5-1 for each S level. Those
a

trials in which turbine pedestal and operating floor impact occurred are

also indicated. Lastly, Table 6-1 indicates those cases where the

relative drifts of the operating floor exceeded the limits of Equation

2-14 related to the applicability of the operating floor bilinear force-

deflection relationship. No such exceedances occurred at S = 3.0g.a

Only two such trials exceeded the Equation 2-14 limit at Y 4.0g and
a
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even though the computed max1mum story drifts may be slightly high for

those two trials, the overall probab1lity of failure reported at X
a

4.0g 1s not )udged to have been 1nfluenced. However, the Equation 2-14

limit was exceeded for 22 of the 50 trials (44K) at Y 6.0g. Fora

those 22 trials, the computed maximum story dr1fts of the shear walls

are 11kely to be slightly high because the too stiff modeling of the

operat1ng floor transmits somewhat excess1ve shear load 1nto these

walls. The effect is that the overall probab1lity of severe distress

reported at Y 6.0g 1s likely to be slightly high. This effect leads

to a slight conservatism in the computed median Y capac1ty. However, the

error 1s Judged to be small because no such effect occurs at e1ther

the S = 3.0 or 4.0 g levels.
a

Table 6-2 summarizes both the median and 90K bounds on drifts at var1ous

locations for S = 3.0, 4.0, and 6.0g with uncertain structure proper-a

ties and compares those values with the corresponding values for median

structure properties.

Similar to the cases us1ng median centered structure properties, the

cases w1th uncertain structure properties demonstrate that, 1n most

cases, Wall 31 develops larger max1mum story drifts than does Wall 19.

For 82% of the tr1als, Wall 31 had the larger maximum story drifts.
Although this percentage is down some from the randomness-only tr1als of
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Section 5, the trend is st111 sufficiently clear to indicate that severe

damage 1s more 11kely to occur in Wall 31 than in Mall 19.

The uncertain structural properties cases confirm the observation of

Section 5 that operating floor 1mpact 1nto the turb1ne pedestal 1s very

unlikely unless the operating floor drifts more than the gap size of

3.375 1nches (1.e., the operating floor and turbine pedestal tend to be

in-phase and their drifts do not add, but subtract to some extent).
't

Y 3.0g, 1mpacts only occurred in 36K of the trials even though the

median operating floor drift was 3.1-inches and had 90K bounds of 1.19

to 6.92 inches. The percentage of trials with impacts increased to
58'nd

84K at S 4.0 and 6.0g, respect1vely. At each S the percentage
a

of impact cases us1ng uncertain propert1es rema1ns essentially the same

as that obtained using median structure properties. Thus, uncertainty

of structure properties did not change impact percentages.

At S 3.0g, uncertain structural properties 1ncreased the median levela

and very significantly 1ncreased the 95K non-exceedance probab111ty

(NEP) level wh1le only slightly reducing the 5X NEP level for both

maximum story drifts and overall wall dr1fts. When the story drift
associated w1th severe wall damage was also treated as uncertain, the

probability of severe wall distress increased sign1ficantly to ll.lX
from the 3.1X probab111ty obtained for median structure properties. The
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same trend was not observed w1th regard to operating floor dr1fts.

Uncerta1n structure properties lowered the median, sign1ficantly lowered

the 5X NEP and only slightly 1ncreased the 95K NEP operating floor

drifts. It is believed that th1s reverse tendency occurs because of the

low median natural frequency of 4.0 Hz for the operating floor. With

lower strength or lower stiffness properties, the operating floor 1s

driven out of the power of the majority of the ground mot1on records and

so drifts do not tend to increase w1th these lower strength or lower

stiffness properties as one would otherwise expect. On the other hand,

with increased stiffness or strength properties, drifts are also

reduced. Therefore, a change from the median in e1ther direction tends

to reduce drifts for many of the input records.

At Sa = 6 Og. the shear walls tended to soften so much that their

effective frequency was in the same regime as that of the operating

floor. Thus, at S = 6.0g, uncertainty in structural properties hasa

roughly the same effect on the shear wall drifts as seen for the

operating floor at both S ~ 3.0 and 6.0g (i.e., median and 5X NEP

drifts are reduced, and 95K NEP drifts do not increase s1gnificantly and

are generally reduced from those obtained w1th the median structure

model). When uncerta1nty 1n story dr1fts associated with severe wall

damage are also included, the probability of severe wall distress is

significantly reduced to 76.7X from the 87.6X obtained considering

randomness only.
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For use in an SPRA study, the probabilities of severe wall distress

shown in Table 6-1 together with the probabilities in Tables 5-1 and 5-2

for randomness-only cases were fit with a lognormal distribution. The
v

resulting estimated median 5, and logarithmic standard deviations for

randomness, 8R, composite variability, 8C, and uncertainty, aU, are:

Turbine Buildin Fra ilit Estimate

v
Median S = 4.59g

a

'c

SR 0.23 (6-1)

aU

HCLPF S

0.29

= 1.95g

Also shown is the High-Confidence-Low-Probability-of-Fai lure (HCLPF)

estimate of S associated with about a 95K confidence of less than about

a 5X probability of severe shear wall distress. This HCLPF capacity is

computed from:

v -1. 65 (BR + aU)
HCLPF S, - ~a e (6-2)

and is appropriate for comparison with median input spectra.
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Assuming a lognormal distr)but)on with the parameters defined by

Equation 6-1 leads to the following probabhl1ty of severe wall dkstress

estImates:

a

(G)

RANDOHNESS ONLY
MEDIAN

PF

(x)

RANDOMNESS + UNCERTAINTY
COMPOSITE

PF

(<)

3.0 3.2

(3.1)
12.5

(11.1)

4.0 27.7 35.5

(37.2)

6.0 87.8

(87.6)
76.5

(76.7)

Th1s table also shows, 1n parentheses, the probab$ 11tkes of severe wall

d1stress actually estimated from the multiple nonl)near t$ me-history

analyses. The fit 1s considered acceptable.
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6.2 Predi ction of Fra 111t Includin Uncertaint from El asti c
Resul ts

v
The median E of 4.39g pred1cted 1n Sect1on 5.2 from extrapolating the

results of a median centered elastic response spectrum analysis conserv-
v

atively underpredicts Y 4.59g in Equation 6-1 from the multiple non-
a

11near analyses by less than 5X. Similarly, the BR 0.23 predicted 1n

Section 5.2 w1thout the nonlinear analyses accurately estimates the BR

0.23 value from Equation 6-1. Thus, for the Turbine Building perfectly
v

adequate or slightly conservative estimates of S and BR were obtained

by extrapolating the results of a single median centered elastic

response spectrum analysis. However, it remains to estimate the

uncertainty variability, BU.

The logarithmic standard deviat1on on uncertainty, BU, is made up of the

uncertainty on strength or capacity BU, the uncertainty effect due to
C

frequency sh1ft1ng, BU, resulting from the uncerta1nty 1n stiffness,
f

8 ~ and the uncerta1nty 1n 1nelastic energy absorpt1on, 8, due to
STIFF I

uncertainty 1n the drift limits, BU, associated with severe shear wall
0

distress. Thus, assuming the properties of independent lognormally dis-

tributed variables:

8 ~ ((8 )2 + (8 )2 + (8 )2)1/2
U UC Uf UI

(6-3)
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Note that Equat1on 6-3 does not contain any term associated w1th uncer-

tainty in elastic damping level. When a structure goes substantially

nonlinear, the level of elastic damping used 1n the analysis becomes

very un1mportant. Energy dissipation is pr1marily 1n the nonlinear

hysteretic loops and not by elastic damping. When Y is computed using

Equation 5-6 for s1gnif1cantly nonlinear structures, the influence of

substant1al variab111ty in elastic damping on 5 becomes negl1gible

1rrespective of whether the Spectral Averaging method or the Riddell-

Newmark method descr1bed 1n Section 5.2 is used to compute F . One may

1gnore variability in elastic damping when substantial nonlinear be-

hav1or is 1nvolved. This judgement was borne out by the nonlinear time-

history results which showed that computed max1mum story drifts were

uncorrelated with the level of elastic damping used, at least within the

3X to 13K elastic damping range, as will be shown in Section 6.5.

The strength variability 8U 0.25, defined in Section 2.6 and used to
C

establish the uncertain structure propert1es for the nonlinear analysis

models, is used directly 1n Equation 6-3.

The 1nelastic energy absorption uncerta1nty factor, BU, 1s determined by
I

est1mat1ng Y at both the median and a lower dr1ft level. A drift 11m1t

of 0.4X is estimated to 11e 1.87 gU below the median dr1ft limit of
0

0.7X based upon eU 0.30 as def1ned in Section 2.6. Table 5-5 pre-
0
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sents estimated Y values of 4.39g and 3.50g for drift limits of 0.7X

and 0.4X, respectively. Thus:

~(3. 50 (6-4)

The frequency shift effect factor, BU, is similarly estimated starting
f

with 8U 0.50 from Section 2.6. Based on this sU, a stiff-
STIFF STIFF

ness reduction factor of 0.44 is estimated to lie 1.65 sU below the
STIFF

median. Such a stiffness reduction factor leads to an elastic modal

frequency of 5.7 Hz for the mode predominantly influencing Wall 31.
v

Using the methods described in Section 5.2, a revised S 's computed
a

for this reduced stiffness case at a median drift limit of 0.7X and for

the median spectrum shape of Figure 3-27. Following this approach for

the reduced stiffness case, the estimated system ductility is 5.0 for a
v

drift limit of 0.7X. With this system ductility, the value of S's
estimated to be 3.23g by the Spectral Averaging method and 3.53g by the

Effective Riddell-Hewmark method. Averaging these two results together
v v

leads to S'.38g versus S = 4.39g for median stiffness
a a

properties. Then:
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Combining B , BU , and BU by Equation 6-3, B 0.32 is obtained which
C f I

1s about 33K greater than the value of eU given by Equat1on 6-1 based

upon the multiple nonlinear analyses. A summary of comparative results

1s shown 1n Table 6-3. It is noted that the med1an capacity is only

about 5X low, but the HCLPF capacity 1s about 10K low when est1mated by

the extrapolated elastic approach descr1bed herein and recommended for

use on other structures.

6.3 Other Sources of Variabilit and Conservatism

Three sources of variability and conservatism were not treated in the

nonl1near time history analyses. These are:

1. Modelin Uncertaint : Only a s1ngle mathematical model was

used. Structure properties were varied, but the model was

not varied. The model which was used is judged to be median-

centered. It is further judged that modeling uncertainty 1s

about BU 0.15, which is equivalent to stating that the 95K
M

HEP responses near the base of the shear walls could have

been as much as 1.28 times those reported herein 1f differing

models had been used.
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2. Earth uake Com onent Variation: Within this study the

fragility of the east-west shear walls were defined in terms

of Y associated with the east-west direction of ground
a

motion. However, in the SPRA, the se1smic hazard 1s def1ned

1n terms of the avera e horizontal com onent, E . The east-
a

west directional component is expected to have the same

median value as the average horizontal component
v v

(i.e., YA S ). However, the randomness var iab111ty,

aR , for the E of the east-west component given an E 1s
DIR

estimated to be about 0.12. Thus, the 95K NEP bounds on S 1s

I.22 E,.

3. Ground Motion Incoherence: At any 1nstant in t1me, the

ground acceleration is not the same at every location under

the Turbine Building foundation. The LTSP soil-structure

interact1on analysis cons1dered this aspect for Diablo Canyon

and it was est1mated that east-west shear wall responses are
v

reduced by a median factor of FGM
= 1.06 w1th estimated

randomness 8R 0.02 and uncertainty 8U 0.06.
GMI GMI

These B values result in 95K confidence that there is less

than 5X probab111ty that FGMI 1s less than 0.93 which very

conservatively suggests a poss1ble increase 1n response of

8X.
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Table 6-4 includes the effects of these three additional parameters on

the fragility estimate for the Turbine Building. The median capacity is

raised by 6X to 4.87g and the HCLPF capacity is lowered by 6X to 1.84g.

6.4 Influence oF Ground Hotion Characterization on Shear Wall Drift
When Structure Parameter Variation is Incor orated

Section 5.3 described the ground motion characteristics which result in

the larger shear wall drifts when S 3.0g for the case of mediana
I

structure properties. These same ground motion characterizations also

correspond to the larger drift cases when structure property variations

are included. However, structure property variation does increase the

possible drift levels when ground motions approach or exceed the limits
of Equations 5-32 and 5-33.

A maximum story drift limit of 0.4X is estimated to correspond to about

a 5X composite probability of severe shear wall distress. Thus, there

~ould be high confidence of a low probability of failure if there was

high confidence that a maximum story drift limit of 0.4Ã would not be

reached when the Turbine Building was subjected to ground motion

input. At Y 3.0g, 15 cases out of 50 (30K) produced maximum story

drifts in excess of 0.4X. Eleven of these cases were for ground motion

records which significantly exceeded the limits of Equations 5-32 and
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5-33. The other four cases were Trial 13 (Record 13), Trial 22 (Record

22), Trial 25 (Record 25), and Trial 26 (Record 1). These four cases

are discussed further.

Trial 13 produced a maximum story drift of 0.71'X. Record 13 scaled

to Y 3.0g easily exceeds the higher frequency limit of Equation 5-33,

but produces lower frequency spectral acceleration only 79K as high as

the limit of Equation 5-32. Therefore, purely from a ground motion

standpoint, the high maximum story drift from Trial 13 is a surprise.

However, it will be shown in the next section that high drifts also

correlate strongly with trials that had low shear wall stiffness and low

shear wall strength. For Trial 13, the shear wall stiffnesses were only

60K of their median values while the shear wall strengths were only 72K

of their median values (Table 2-7). This unfavorable combination of

both low shear wall stiffness (approximately -1.0 B) and low strength

(approximately -1.3 B) has an expected probability of only about 1.5X.

Therefore Trial 13 represents a very unfavorable extreme condition and

thus, it is not surprising that Trial 13 produced a high drift despite

the fact that Record 13 has spectral acceleration of only 79K of the

limits of Equation 5-32.

Trials 22 and 25 produced maximum story drifts of 0.52K and 0.43K,

respectively. Both Records 22 and 25 scaled to Y 3.0g produced
a
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spectral accelerations well in excess of the low frequency limits of

Equation 5-32 but their high frequency spectral accelerations were only,

97% and 85% of the limits of Equation 5-33, respectively. The shear

walls in these two trials had about median stiffnesses, but low

strengths of 86% and 69% of the med1an levels, respect1vely. Such lower

strengths coupled w1th the ground motion records barely pass1ng the

limit of Equation 5-33 accounts for the story drifts in excess of 0.4%.

Trial 26 produced a maximum story drift of 0.41%. Record 1, which is

associated with this trial, has substantial high frequency spectral

acceleration well above the lim1t of Equation 5-33, and has a low

frequency spectral acceleration equal to 85% of the limit of Equation 5-

32. Trial 26 had essentially med1an shear wall strengths, but had shear

wall st1ffnesses only 57% of their median levels. This low stiffness

easily accounts for the 0.41% drift from Record l.

Based on the exceptions of these four trials, the spectral limits of

Equations 5-32 and 5-33 are lowered by approximately a factor of 1.3 to

fully cover the poss1b111ty of reasonable comb1nat1ons of lower than

median st1ffnesses and strengths for the shear walls. Mith this reduc-

tion, there 1s high confidence that maximum story dr1fts 1n excess of

0.4% w1ll not result so long as the 5% damped spectral accelerations do

not exceed both of these lim1ts.

6-14





1643.01

Therefore, even considering a reasonable range of uncerta1n structure

propert1es, there 1s high confidence of a low probabil1ty of failure of

the Turbine Building shear walls so long as either of the following

limits are met:

HCLPF Limits

Hi h Fre uenc L1mit

Hax Sa < 1.6g in the 8.6 to 9.5 Hz frequency range
a5

Low Fre uenc Limit

. Hax Sa < 2.8g in the 2.4 to 2.8 Hz frequency range
a5

and

Max Sa < 2.25g 1n the 1.7 to 2.0 Hz frequency range
a5

The possibility of severe distress to the shear walls requires both of

these two 11mits to be exceeded.
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6.5 Influence of Structure Pro ert Variabilit on Shear Mall Drift

To study the 1nfluence of structure property variabil1ty on max1mum

shear wall drift, plots of maximum story drift versus structure property

value were made for each of the structure parameter values tabulated 1n

Table 2-7 for the 50 T 3.0g trials. These plots indicate that the

maximum story drifts assoc1ated with S 3.0g correlated to some extent
a

with the Shear Mall St1ffness and Shear Wall Strength Rat1os shown in

Table 2-7. They also showed that shear wall maximum story drifts did

not correlate at all with the Operating Floor and Turbine Pedestal

Stiffness or Strength Ratios, nor do they correlate with the elastic

system Damping value used. All of these results are consistent with

pr1or expectations. These drift versus structure parameter plots are

presented in Figures 6-1 through 6-7.

Figure 6-2 illustrates that the 8 tr1als with max1mum story drifts in

excess of 0.5% were all associated with Shear Wall Stiffness Ratios less

than 1.25. Conversely, for the five trials with Shear Wall Stiffness

Ratios greater than 2.2, the max1mum story dr1ft never exceeded 0.33K

1rrespective of the ground motion record used. Three of these five

tr1als (Trials 6, 23, and 45) used ground motion records which had

spectral accelerations exceeding the limits of Equations 5-32 and 5-33 and

thus exceeded the l1mits of Equat1ons 6-6 and 6-7 by more than a factor
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of 1.3. These ground motions were capable of producing much larger

drifts and 1n fact did so for the other trial which used each of these

same records. The low drift in these five cases is primarily due to the

h1gh Shear Mall Stiffness Rat1o used in these trials.

Figure 6-3 1llustrates that the e1ght tr1als w1th max1mum story dr1fts

1n excess of 0.5'A also correspond to Shear Wall Strength Ratios less

than 1.0. Conversely, the 12 trials with Shear Wall Strength Ratios in

excess of 1.16 all produced maximum story drifts less than 0.37K. Nine

of those twelve trials (Trials 5, 9, 23, 24, 27, 30, 34, 45, and 49)

used ground motion records which had spectral accelerations exceeding

the limits of Equations 6-6 and 6-7 by more than a factor of 1.3 and yet

did not produce substantial drifts. Drifts at a given S level are even
a

more sensitive to the Shear Wall Strength Ratio than to the Shear Wall

Stiffness Ratio.

It can be concluded that to get shear wall drifts in excess of 0.5X, all

three of the following conditions must exist:

1. Both of the ground motion spectral acceleration limits of

Equations 6-6 and 6-7 must be exceeded, and

2. The Shear Wall St1ffness Ratio must be less than 1.25, and
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3. The Shear Wall Strength Ratio must be less than 1.0.

If any one of these three conditions were missing, maximum story drifts
were less than 0.5%. The most important of these conditions is the

first condition on ground motion level. Unless this condition is

exceeded, drifts were limited to 0.4X irrespective of the Shear Wall

Stiffness and Strength Ratios. For this reason, Figures 6-2 and 6-3

show large scatter in correlating drifts with stiffness or strength.
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Table 6-1. Nc)nlknear Results for Uncertain Structural Properties

~ S.DG » 4.0C T ~ 6.00
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I+EL
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Sl

ltAY MORT DRlfT(%) PROB.
SKVERE

DISTRESS
(5)
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(I)
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SKVERE

DISTRESS
(<)
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IKPACT

(I)
MALL
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INLL

31
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SKVERE
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(<)
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I
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8
9

)0

lllt
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15

16
17
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tO
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~ 2
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~ 6
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6
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86.9
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t.o
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(I) Y tnd1cates that Turbtne Pedestal did fopact the operattng floor. For al) other cases, no Tapact occurred,
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the operating floor so that va)T drtfts and probab11tty of severe vali distress are 11tely to be overpredtcted to
Soae extant for these cases.
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Tab1e 6-2. Comparison of Median and 90K Bounds on Orlfts for 7 ~ 3.0, 4.0,
and 6.0G Mith and Mithout Uncertainty on Structure Properties+

Y - 3.OG ~ 4.0G ~ 6.0G

RESPONSE QUANTITY MEDIAN 5X - 95K BOUHDS HEOIAN 5X - 95% BOUHDS HKOIAN 5Ã - 95K BOUHDS

NX STORY DRIFT P) 0.26 0.04 - 0.97

(0.22) (0.05 - 0.67)

0.48 0. 10 - 1.71 1.15 0.44 - 2.68

(1.33) (0.59 - 2.56)

TOP MALL 31 DRIFT (Inches) 0.79 0.20 - 4.12

(0.70) (0.24 - 2.28)

1.45 0.40 - 7.06 4.2

(5.3)

1.5 - 11.1

(1.8 - 11.8)

OPERATING FLOOR DRIFTS

(Inches)

3.10 1.19 - 6.92

(3.47) (1.60 - 6.65)

4.68 1.87 - 8.96 8.3
(8.8)

3.5 - 16.8

(3.8 - 17.2)

Values:In parenthesis are for randomness only without uncertainty of structure properties.

Other values include uncertainty ln structure properties.
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Table 6-3. Comparison of Frag)1)ty Estimates from Extrapolating
Results of a Single Median-Centered Elastic Analysis With
Results from Multiple Honlfnear Time-Mkstory Analyses

PARAMETER

MULTIPLE

NONLIHEAR AHALYSES

EXTRAPOLATED

ELASTIC AHALYSI5

MEOIAH 5

RAHDOMHESS BR

UHCERTAIHTY 8U

MCLPF X

4.59G

0.23

0.29

1.95G

4.39G

0.22

0.32

1. 77G
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Table 6-4. Turbine Building Fragility Estimate Incorporating
Additional Variable Parameters

MEDIAN
V

(G)

V
or F

RAHDONHESS UHCERTAINTY MCLPF

(G)

NONLINEAR TIME HISTORY
RESULTS

4. 59G 0.23 0.29 1.95G

HODE LLIHG

DIRECTIONAL EFFECTS

1.0

1.0 0.12

0.15

INCOHERENCE Of GROUND HOTIOH 1.06 0.02 0.06

FRAGILITY ESTIHATE 4.87G 0.26 0.33 1.84G
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7. CONCLUSIONS

7.1 Overv1ew of Stud

This report has described the results of multiple nonl1near time-history

analyses of the primary east-west shear walls of the Diablo Canyon Unit

2 Turbine Building subjected to earthquake ground mot1on. Plan and

schematic elevation views of the Turbine Building with emphasis on these

primary east-west shear walls (Walls 19 and 31) are shown in Figures 2-1

and 2-2. The simpl1fied mathematical model used for all nonlinear

analyses 1s shown 1n F1gure 2-3. This model cons1sts of the two shear

walls subdivided into three segments (stories) each, the operating floor

(El 140 feet) 'represented by two beam elements, and the turbine pedestal

with a 3.375 inch separation gap between the pedestal and the operating

floor beam elements. Hodel properties including nodal coordinates,

masses, element capacit1es, and st1ffnesses are suamarized in Tables 2-1

through 2-4, respectively. Elast1c modal characteristics of the model

are summarized in Table 2-6. Severely pinched and st1ffness degrading

shear wall hysteret1c force-deflection models representing the measured

behavior shown in F1gure 2-5 were used in this study. The development

of the concrete shear wall model and 1ts properties are described in

Sect1on 2.
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The purposes of the probabilistically based evaluation of the Turbine

Bu1ld1ng using multiple nonlinear time-history analyses were to:

1. Provide 1mproved probabilistic capac1ty (frag111ty) estimates

For severe overall d1stress of the Turbine Bu1lding for use

1n the Seismic-Probabilistic-Risk-Assessment (SPRA) be1ng

performed as part of the Long-Term-Seismic-Program (LTSP).

2. Compare the fragility est1mate based upon multiple nonlinear

analyses w1th the estimates extrapolated from a s1ngle

median-centered elastic response spectrum analys1s obta1ned

using the standard separation-of-variables fragility
evaluation method (References 1 and 2) and recormend

improvements to the standard method for use in Diablo Canyon.

As a by-product, this study also provided an improved understanding of

the relationship between Turb1ne Building severe shear wall distress and

various earthquake ground motion characteristics.

Fragility est1mates for severe d1stress of the Turbine Building primary

east-west shear wal1s are defSned tn terms of a ~sin le ground mutton

parameter. The parameter selected was the average 5C damped'spectral

accelerat1on, Y, over the 3 Hz to 8.5 Hz frequency range for the east-
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west hor1zontal component of ground motion. The 25 modified earthquake

ground mot1on time histories listed 1n Table 3-1 and descr1bed 1n

Section 3 were constant amplitude (frequency-1ndependent) scaled to the

same Y value. The average 3 to 8.5 Hz spectral acceleration, Y , was

a'udgedto represent a good ground motion descriptor for the purpose of

describ1ng the se1sm1c fragility and convolving the seismic hazard and

se1sm1c frag111ty estimates in the SPRA. All other ground motion

characteristics were treated as random variables which contr1bute to the
v

randomness of the capac1ty estimate about 1ts median value, S . It was

a'ssumedthat the random variabil1ty of ground motion, character1stics

relative to a constant Y could be defined by the 25 selected t1me-

h1stories. Figures 3-1 through 3-25 present the 5% damped response

spectra for these 25 time-h1stories, each scaled to Y 3.0g. F1gure
a

3-27 presents the mean, median, 84K non-exceedance-probability (NEP),

and upper-bound spectra for the ensemble of 25 scaled records for S a

2.25g. Within the 3.5 to 10 Hz frequency range, the ratio of 84K NEP to

median spectral acceleration is nearly constant at approx1mately 1.24.

The median rat1o of S to zero period acceleration 1s 2.16. Additional

d1scussion on the character1stics of these 25 records and the bas1s for

their selection is contained in Section 3.

In addition to the randomness variability of the ground motion

characteristics, var1ab1lity of the structure propert1es were also

7~3



,J

F



1643.01

considered 1n th1s study. The elast1c damping ratio and both the

stiffness and strength of each element type (shear stalls. operating

floor, and turb1ne pedestal) were each treated as uncerta1n 1ndependent

random variables. Severe shear wall distress was expressed in terms of

llaximum story drift defined as a percentage of the corresponding wall

segment he1ght. The maximum story drift 11mit was treated as a random

variable w1th both randomness and uncertainty. The random variables

were assumed to be lognormally distributed with the median values and

randomness, uncertainty, and composite logarithmic standard dev1ations

shown below:

LOGARITHMIC STANDARD
DE VIATIOH

VARIABLE MEDIAN RANDOM UNCERTAINTY COMPOSITE

DAMP IHG

STIFFNESS FACTOR

STREHGTH FACTOR

SHEAR WALL DRIFT LIMIT

1.0

1.0

0.7X 0.15

0.35

0.50

0.25

0.30

0.35

0.50

0.25

0.335

Treatment of uncerta1nty and randomness var1ability ts descr1bed in

greater deta11 in Section 2.6.
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F1rst, an elast1c response spectrum analysis was performed us1ng the

median response spectrum scaled to Y 2.25g shown 1n Figure 3-27 and
a

median structure properties. The results of this analysis are presented

in Table 4-1. Based upon this analysis, 1t was concluded that the lower

segment of both Wall 19 and Wall 31 will sl1ghtly yield in shear at Y

2.25g because the elastic demand to yield capacity (D/C) ratios slightly

exceed unity. Based on the median ground spectrum shape and med1an

structure properties, inelastic behavior is expected to 1nitiate at

about S 1.90g and 2.05g for the lower segment of Walls 19 and 31,a

respectively. However, at S 2.25g, w1th median properties, yielding

1n the shear walls w1ll be slight and limited to the lowest segment of

each wall. With median properties the turbine pedestal 1s expected to

remain elastic up to S 3.30g. The median drift of the turbine
a

pedestal is estimated to be about 1.9 inches at S = 2.25g. With median
a

properties, the operating floor 1s expected to go inelastic at about S

= 0.90g deforming along the second slope of Figure 2-10. At S = 2.25g,
a

the operating floor drift is estimated to be about 2.0 inches. Using a

square-root-sum-of-the-squares (SRSS) combination of median estimated

pedestal and operat1ng floor dr1fts, at S = 2.25g the gap closure
a

between the pedestal and operating floor was estimated to be about 2.75

1nches which was less than the available gap of 3.375 inches. Thus,

at E 2.25g, 1t 1s not expected that the turbine pedestal w111 1mpact
a

the operating floor for the median spectrum shape case. However, by
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extrapolation, impacts would be expected to occur for Y 3.0g. Sucha

was not confirmed by the nonlinear analysis results, however, since only

a small fraction of the nonlinear Y 3.0g trials resulted in 1mpact.
a

These elastic analysis results are described 1n greater detail in

Section 4.

Based upon the median-centered elastic analysis at E 2.25g, 1t was

fudged that ground mot1ons would have to be scaled to extremely unlikely

levels to achieve sufficient shear wall story drifts (0.5X to 1.0X of

any segment or story height) for severe shear wall d1stress to be

reasonably likely. Therefore, a total of 200 nonlinear time-h1story

analyses were performed for ground motion in the Y ~ 3.0g to 6.0g rangea

(75 analyses each at S 3.0g and 6.0g, and 50 analyses at Y 4.0g)

w1th each of the 25 time histories be1ng used e1ght times. The

nonlinear trials can be thought of as 200 deterministic analyses with

varying structural properties and ground motion characteristics. Thus,

the results can be cast into either a probab1listic or deterministic

framework. This report emphasizes use of the results in developing

probabilistic capacity (fragil1ty) est1mates for the SPRA; however,

discussion of the deterministic impl1cations 1s also included. For

deterministic consideration, the 75 analyses at Y 3.0g are the mosta

interesting and will be emphasized. Noting that the highest hor1zontal

ground motion average spectral accelerations ever recorded from actual
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earthquakes were only 2.27g and 2.48g for the Tabas records (Records 3

and 4 in Table 3-1) and 2.00g and 1.89g for the Pacoima 0am records

(Records 5 and 6 in Table 3-1), average spectral

accelerations, Y greater than 3.0g are sufficiently inconceivable to be

of any interest in deterministic studies, and therefore are only

considered in a SPRA framework.

The 25 modified time-histories scaled to Y 3.0g and 6.0g were applied
a

to the nonlinear structure model using median strength, stiffness, and

damping properties. Shear wall, operating floor, and turbine pedestal

drifts computed from each of these analyses are summarized in Tables 5-1

and 5-2 for Y 3.0g and 6.0g, respectively. The results are discusseda

in Section 5 and summarized in subsequent subsections of this Conclusion

Section.

Next, a set of 50 nonlinear structure model properties were randomly

selected using the previously defined lognormally distributed structure

property random variables. The 50 trial. sets of properties used are

tabulated in Table 2-7. For each trial, the median stiffnesses and

strengths of the shear walls, operating floor, and turbine pedestal were

multiplied by probabilistic defined stiffness and strength ratios.

Stiffness and strength ratios were independently defined for each

element type (shear walls, operating floors, and turbine pedestals).
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Thus, for example in trial 6 the shear wall stiffnesses are a factor of

3.1 t1mes as great as the1r median st1ffnesses while the1r strengths are

only 66K as great as their median strengths. In this same Tr1al 6, the

operating floor stiffness 1s only 66K of 1ts median value wh11e 1ts

strength 1s 132% of its median value. Elast1c damping was also varied

for each trial and the values used are also shown 1n Table 2-7. For

Trial 6, damping was 5.8X, but ranged from 3.3X to 15K over the 50

trials.

The 25 earthquake ground motion records were used twice at each S level
a

in combination with the 50 sets of nonlinear structure properties. All

records were used once, 1n order, for the first 25 trials, and then were

repeated 1n the same order for the next 25 trials. Thus, Record I was

used in Tr1als I and 26; Record 10 1n Tr1als 10 and 35; etc. The 50

sets of structural properties and the time-history record order were

retained for the nonlinear analyses performed at S 3.0g, 4.0g, and
a

6.0g. Haximum shear wall story drift results for each of these 150

analyses (50 trials each at S 3.0g, 4.0g, and 6.0g) are presented in

Table 6-1, d1scussed 1n Section 6, and summarized in subsequent

subsect1ons of th1s Conclusion Section.

Accordingly, three sets of 25 determin1stic nonlinear analyses were

performed using each of the 25 t1me-histories as 1nput at Y 3.0g.
a
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One analys1s set was performed us1ng median structural properties while

the other two analysis sets were performed us1ng the variable properties

specified 1n Table 2-7. The specified properties cover the full
credible ~ange of structure st1ffness, strength, and damping. Thus, the

determinist1c analyses at S 3.0g with varied ground mot1on and varieda

properties were used to understand the sensit1vity of the turbine

bu1ld1ng shear wall dr1fts to ground motion character1stics and

variation in structure propert1es. Thus, determinist1c capacity

estimates are made which fully incorporate ground motion and structure

property var1ation sensitivities.

7.2 Pr1mar11 Deterministic Observation on the Influence of
Structure Pro ert and Ground Motion Variation on Shear Wall
Drifts

The nonlinear analysis results are summarized in Tables 5-1, 5-2, 6-1,

and 6-2 and Figures 5-2 and 6-2 through 6-7 and dicussed in Sections

5. 1, 5.3, 6.1, 6.4 and 6.5 of th1s report. These clearly 1ndicate that

for constant S , the maximum shear wall drifts are highly variable.

Therefore, by 1tself Y does not serve as an accurate estimator of the

maxismm shear wall drift. No other ~sin le ground motion parameter is

likely to do much better, although 1t 1s possible that averag1ng the

spectral acceleration over a broader frequency range from about 1.7 Hz

to 9.5 Hz may have been an 1mprovement to averaging over the 3 to 8.5 Hz
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range. The largest source of dr1ft variat1on for a constant Y comesa

from the variation 1n ground motion characteristics of different records

having the same Y .
a

The variation in maximum shear wall story drift due to variation 1n

ground mot1on character1stics only is illustrated by the 25 nonl1near

analyses performed both at S 3.0g and Y 6.0g w1th median (non-a a

varying) structure properties. Figure 5-2 and the parenthetical results

1n Table 6-2 illustrate the drift variation due to the variation 1n

ground motion characteristics only. At S 3.0g, 3 of the 25 trials
a

(12K) produced maximum story drifts 1n the range of 0.5X to 0.7X of the

story height, while at S 6.0g, 7 of the 25 trials (28K) produced

maximum story drifts in the 0.5X to 1.0X range.

The range of 0.5X to 1.0X maximum story drifts are of the greatest

interest because at story dr1fts below 0.5X severe shear wall damage 1s

reasonably unlikely, wh1le above 1.0X severe shear wall damage is

reasonably likely. Yet 3 out of 25 ground motion records anchored at

S = 3.0g produced drifts with1n this range ~hile 7 out of 25 ground

mot1on records anchored at S 6.0g also produced drifts which did nota

exceed this range. Thus, within the S range of 3.0 to 6.0g there 1s

substantial randomness to the expected performance of the Turbine

Building shear walls. Some records anchored at S = 3.0g are

potentially 'capable of produc1ng severe d1stress to the shear walls,
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while other records anchored at Y 6.0g might not produce severea

distress.

Table 6-2 shows that even with median structure .properties, the 90K

bounds (5X to 95K) on maximum story drift at Y 3.0g, ranges from

0.05K to 0.67K, while at Y 6.0g the 90K bounds on maximum story drift
ranges from 0.59K to 2.56K. With median structure properties, only 11

of the 25 ground motion records produced maximum story drifts in excess

of 0.25K at S 3.0g. It is inconceivable that maximum story drifts as

low as 0.25K could produce severe shear wall distress. Thus, at

3.0g, 56K (14 out of 25) of the records are incapable of even

conceivably producing severe damage to the turbine building shear walls

when median strength and stiffness properties are used. On the other

hand, at S = 3.0g, 12K (3 out of 25) of the records produced damage

probabilities ranging from 12 to 46K oF severely damaging the Turbine

Building shear walls even when median structure properties are used.

Clearly it is important to better understand the ground motion

characteristics which produce large shear wall drifts in the Turbine

Building.

Even though the Turbine Building shear wall drifts for a specified Ya

level are primarily influenced by ground motion characteristics,

uncertainty in structural properties also play an important, but clearly

lesser, role on the variability of the computed drifts. As shown in
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Table 6-2, the 90% bounds on shear wall dr1fts increase when structure

properties are randomly varied within their range of uncertainty. For

1nstance, at E 3.0g the 90% bounds (5% to 95%) on maximum story drift
as a percentage of story height 1ncreases from 0.05% to 0.67% with

median structure propert1es to 0.04% to 0.97% when structure property

variation 1s 1ncluded. With structure property variat1on, still 50% (25

out of 50) of the trials produced max1mum story drifts less than 0.25%

at S = 3.0g and so are incapable of even conce1vably producing severe

damage to the Turbine Building shear walls. Only 16% (8 out of 50) of

the trials produced maximum story drifts in excess of 0.5%. Thus, the

percentage of trials which produced drifts capable of severely damaging

the Turbine Building Shear walls 1s only slightly greater when uncertain

structure property variation 1s considered. The substantially largest

source of variabil1ty of shear wall drifts comes from ground motion

variation and not from uncertainty 1n structure properties. Therefore,

differences of opin1on over structural strength, stiffness, and damping

properties are relatively unimportant compared to variability in ground

motion characteristics.

The nonlinear trials reported in Sect1on 6 which include structure

property var1ation indicate that the variat1on of certa1n structure

properties 1nfluence maximum shear wall dr1ft while the variation of

others do not seem to have any discern1ble 1nfluence on maximum drift.
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'trengths

were varied from less than 60K to over 160K of their med1an

values, wh1le st1ffnesses were varied from less than 40K to over 300K of

their med1an values. Figures 6-4 through 6-7 illustrate that no

discern1ble trend ex1sts between maximum story dr1ft and the strength or

st1ffness propert1es used for either the operating floor or the turbine

pedestal. However, as would be expected, the strength and st1ffness

properties of the shear walls did influence the calculated maximum story

drifts, as shown in Figures 6-2 and 6-3.

For S 3.0g, Figure 6-2 1llustrates that the 8 tr1als with max1muma

story drifts 1n excess of 0.5% were all assoc1ated w1th shear wall

st1ffness ratios less than 1.25. Conversely, for the f1ve trials with

shear wall st1ffness factors greater than 2.2, the maximum story drift
never exceeded 0.33K irrespective of the ground mot1on record used.

Similarly, Figure 6-3 illustrates that the e1ght trials with maximum

story drifts in excess of 0.5X also correspond to shear wall strength

ratios less than 1.0. Conversely, the 12 trials with shear wall

strength ratios 1n excess of 1.16 all produced max1mum story dr1fts less

than 0.37K.

Thus, 1rrespective of the ground motion record, max1mum story dr1fts 1n

f D.51~ E 3.0g %
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1. The shear wall stiffness ratio was less than 1.25, and

2. The shear wall strength rat1o was less than 1.0.

However, even more 1mportantly, large story drifts in excess of 0.4X

only occurred when certain ground motion character1stics (described

later) were exceeded. Therefore, all three condit1ons (ground motion

characteristics exceeding certain limits, lower than med1an strength

shear walls, and lesser stiffness shear walls) had to be met for max1mum

story drifts to exceed 0.5X, and thus for severe damage to the Turbine

Building shear walls to be likely, from a ground motion with Y 3.0g.
a

Figure 6-1 1llustrates that the elastic damp1ng levels selected for the

nonlinear analyses (ranging from 3X to 12K) had no discern1ble influence

on the maximum story dr1fts reached. Essentially, elastic damping 1s an

unimportant structural parameter at least so far as maximum dr1ft is

concerned for structures wh1ch drift substant1ally 1nto the inelast1c

range. Energy dissipat1on within such structures is dominated by the

hysteret1c loop w1thin the nonlinear force-deflection relationship used

1n the nonl1near analys1s and elast1c damp1ng becomes rather 1rrelevant.
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As noted earlier, the most dominant variable influencing the maximum

story drift reached for a given Y level pertained to certain detaileda

characteristics of the ground motion. Specifically, it was found that

to produce large story drifts within the shear walls, the ground motion

must have broad frequency content. High spectral acceleration was

required within the elastic frequency range of the shear walls (i.e.,
within the 8.6 to 9.5 Hz frequency range) in order to initiate
substantial inelastic drift. In addition, high spectral acceleration

was also required in the'1.7 to 2.8 Hz frequency range in order to drive

the shear walls to drift levels associated with the onset of severe

distress.

In no case did the maximum story drift exceed 0.4X, even when structure

properties were varied within the broad ranges considered in this study,

unless the 5X damped spectral accelerations of the ground motion

exceeded both of the following limits.

HCLPF Limits

Hi h Fre uenc Limit

and

Max. S < 1.6g within 8.6 to 9.5 Hz Range
5X

(7-1)
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Low Fre uenc L1mit

or

Max S < 2.8g within 2.4 to 2.8 Hz Range
5X

Max S < 2.25g within 1.7 to 2.0 Hz Range
5X

Thus, there is high-confidence-of-a-low-probabil1ty-of-failure (HCLPF)

of the Turb1ne Building shear walls unless both the above h1gh frequency

and low frequency limits are not met.

Mith median structure properties, it was necessary to exceed these

11mits by at least a factor of 1.3 to produce max1mum story dr1fts in

excess of 0.25K. Thus, with median structure properties, 1.3 times

these limits would preclude any possibility of severe shear wall

distress. The above limits incorporate the unlikely combination of both

substantially lower than median shear wall stiffness and lower than

median shear wall strength.

The combination of havin to exceed both limits of E uation 7-1 rovides

the most a ro r1ate ex licit deterministic descri t1on of the HCLPF

round mot1on level for the Turbine Bu1ldi . A HCLPF statement can be
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more accurately made by requiring the exceedance of both the high and

low frequency 11mits of Equat1on 7-1 as opposed to defining the HCLPF

capacity in terms of a single ground mot1on parameter such as E .
a

However, for use 1n the SPRA, the Turbine Bu1lding probabilistic

capac1ty (frag111ty) and HCLPF capac1ty are def1ned in terms of E
a

for ease of convolv1ng the seismic frag111ty and the se1smic hazard

estimates and for ease of combining the Turbine Bu1ld1ng capacity

estimate with capacity estimates of the other 1mportant structures and

components. This process introduces greater uncerta1nty and thus a

lower and more conservative HCLPF capacity estimate when the single

parameter Y is used.

It should be noted that of the orig1nal, unmodif1ed ground motion

records used in this study (Table 3-1), only the Pacoima Dam records

(Records 5 and 6) exceed the limits of Equation 7-1. Hone of the other

unmodified records have exceeded these 11mits. The seismic risk to the

Turbine Building shear walls comes primarily from hypothetically

postulated hor1zontal earthquake-1nduced ground mot1on components with

spectral amplitudes substantially greater than have ever been recorded

anywhere in the

world.'-17
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The unmodified Tabas records (Records 3 and 4 1n Table 3-1) had the

highest Y of 2.27 g and 2.48 g, respect1vely. Thus, 1n terms of Y

alone, these records might appear to be potentially'amag1ng. However,

the Tabas records requ1re upward scal1ng by factors of 1.67 and 1.23 for

Records 3, and 4, respectively, before the HCLPF 11mits of Equation 7-1

are reached. The s1x (6) nonlinear analyses using these records scaled

to S 3.0g, resulted in maximum story drifts ranging from 0.04K to

0.23K (no potential for damage). Even when scaled to S = 4.0g, the
a

Tabas records produced max1mum story dr1fts ranging from 0.13% to 0.464

(some potential for severe damage). Thus, it would seem that the Tabas

records would have to be scaled upward to average spectral accelerations

of between 3.0 and 4.0g before becoming even potentially severely

damaging to the Turbine Building shear walls. This would suggest that

the HCLPF 11mits of Equation 7-1 m1ght be too conservative.

The unmodif1ed Paco1ma Oam Records (Records 5 and 6 1n Table 3-1) had the

second highest S of 2.00g" and 1.89g, respectively. Both unmodif1ed

records exceed the HCLPF 11mits of Equation 7-1 by less than 10K and

these were the only two unmodified records which exceeded those limits.
Even so, when the Pacoima Oam records were scaled upward by a factor of

approximately 1.5 to produce Y 3.0g, the s1x (6) nonlinear trials
using these records produced maximum story dr1fts ranging from 0.04% to

0.45K. Thus, it appears that the Paco1ma Oam records must be scaled
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upward by a factor approaching 1.5 before they exhibit a reasonable

likelihood of severely damaging the Turbine Building shear walls. Thus,

the HCLPF limits of Equation 7-1 appear to be too conservative for the

Pacoima Oam records.

The unmodified Gazli records (Records 1 and 2) require upward scaling by

factors of 2.0 and 1.28, respect1vely, before reaching the HCLPF 11mits

of Equat1on 7-1. When scaled upward by approx1mately 2.3 to

produce S = 3.0g, the 6 tr1als using these two records produced drifts
a

ranging from 0.18K to 0.45K. Thus, 1t would appear that the Gazl1

records must be scaled upward by at least a factor of 2.0 to have a

reasonable likel1hood of severely damaging the turb1ne building. Thus,

the HCLPF limits of Equation 7-1 also appear to be somewhat too

conservative for the Gazli records.

All of the other urmodified actual records require upward scaling by

more than 'a factor of 2.0 before even reach1ng the HCLPF limits of

Equation 7-1. As recorded, these records can't conceivably be severely

damaging to the turbine building unless they are scaled upward by a

factor close to at least 2.0. As noted 1n Section 3, Records 7 through

25 (note that Records 22 through 25 are synthetic records) were all

scaled substantially upward 1n amplitude to ach1eve E 3.0g. In
a

addition, Records 10 through 17 were frequency modified, for the reasons
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discussed in Section 3, in order to more closely approximate ground

motion at the Diablo Canyon site subjected to a magnitude of 6.5 to 7.5

earthquake on the Hosgri fault.

At Y 3.0g, Records 15, 17, 18, and 20 consistently produced the

highest shear wall story drifts. None of these records was directly

applicable for the Diablo Canyon conditions. Records 18 and 20 were

recorded at too great a distance, Record 17 was associated with too low

a magnitude, and Record 15 was associated with both too low a magnitude

and too great a distance. Both records 15 and 17 required frequency-

dependent scaling which enhanced low frequency content. It should be

noted that the four highest drifts from the 50 trials at S 3.0g witha

uncertain structural properties came from the four trials which used

Records 15 and 17. This result was significantly influenced by the

enhancement of low frequency content in these two records.

Inclusion of Records 15, 17, 18, and 20 had a very substantial influence

on the probabilities of severe shear wall distress estimated at S 3.0
a

and 4.0g. At E 3.0g including all 25 equally weighted records, it
was estimated that the composite probability of severe shear wall

distress was about 11%. If Records 15, 17, 18, and 20 had been deleted,

this probability would have been reduced by a factor of about 2.75 to

about 4%. If only the trials which used Records 1 through 6 had been
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considered, the probability of severe shear wall distress would have

been further reduced to about 2.4X. If only the trials which used Tabas

and Pacoima Dam (Records 3 through 6) had been considered, the

probability of severe shear wall distress would have been reduced to

about 1.3X. Thus, the inclusion and equal weighting of all 25 records

rather than just using the four most directly applicable records from

Tabas and Pacoima Dam appears to have increased the reported probability

of failure at 5 3.0g by a factor of as much as 8.5.

Similarly, the deterministic HCLPF limits of Equation 7-1 are most

heavily influenced by the nonlinear analyses which used Records 13, 15,

and 17. Again, all three of these records required frequency

modification and substantial upward scaling to more closely approximate

ground motion at the Diablo Canyon site subjected to magnitude 6.5 to

7.5 earthquakes on the Hosgri fault. If trials which used these three

records were deleted, the deterministic HCLPF limits of Equation 7-1

could be increased resulting in a less conservative bias for the Gazli,

Tabas and Pacoima Dam records (Records 1 through 6).

In summary, the results reported in this study are very substantially

influenced in a conservatively biased manner by the decision to include

and equally weight all 25 records listed in Table 3-1 with each scaled

to the same Y . This statement is particularly true for the
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probab111stic results used 1n the SPRA, but is also true to a lesser

extent for the HCLPF 11mits o, Equation 7-1.

7.3 Observation on Potent1al for Im act Between Turbine Pedestal
and 0 erati Floor

It was found that the turbine pedestal and operating floor cons1stently

tended to move at least partially in-phase even though they had slightly
different elastic natural frequencies (3.1 Hz for the turbine pedestal,

and 4.0 Hz for the operating floor when median stiffness properties were

used). The potential for impact is consistently severely overpredicted

when operating floor and turbine pedestal drifts are combined

probabilistically using the SRSS combination rule. In fact, in no case

d1d impacts occur unless the operating floor drift alone exceeded the

available gap of 3.375 1nches. For trials in which the ratio of

operat1ng floor drift to gap size ranged between 1.0 and 1.67, impacts

occurred in only about two-thirds of the cases. Thus, until operating

floor drifts exceeded 1.67 t1mes the gap s1ze, 1mpact was not certain.

Basically, turb1ne pedestal drift reduced the poss1b1lity of impacts.

The operating floor tends to dr1ft more than the turbine pedestal and 1n

the same d1rection as the turbine pedestal. When impacts did occur, the

turbine pedestal tended to restrain the operating floor from further

drifts, rather than additionally loading the operating floor. These

analyses produce no evidence that the presence of the very heavy turb1ne
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pedestal could result 1n add1tional distress to the shear walls due to

1mpact with the operat1ng floor. On the contrary, 1f the pedestal

impact has any influence on the shear walls, there 1s some evidence that

the turb1ne pedestal might actually help restra1n the shear walls from

excessive drifts to a slight extent.

At E 3.0g, operating floor impact w1th the turbine pedestal occurred

in 36K of the trials. These percentages 1ncreased to 58K and 84'X at Y

4.0g and 6.0g, respectively. Based upon an extrapolation of operating

floor and turb1ne pedestal drifts down.to Y 2.25g, it 1s estimated
a

that at Y 2.25g impacts would occur for Trials 31, 40, 42, and 43 and

possibly for Trials 22 and 25. On this basis, it is estimated that

there is about an 8% to 12K probabil1ty of 1mpact at Y 2.25g. Ina

other words, at S 2.25g, impact is unlikely, but possible. The
a

consequences of such impact are fudged to be negligible even if it
occurs.

7.4 Probabi listic Ca acit Fra ilit Estimates Resultin From
Nonlinear Anal ses

The max1mum story drifts tabulated in Tables 5-1, 5-2, and 6-1 from each

of the nonlinear analyses were compared with the lognormally distributed

shear wall drift lim1ts tabulated in Section 7-1 and discussed in

Sect1on 2.1.3. Us1ng these probabilistically defined shear wall drift
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limits, the probability of severe wall distress was computed for each of

the nonlinear analyses. These computed probab111ties are also tabulated

In Tables 5-1, 5-2 and 6-1.

The nonlinear analysis based maxImum story drIfts for the median

structural model trials tabulated in Tables 5-1 and 5-2 include only

randomness Introduced by ground motion varIab111ty. These maxImum story

drifts were compared to the probabilistIc shear wall drift limits wh1ch

Included an estImate of only randomness varIabIlity (i.e., randomness

logarithmIc standard deviatIon, 8R
= 0.15). Thus, the probabilities of

severe shear wall distress tabulated In Tables 5-1 and 5-2 for median

structural properties include only sources of randomness variabi 11ty.

The nonlinear analysis based maxImum story drifts tabulated 1n Table 6-1

include the effects of both randomness variability of the ground motIon

plus uncertainty In structural properties. These maximum story drIfts
were compared to the probabIlistIc shear wall drift limIts whIch

Included an estimate of both randomness and uncertainty variability In

drift 11mits (1.e., composite logarIthmic standard devIation, Nc

0.335). Using sc , the probability of severe shear wall dIstress is

estimated as:
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NXIMUM STORY

DRIFT

COMPOS ITE PROBAB ILITY

OF SEVERE

SHEAR WALL DISTRESS

0.25%

0. 50%

0.70%

1.00%

2.00%

0%

16%

50%

84%

100%

The basis for selecting these probabilities of severe distress versus

maximum story drift is discussed in Section 2.1.3. The resultant

probabilities of severe shear distress tabulated for each nonlinear

trial in Table 6-1 are composite probabilities (i.e., probabilities

which include both sources of randomness variability and estimates of

uncertainty or ignorance).

The overall probability of severe shear wall distress, PF, was obtained

for each case studied (Randomness Only at 3 ~ 3.0g and 6.0g, and

Randomness Plus Uncertainty at Y 3.0g, 4.0g, and 6.0g) by summing the

individual PF estimates for each trial and dividing this sum by the

number of trials in accordance with Equation 5-1. The overall
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probability estimates for each case stud1ed are also presented in Tables

5-1, 5-2 and 6-1. These results were then fit by a "best-f1t"

lognormally d1stributed fragility estimate us1ng linear regress1on

(least square error fitting). The result 1s a lognormally distr1but'ed
v

frag1lity estimate defined 1n terms of the median Y, and logarithmic

standard deviations for randomness, BR, composite, 8C, and

uncertainty, B„, vari abil1ty. Also, the High-Conf

cadence-Low-

Probabil1ty-of-Failure (HCLPF) estimate of Y appropriate for comparison
a

with median input spectra was back-calculated using Equation 6-2. The

resulting estimates are:

Turbine Buildin Fra 111t Estimate

v
Median S 4.59g

a

C
037

sR 0.23

BU
= 0.29

HCLPF S ~ 1.959

Based upon a lognormal distribution with the parameters defined above

the probab1ltty of severe wall distress is est1mated as follows:
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a

(G)

RANDOMNESS ONLY
MEDIAN

PF

RANDOMNESS + UNCERTAINTY
COMPOSITE

PF

3.0

4.0

6.0

3.2
(3.1)

27.7

87.8
(87.6)

12.5
(11.1)

35.5
(37.2)

76.5
(76.7)

This table also shows in parentheses the probabilities of severe wall

distress actually estimated from the multiple nonlinear time-history

analyses. The fit is cons1dered acceptable. "However, three sources of

variability and conservatism were not treated in the nonlinear time

history analyses and must be included using the normal separat1on-of-

variables approach. These are:

1. Modelling Uncertainty

2. Earthquake Component Variation

3. Ground Motion Incoherence

These sources of addit1onal variab111ty and conservatism are discussed

and their effects are gudgmentally est1mated 1n Sect1on 6.3. Their

effect on the estimated fragil1ty parameters are g1ven 1n Table 6-4.
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v
Their combined effect is estimated to increase the med1an S to 4.87ga

(6X increase) and to reduce the HCLPF 5 to 1.84g (6'A reduction) due to
a

increased randomness and uncertainty variabil1ty. The f1nal fragility
est1mate def1ned 1n Table 6-4 wh1ch 1ncorporates these additional

d

effects was used 1n the SPRA.

It should be clearly noted again that the probabilistic dr1ft estimates,

est1mates of probab111ty of severe shear wall distress at any E,
a'nd

the resultant fragil1ty estimate summarized in Table 6-4 are all
heavily 1nfluenced by the selection and equal weighting of the 25 time

h1stories used 1n this study. As noted in Section 7.2, the estimated PF

of 11.1% at S 3.0g for combined Randomness and Uncertainty would bea

reduced to 1.3X (more than an e1ght-fold reduct1on) tf only tr1als which

used the Pacoima Dam and Tabas records were considered. Furthermore,

the PF of 3.1X at Y 3.0g for Randomness only would be reduced to zero
a

1f trials us1ng Records 15, 18, and 20 were 1gnored. Inclus1on of

Records 15 and 17, and to a lesser extent Records 13, 18, and 20
v

resulted in a sl1ght reduction 1n the estimated median S , a moderate

1ncrease 1n BR, and a substantial increase 1n sU. The net result is a

substantial reduction 1n the estimated HCLPF

capacity. All of these records requ1red substantial upward scaling

to produce E 3.0g. In addition, Records 13, 15, and 17 required
a

frequency-dependent mod1fication to make them more appropriate for the
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Diablo Canyon s1te. It is possible that the results us1ng Records 3

through 6 should be substant1ally more heavily weighted while the

results from Records 7 through 25 are less heavily weighted; this 1s

particularly so for Records 10 through 17 wh1ch were frequency

modified. If such we1ghting had been done, the Turbine Building

HCLPF E capacity given in Table 6-4 would have been substantially

1ncreased. The fragility estimate presented in Table 6-4 may be

conservatively biased because of the equal weight1ng of all ground

motion records. In particular, both BR and sU may be too large.

7.5 Prediction of Fra 1lit From a Sin le Median Centered Elastic
~Anal sis

Konlinear time-h1story analysis results are not usually available from

which to estimate the fragility. In such cases, the median fragil1ty 1s

normally est1mated from an elastic analysis us1ng the med1an input

spectrum shape. Logarithmic standard deviations BR, BU, and BC are

est1mated by f1rst est1mating the logar1thmic variances (B ) associated

w1th each parameter influencing the fragil1ty (capacity). Treating each

parameter influencing the fragility as a separate 1ndependent random

variable, the logar1thmic variances are sumed to obtain the overall

BR) 8U, and sC estimates. Th1s process is called the separation-of-

variables approach to estimation of frag111ty and is described 1n

References I and 2. This is the approach wh1ch has been used to develop
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fragil1t1es for most SPRA studies and 1s the approach used to est1mate

the frag111ties of the other important Diablo Canyon civ11 structures.

Therefore, the adequacy of this approach to approx1mate the frag111ty

estimates obtained from multiple nonlinear analyses was studied and the

results are presented 1n Sect1ons 5.2 and 6.2.

It was found that so long as the Inelastic Energy Absorption Capability

factor, F, is estimated by the procedures defined 1n Section 5.2, the'P

fragil1ty est1mated from multiple nonlinear analyses can be sl1ghtly

conservatively approximated by a separation-of-variables extrapolation

of a s1ngle median-centered elastic response spectrum analysis using the

median input spectrum shape. Table 6-3 presents a comparison of the
v

fragility parameters, Y, 0R, 8, and HCLPF Y estimated bya

extrapolating a single elastic analysis versus those obtained from the

mult1ple nonlinear time history analyses. It is shown in Table 6-3 that
v

the extrapolated elastic analysis median Y is about 5X too low, thea

uncertainty B„ is about 10K too large, and the HCLPF Y which results isa

about 10% too low. This slight conservatism is a minor penalty when

compared to the great simpl1fication introduced by being able to

extrapolate the results of a single median-centered elastic analysis.

The key to making an 1nelastic fragility estimate from a median-centered

elastic analys1s ts to obtain a real1stic est1mate of the Inelastic
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Energy Absorption Capability, F . It was found that the Spectral

Averaging Hethod defined in NUREG/CR-3805, Volume I (Reference 4),
provided an excellent estimate of F over a broad range of maximum story

drifts from 0.22K to 1.33% as shown in Table 5-5. It was also found

that the more commonly used Riddell-Newmark Method (Reference 6)

provided too liberal of an estimate for F for this nonlinear Turb1ne

Building model. This same conclusion was reached 1n Reference 4 for
other cases as well. However, when modified 1nto an Effective Riddell-

Newmark Hethod as descr1bed 1n Sect1on 5.2, the method provided equally

good estimates of F as did the Spectral Averaging Method, and is eas1er

to use.

Oetails on the Spectral Averaging Hethod and the Effect1ve Riddell-

Newmark Method for estimating F are presented 1n Sect1on 5.2. Oetails

on estimating sR by the separation-of-variables approach are also

contained 1n Section 5.2, while deta1ls on est1mating BU are contained

in Section 6.2.

It 1s concluded that the fragil1ty results obtained from the nonlinear

analyses presented herein provide reasonable validat1on of the

separation-of-variables approach used to estimate fragilities of other

civ11 structures 1n the Diablo Canyon SPRA. It is recognized that this
conclusion requires that a reasonable estimate of the nonlinear deformed

shape is made.
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Table 2-6. Klast1c Nodal Propert1es of the Turb1ne Bu1ld1ng
Model w1th Med1an Structure Propert1es
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Table 2-7. Model Structural Property Values
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3. EARTHQUAKE GROUND NOTION RECORDS

The 25 earthquake ground motion time histories used in this study are

tabulated 1n Table 3-1. The Time History number def1nes the order 1n

wh1ch these time h1stories were used in the nonlinear analyses. The

first 21 records represent actual recorded ground motions which were

adjusted for the reasons shown 1n Table 3-1 and as descr1bed below. The

last 4 records (Records 22 through 25) are simulated ground motion

records generated by semi-numer1cal methods to s1mulate HS = 7.0 strike-

slip earthquakes on the Hosgri fault. These records were added due to

the paucity of near-source, strong motion records from rock sites for

MS a 7 earthquakes w1th strike-slip rupture mechanisms.

The following criteria were used 1n selecting the 21 actual earthquake

recordings for this analysis:

1. The records should be appropriate for shallow
crustal earthquakes in the magn1tude range from

6.5 to 7.5 with recording d1stances appropr1ate
for the Hosgr1 fault zone.

2. The records should be appropriate for rock-site
conditions.
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3. The records should represent, in the aggregate,
about a 50-50 mixture of thrust and strike-slip
rupture mechanisms.

4. The records should be appropriate for ground
motions with very high average spectral
accelerations, S (defined as the average 5X

damped spectral acceleration in the 3 to 8.5 Hz

range), of 2.0g or greater. Ground motions
with Y less than about 2.0 g are undamaging to
the Turbine Building and are thus of little
interest.

Only the Tabas and Pacoima Dam Records (Records 3 through 6) met these

criteria and were accepted in their unmodified original form. The Gazli

Records (Records 1 and 2) had substantially too low an S, but clearly
a'et

Criteria 1 and 2 and were also accepted in their unmodified original

form. Unfortunately, these six records represented a thrust rupture

mechanism and did not provide a broad enough characterization of ground

motion at the Diablo Canyon site: therefore, the above acceptance

criteria were relaxed.

Each of the other actual recordings (Records 7 through 21) required

modifications.to enable them to meet Criteria 1 and 2. Records 7, 8, 9,

18, 19, 20, and 21 were simply corrected for distance. This correction

consisted of a frequency-independent constant upward scaling of the

amplitude scale. This modification had absolutely no impact on the use
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of these records since, for this study, all records were ultimately

scaled by a frequency-independent constant amplitude scale factor to

produce a specified Y value. This intermediate modification only

reduced the magnitude of the final scale factor.

Records 10, 11, 12, and 13 were corrected for site conditions, Records

14 and 15 were corrected for both magnitude and distance, and Records 16

and 17 were corrected for magnitude. These corrections were frequency-

dependent, non-constant amplitude corrections which modified the

frequency content of the records. These modifications do influence the

computed shear wall drifts for a given Y level. It was judged that the

modified records were more appropriate for use in this study than were

the unmodified records. It should be noted that only 8 of the 21 actual

records required frequency-dependent modification.

1'fter

modification, all 21 empirical records met Criteria 1 and 2.

Criterion 3 was met by adding the previously mentioned 4 simulated

ground motion records. The S values for each record after modification

are given in Table 3-1. After modification Criterion 4 was only met by

a few of the records; it was assumed that the records could be further

modified by constant amplitude, frequency-independent upward scaling to

achieve the desired values of average spectral acceleration. The fact

that very few empirical time-histories were found that met Criterion 4
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makes a profound statement about the lack of seism1c vulnerability of

the Diablo Canyon Turb1ne Bu1lding, wh1ch 1s the weakest of the Diablo

Canyon essential civil structures. Seismic ground motions which have

only been recorded tw1ce anywhere in the world (Tabas and Pacoima Dam)

have only a sl1ght potent1al of causing measurable damage to the Turbine

Building. Damage to the Turbine Building 1s only credible for the

highly unlikely, purely hypothetical high E ground mot1ons which mighta

be postulated for this site.

The average spectral acceleration, S , does not provide a complete

a'escriptionof the Turbine Building damage capability of each of the

records. The response spectrum shape is also an important parameter.

Figures 3-1 through 3-25 present the 5X damped response spectrum for

each of the 25 modified records after each record was scaled to a

constant S value of 3.0g. These 25 records represent a large diversity

of possible spectrum shapes as illustrated in Figure 3-26. Figure 3-27

depicts the mean, median, 84K non-exceedance probab111ty (NEP), and

upper bound 5X damped spectra shapes for the case where each of the

1ndividual records were scaled to have a constant E of 2.25g. One cana

see from F1gure 3-27 that the mean and median spectra have essentially

constant spectral acceleration from about 2.3 Hz to about 8.6 Hz ranging

from a low of about 1.9g to a high of about 2.4g when Y 2.25g. The
a

median curve zero period acceleration 1s 1.04g for Y 2.25g. The
a
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ratio of 84K PEP to median spectral acceleration is approximately 1.24

between 3.5 and 10 Hz, being slightly increased at higher frequency

awhile being substantially increased at lesser frequencies.

Each spike on the upper bound spectrum is due to a different earthquake

record. For instance, the very high spike at about 14 Hz is due to

Record 1 (Gazli). This high spike at 14 Hz does not contribute to

Turbine Building damage because its frequency is too high. Similarly,

the high spike at 3.2 Hz, due to Record 19 (Pleasant Valley Pump Station

- Coalinga), does not contribute to Turbine Building damage when Record

19 is scaled up to T < 4.0g. This spike lies within the frequency

range of 3 to 8.5 Hz over which E is computed and thus is accommodated

in the term S . Therefore, for Record 19 (Figure 3-19), scaled to S

3.0g, the spectral accelerations above 5 Hz are necessarily so low that

the Turbine Building shear walls remain essentially elastic and are

never driven into the frequency range of this spike. Even at S = 4.0g,

the shear walls do not soften sufficiently to make this spike

meaningful; On the other hand, the three spikes below 2.6 Hz are each

potentially damaging to the Turbine Building because these spikes lie
below the 3 to 8.5 Hz frequency range for which S was computed and,

therefore, do not influence Y . As an example, the spike at 2.6 Hz is

due to Record 15 (Temblor-Parkfield, Figure 3-15), which consistently

led to some of the largest Turbine Building shear wall drifts at each of
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the three selected Y values. Even at E ~ 3.0g, th1s record contains

suffic1ently high spectral accelerations above 5 Hz to drive the Turbine

Building shear wall responses down to frequencies below 3 Hz where the

power of th1s 2.6 Hz spike becomes very 1mportant. Similarly, the 2.0

Hz spike 1s due to Record 18 (Pleasant Valley Pump Station - Coalinga)

shown in Figure 3-18. At E 3.0g, this record contains sufficiently
a

high spectral acceleration above 5 Hz to also drive the shear wall

response frequencies down to frequencies low enough to be 1nfluenced by

the 2.0 Hz spike; thus, this record was also one of the more damaging

records when all records are scaled to the same Y . Lastly, the broad

spectral acceleration peak centered at 1.3 Hz 1s due to Record 16

(Coyote Lake Dam - Morgan Hill) shown 1n Figure 3-16. This record also

lead to substantial Turbine Building shear wall drifts when the ground

spectrum was scaled to S 3.0g although the drifts were less than
a

those from either Records 15 or 18.

For this study, 1t was assumed that each of the 25 records scaled to the

same Y were equally probable. The results of this study concerning the

probab111ty of severe damage to the Turbine Building shear walls are

sensitive to th1s assumpt1on. If some of the 25 spectra shown 1n

Figures 3-1 through 3-25 are not cred1ble when scaled to Y 3.09,a

throwing these records out or assign1ng a higher we1ghting to the other

more probable records could substantially 1nfluence the conclusions of
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this study concerning the probab111ty of severe Turbine Building shear

wall damage.

The most 1nteresting nonlinear analyses were those made at Y 3.0ga

s1nce ground motions greater than this level at the Oiablo Canyon site

are highly 1ncred1ble cons1dering that to date the h1ghest Y ever

recorded for a horizontal component 1s 2.5g from Tabas (Record 4). It
w1ll be shown that for Y 3.0g and median structure propert1es, the

only records which led to dr1fts of any segment of the shear walls in

excess of 0.25K were Records 2, 5, 6, 9, 15, 16, 17, 18, 20, 23 and

24. These records all had at least one of the following two

characteristics 1n addit1on to S 3.0g:
a

S > 3.75g 1n the frequency range between 2.4 and 2.8 Hz
5X

or

S > 3.0g in the frequency range between 1.7and 2.0 Hz
5X

In other words, spectral acceleration 1n the 2.4 to 2.8 Hz range

significantly exceeded Y or else spectral accelerations had not dropped

below 5 1n the 1.7 to 2 Hz range. Two other records also had these

characterist1cs (Records 22 and 25) but both only produced 0.195 maximum
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shear wall drifts. The 12 other records did not have at least one of

the characteristics shown above and none produced drifts as high as

0.25K for Y ~ 3.0g. Since a drift of 0.25K is estimated to lie at

least 3 standard deviations below an, estimated. median drift of 0.7Ã

corresponding to severe shear wall damage, those 12 records, when scaled

to Y '3.0g, are not potentially damaging to the Turbine Building with

median properties. Even when uncertainty concerning structural

properties was included in the nonlinear analyses, drifts For Y 3.0ga

did not exceed 0.42K (1.5 standard deviations below 0.7X) for these 12

records with one exception. This exception was Trial 13 which used

Record 13 (El Centro Ho. 4 -Imperial Valley) and both very low

stiffnesses and strengths for the shear walls (Table 2-7). It was

)udged that this exception was more due to the low structural properties

than,due to the characteristics of the ground motion record. Thus, 13

records (52K of the data set) exhibited the potentially damaging

characteristics defined above when scaled to S 3.0g and 48K did
a

not. It is particularly interesting to note that Tabas (Records 3 and

4), which was the only record with an actual unmodified S > 2.0g wasa

not potentially damaging to the Turbine Building shear walls even when

scaled up to Y = 3.0g. The Tabas records were particularly benign.

With median structural properties, tt will be concluded that there is

about a 3X probability of severe damage to the Turbine Building shear
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walls at Y 3.0g. This conclusion is totally due to the 1nclusion of
'

Records 15 (Temblor-Parkf1eld), 18 (Pleasant Valley Pump Station-

Coalinga), and 20 (Oayhook) 1n the data set. If these three records had

been removed, the probability of severe damage at Y 3.0g would have
a

been reduced to essentially zero. All three of these records had 5X

damped spectral acceleration in excess of 5.0g 1n the 2.0 to 2.6 Hz

frequency range when scaled to Y 3.0g. The open question 1s whether
a

there really is about a 12K probability of S > 5.0g in the 2.0 to 2.6
5X

Hz frequency range when Y = 3.0g. If not, then the probability ofa

severe damage to the shear walls 1s overstated for median structural

properties by the inclusion of these three records.

With randomly selected structural properties, and S 3.0g, the highest
a

and third highest drifts were produced by the two trials which used

Record 15 (Temblor-Parkfield). Also, the second and fourth highest

drifts in the shear walls were produced by the two trials which used

Record 17 (Coyote Lake Dam-Morgan Hill). At S 3.0g, these four

trials produced dr1fts ranging from 0.83K to 1.10K. Hone of the other

46 tr1als produced dr1fts in excess of 0.71K. It will be concluded that

there is about 11K compos1te probability of severe damage to the Turbine

Suilding shear walls at Y 3.0g when uncerta1nty in structural

properties are 1ncluded. If the 4 trials wh1ch used Records 15 and 17

had been deleted, the compos1te probabil1ty would have been reduced to
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only about 5X. If the 8 trials which used Records 15, 17, 18 and 20 had

been removed, the composite probability would have been reduced to about

4X. If only the 8 trials which used Tabas (Records 3 and 4) and Pacoima

Dam (Records 5 and 6) had been included, the composite probability of

severe shear wall damage at E 3.0g would have been reduced to about
a

1.3X. Thus, there is more than a factor of 8 difference in the estimate

of the composite probability of severe shear wall damage at Y = 3.0ga

depending upon which ground motion records are included.

Only Tabas and Pacoima Dam had Y greater than 1.8g for the original

unscaled and unmodified records. It would have been nice to have only

included records which had this characteristic. However, it is obvious

that the four Tabas and Pacoima Dam Records could not possibly represent

the full diversity of possible ground motion characteristics for

constant values of Y in excess of 2.0g. From the above discussion, it
is equally clear that the decision concerning which records to include

has a dramatic influence on the computed probability of severe shear

wall damage. Inclusion of Records 15, 17, 18 and 20 increase the

reported composite probability of severe shear wall damage at Y 3.0ga

by about a factor of 2.7. None of these records was directly applicable

for the Diablo Canyon conditions. Records 18 and 20 were recorded at

too great a distance. Record 17 was associated with too low a

magnitude; and Record 15 was associated with both too low a magnitude
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and too'great a distance. Both Records 15 and 17 required frequency-

dependent scaling which enhanced their low frequency content. It should

again be noted that the four highest drifts from the 50 trials at S
a

3.0g with uncertain structural properties came from the four trials
which used Records 15 and 17. This result was significantly influenced

by the enhancement of low frequency content in these two records. Even

so, all 25 records were included and weighted as being equally likely in

order to overestimate the diversity of possible ground motion at the

Oiablo Canyon site. For the reasons discussed in the preceding

paragarphs, this decision to equally weight all 25 records could result

in a substantial conservative bias to the probabilities of severe shear

wall distress reported herein. At S = 3.0g, the reported probabilities

of severe shear wall distress could be conservative by more than a

factor of 8.
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F]gure 3-1. Gazlh, U.S.S.R., 17 Hay 1976, Karakyr Point, Component cnorth,
5X Damped Spectral Acceleration - Record 1 Scaled to Sa = 3.0g
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Figure 3-2.. Gazlk, U.S.S.R., 17 May 1976, Karakyr Point, Component East,
5X Damped Spectral Acceleration - Record 2 Scaled to Sa = 3.0g
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Figure 3-3. Tabas, Iran, 16 September 1978, Component N74E, 5% Damped
Spectral Acce1eration - Record 3 Sca1ed to Sa = 3.0g
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Figure 3-4. Tabas, Iran, 16 September 1978, Coponent N16W, 5% Damped
Spectral Acceleration - Record 4 Scaled to Ea = 3.0g
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Figure 3-5. San Fernando, CA, 09 February 1971, Pacofma Dam, Component S16E,
5X Damped Spectral Acceleration - Record 5 Scaled to Sa = 3.0g
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Figure 3-6. San Fernando, CA, 09 February 1971, Paco1ma Dam, Component S74g
5X Damped Spectral Accelerat)on - Record 6 Scaled to Sa = 3.0g
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Figure 3-7. San Fernando, CA, 09 February 1971, Lake Hughes f12, Component N21E,
5X Damped Spectral Acceleration - Record 7 Scaled to 5a = 3.0g
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F)gure 3-8. San Fernando, CA, 09 February 1971, Lake Hughes f12, Component N69W,

5X Damped Spectral Acceleration - Record 8 Scaled to Sa = 3.09
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Figure 3-9. San Fernando, CA, 09 February 1971, Casta1c, Component H69M,
5X Damped Spectral Acceleration - Record 9 Scaled to Sa = 3.0g
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Figure 3-10. Imperial Valley, CA, 15 October 1979, El Centro, Component NODE,
5X, Damped Spectral Acceleration - Record 10 Scaled to Ea = 3.0g
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Figure 3-11. Imperial Valley, CA, 15 October 1979, El Centro, Component N90W,
5X Damped Spectral Acceleration - Record 11 Scaled to Ea -"3.09
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figUre 3-12. Imperial Valley, CA, 15 October 1979, El Centro f4, Component 550W,
5X Damped Spectral Acceleration - Record 12 Scaled to Sa = 3.0g
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Figure 3-13. Imperial Valley, CA, 15 October 1979, El Centro t4, Component 540E,
5X Damped Spectral Acceleration - Record 13 Scaled to Sa = 3.0g
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Figure 3-14. Parkffeld, CA, 27 June 1966, Temblor, Component H65W,
5X Damped Spectral Acceleration - Record 14 Scaled to 4 = 3.0g
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Figure 3-15. Parkfleld, CA, 27 June 1966, Temblor, Component S25M,
5X Oamped Spectral Acceleration - Record 15 Scaled to Ea = 3.0g

3-26



~ a<



1643. 01

0O.i koO $0o 400

FREQUEHCY (HL)

Figure 3-16. Morgan HTll~ CA, 24 April 1984, Coyote Lake Oam, Component H75W,
5X Oamped Spectral Acceleration - Record 16 Scaled to Ea = 3.0g
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Figure 3-17. Horgan K111, CA, 24 April 1984, Coyote Lake Dam, Component 515W,
5X Damped Spectral Accelerat)on - Record 17 Scaled to Sa = 3.0g
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Figure 3-18. Coalinga, CA, 02 May 1983, Pleasant Valley Pump Station, (Switchyard),
Component 045, 5% Damped Spectral Acceleration - Record 18 Scaled to
Sa = 3.0g
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Figure 3-19. Coalinga, CA, 02 May 1983, Pleasant Valley Pump Station, (Switchyard),
Component 135, 5% Damped Spectral Acceleration - Record 19 Scaled to
Sa = 3.0g

3-30





1643. 01

0
Oat teO 40e 400

FREQUENCY (Hz)

Figure 3-20. Dayhook. Scaled (X1.7), Component NlOE, Baseline Corrected,
5% Damped Spectral Acceleration - Record 20 Scaled to Sa = 3.0g
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Figure 3-2$ . pa/hook, Scaled (X1.7) ~ Component NBOL'l Baseline Corr ected,
5% pamped Spectral Acceleration - Record 21 Scaled to Sa = 3.0g
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Figure 3-22. DCPP, North M=7.0, Strike Slip Bilateral, 5% Damped Spectral
Acceleration - Record 22 Scaled to Ea = 3.0g
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Figgre 3-23. DCPP East M=7.0, Strike Slip Bilateral, 5% Damped Spectral Acceleration
- Record 23 Scaled to Sa

"-3.0g
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Figure 3-24. OCPP North 8=7.0 Strike Slip Unilateral, 5'X Oamped Spectra1 Acce1eration
- Record 24 Scaled to Sa -" 3.0g
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Figure 3-25. DCPP East 8=7.0 Strike Slip Unilateral, 5% Damped Spectral Acceleration
- Record 25 Scaled to Ea = 3.0g
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GAZLI, COMPONENT NORTH (RECORD 1)—----——SAN FERNANDO, LAKE HUGHES 812, COMPONENT N21E (RECORD 7) .
.—PARKFIELD. COMPONENT 525M (RECORD 15)

5X DAMPING

n'

II
(J
I

0Oil Co0

FREQUEKCY (Hz)

too COO

Figure 3-26. Acceleration Response Spectra for Three Empirical Records Scaled
to an Average Spectral Acceleration of 3.0g Over the Frequency
Range of 3 to S.5 Hertz
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Median ZPA ~ 1.04g
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Figure 3-27. Mean, Median, 84% NEP, and Upper Bound Spectra for Ensemble of
25 Scaled Records (Sa = 2.25g)
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LINEAR ELASTIC RESPONSE FOR MEDIAN GROUND MOTION INPUT

Linear elastic modal responses were previously defined in Table 2-6

while the 5X damped median ground spectrum for Y 2.25g is shown i'n
a

Figure 3-27. Using the square-root-sum-of-squares (SRSS) combination of

modes, the modal results of Table 2-6 can be combined with the spectral

accelerations from Figure 3-27 to estimate the elastic response of the

Turbine Building for this spectrum shape. Correction must be made for

the fact that median damping of the Turbine Building was defined to be

7X whereas Figure 3-27 is depicted in terms of 5X damped spectra. The

resultant elastic computed responses (Demands) for Y 2.25g are shown
a

in Table 4-1. Yield capacities were previously defined in Table 2-3 and

Figures 2-10 and 2-11 for the shear walls, operating floor and turbine

pedestal, respectively. The ratios of Demand to Yield Capacity for each

element are also shown in Table 4-1.

For the operating floor, the ratio of Demand to First-Yield Capacity

(0/C) for S 2.25g, is 2.50. Factoring E downward by the D/C ratio
indicates that the operating floor will begin to yield at about K

a

0.90g. Thus, at Y ~ 2.25g the operating floor will deform well out

onto the second slope of the force-deflection curve shown in Figure 2-

10. As a result, the elastically computed drift for the operating floor

of 1.57 inches is too low. Using simplified inelastic corrections based
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upon the Newmark ductility approach, it is estimated that the operating

floor will drift about 2.0 inches based upon median structural

properties at Y 2.25g.
a

As shown in Figure 2-10, even after the First-Yield Capacity, C, of

1210-Kips is reached for each of the four beam elements, the operating

floor retains a stiffness of about 14K of the "elastic" stiffness.

Thus, the operating floor continues to support additional inertial

forces with increasing drift. There is no consequence of a computed

elastic demand to First-Yield Capacity (D/C) ratio as high as 2.50

except that the operating floor drifts will exceed those computed based

upon the initial elastic stiffness.

Based upon the 0/C ratio of 0.68 shown in Table 4-1 for the turbine

pedestal at S = 2.25g, the turbine pedestal is expected to remaina

elastic up to an S 3.30g. At E 2.25g, the elastic drift of thea a

turbine pedestal is 1.89 inches. Using an SRSS combination of the

pedestal drift plus the estimated operating floor drift of 2.0 inches,

the gap closure between the pedestal and the operating floor is

estimated to be about 2.75 inches at Y ~ 2.25g, which is less than the

available gap of 3.375 inches. Thus, at Y ~ 2.25g, it is not expected

that the turbine pedestal will impact the operating floor for the median

spectrum shape case. However, by extrapolation, impacts would be
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expected to occur for Y 3.0g. This expectation was not confirmed bya

the nonlinear analysis results since only a small fraction of the

nonlinear Y 3.0g trials resulted in impact. It was found that thea

SRSS combination of pedestal and operating floor drifts is excessively

conservative since the pedestal and operating floor tend to remain more

in-phase with each other so that relative drifts tend to be much less

than predicted by the SRSS combination. Thus, standard techniques used

with elastic analysis for estimating gap closures are too conservative
'

for this case.

At Y ~ 2.25g, it is expected that the lower segment of both Walls 19

and 31 will slightly yield in shear because their D/C ratios slightly
exceed unity. At higher Y levels, it can be expected, based on the

linear analysis, that most of the inelastic shear wall drift will be

concentrated within these lowest segments since the D/C ratios for these

lower segments are substantially larger than for the higher segments.

Similarly, flexural yielding would not be expected except possibly in

the middle section of Wall 19 because the flexural D/C ratios are much

less than the shear D/C ratios for all other segments. Both of these

expectations were confirmed by the nonlinear analyses. Lastly, one

would expect roughly equal maximum nonlinear drifts for Walls 19 and 31
II

because the D/C ratios in shear For these two walls are similar. This

expectation was not confirmed by the nonlinear analysis results. In
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nearly every case, the maximum nonlinear drifts occurred in the lowest

segment of Wall'31. Within Mall 19, however, the nonlinear drifts
spread more throughout the wall height, although they were still
predominantly in the lowest segment. This slightly greater spreading of

drifts over the height provided some protection for the lowest segment

of Wall 19 which was not evident for the lowest segment of Mall 31. The

elastically computed 0/C ratios presented in Table 4-1 do not provide

any clue as to why drifts were more concentrated into the lowest segment

of Wall 31 than for Mall 19. Thus, the linear elastic results

suamarized in Table 4-1 provide considerable, but not complete, insight

into the nonlinear performance of the Turbine Building at S 3.0g and
a

greater.
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Table 4-1. Elast1cally Computed Response for F1g~e 3-27
Hediari Spectrum Scaled to E 2.256

a

LOCATION

TOP OF PEDESTAL

CEHTER OF OPERATING FLOOR

MALL 19

EL 140
EL 123
EL 104

MALL 3l
Ei. 140
EL 119
EL l07

DRIFTS (IHCHES)

1.89

1.57 (2.00)

0.26
0.16
0.06

0.27
0.18
0.12

Revised to 7X damping

Operating floor 1s actually h1ghly inelastic so this elastic computed drift
1s too small. Value 1n parenthesis 1s more realistic for inelastic operating
„floor.

ELEHEHT SHEAR VR

(Kips)

GHENT HR

(Kip-Ft. x 10 )

TURBINE PEOESTAL 45,400 0. 68

MALL 19

OPERATIHG FLOOR
(PER BEAH)
EL'23+
EL 104+
EL 85+

MALL 31

OPERATING FLOOR
(PER BEAM)
EL 119+
EL 107+
EL 85+

2,910

9,520
10,240
10,820

3,030

12,330
14,560
16,460

2.41

0.90
0.93
1.18

2.50

0.93
0.86
1.10

.16

.36

.55

.26

.43
'.78

.70

.91

.77

.40

.59

.74
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5. NONLINEAR ANALYSES WITH MEDIAN STRUCTURE PROPERTIES

5.1 Results

Twenty-five nonl1near time history analyses were performed at both Y
a

3.0g and S 6.0g using the median structure properties defined 1n

Sect1on 2 and the 25 time-histories of 1nput def1ned in Section 3.

Results of the analyses are sumarized 1n Tables 5-1 and 5-2 for S of
a

3.0g and 6.0g, respectively. These tables list the maximum total drift
at the top of both Walls 19 and 31, the operat1ng floor, and the turbine

pedestal. In some cases, the two operating floor beams do not displace

the same amount, particularly at the Y 6.0g; thus the values listeda

are the average of the two beams which 1s )udged to be a better

1ndicator of their inert1al effect on the shear walls. Also shown are

the maximum story drifts for each wall defined as a percentage of the

wall segment (story) height. In nearly every case, the maximum story

drifts occurred in the lowest segment of each wall. Tables 5-1'and 5-2

also 1ndicate for which cases the turbine pedestal 1mpacted the

operating floor. Lastly, the probab111ty of severe shear wall distress

1s estimated for each trial using the random shear wall distress

cr1ter1a def1ned by Equation 2-5. Oefining PF as the probab111ty of

severe d1stress for Tr1al 1, the median estimate of the probability PF

of severe distress for each Y value is obtained from:
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gN
Fi

PF (5-1)

where H is the number of trials or 25 for these cases.

The following points should be noted from Tables 5-1 and 5-2:

1. Both maximum story drifts and total drifts of Wall 31 tend to

exceed those drifts for Wall 19 despite the fact that the

elastic computed Demand/Capacity ratio tends to be greater

for Wall 19 (Table 4-1); Drifts for Wall 31 are greater than

for Wall 19 for 22 (88K) of the 3.0g cases and all 25 (100%)

of the 6.0g cases.

2. The number of cases of pedestal impact are much fewer than

might be expected from comparing the operating floor and

turbine pedestal drifts with the available gap (3.375

inches). The operating floor and turbine pedestal were

always partially in-phase at the times of maximum drifts so

that their individual drifts should not be combined for

comparison with the available gap. In fact, the operating

floor tended to drift into the pedestal. Thus, rather than
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the pedestal loading the operating floor and causing 1t to

dr1ft further, the oppos1te occurs. The turbine pedestal

tends to stab111ze the operating floor and prevent 1t from

drift1ng further. This s1tuation is'he opposite of what was

expected pr1or to performing the analyses. At 5 3.0g,

1mpact occurred in only 9 cases (36K) and never occurred when

the operating floor drifts were less than the gap size (3.375

1nches). Even for the 11 trials where the operating floor

drift ranged between 1.0 and 1.67 t1mes the gap s1ze, 1mpact

only occurred in 7 cases (64K). For the two cases where

operating floor dr1fts exceeded 1.67 times the gap size,

1mpact did occur. Even at S = 6.0g, 1mpact did not occur 1n
a

3 out of the 5 trials for which the operating floor dr1fted

less than 1.67 t1mes the gap s1ze. Thus, 1n su+nary:

0 eratin Floor Drift
Gap Size

0 eratin Floor Drift , 1 67 I act
Gap Size

(5-2)

3. At Y 3.0g, the maximum story dr1ft was less than 0.45K of
a

the story he1ght for all but 3 of the tr1als. Thus, 1n 22

cases (88%),the median (randomness only) probab111ty of

severe distress was essentially zero. Even tn the worst case
U
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(Trial 18), the maximum story drift was only 0.69K which

corresponds to a 46K median probability of severe distress

for this case. The overall median (randomness only)

probability of severe distress was only 3.1X for the 25

equally weighted trials.

4. At Y 6.0g, only 7 trials (28K) produced maximum story

drifts less than 1.1X of the story height which corresponds

to a median (randomness only) probability of severe distress

of essentially 100K. Thus, for 72K of the trials, severe

distress is nearly certain. However, in the lowest case

(Trial 11); the maximum story drift was only 0.57K which

corresponds to a median (randomness only) probability of

severe distress of 9X. The 4 lowest cases (Trials 7, 8, 11,

and 21) at SA = 6.0g produced approximately the same drifts
as the three highest cases (Trials 15, 18, and 20) at S = 3.0g.a

This situation indicates the variability introduced when any

~sSn le ground mutton parameter ts used to serve as a damage

descriptor, even when a carefully chosen parameter such

as Y is used. On the average, Y worked well even though

considerable variability exists. At S 6.0g, the overall
a

median probability of severe distress was 87.6X for the 25

equally weighted trials. Thus:
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Randomness Onl

3.0g: PF 3.1% (Severe Distress Very Unlikely)

(5-3)

6.0g: PF 87.6% (Severe Distress Very Likely)

5. In Section 2.3 it was discussed that the operating floor

model began to err s1gnificantly (stiffness too high) when

the computed operat1ng floor relative drifts exceeded about

8.0 inches. For these cases, the operating floor drifts were

underpredicted and the shear wall loads and drifts were

slightly overpredicted. No such cases occurred at S 3.0g,a

however, at S 6.0g, this situation occurred in 12 of the
a

25 cases. The consequences of these occurrences on the

previously summarized results was judged to be negligible.

For all 12 cases, the max1mum computed shear wall story drift
was at least 1.21%, and the reported probability of shear

wall d1stress was 100% in each case. It would be necessary

to reduce the max1mum shear wall dr1fts to less than 0.95% to

have any s1gnif1cant 1nfluence on the reported probab1lity of

shear wall distress. „Th1s reduct1on is considered to be

inconceivable even with the use of a more appropr1ate

operat1ng floor 'st1ffness after relative dr1fts exceed about

8.0 inches.
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For use 1n a Seismic Probabilistic Risk Assessment (SPRA), a frag1lity

curve must be def1ned which provides the probab111ty of severe distress

as a continuous function of the ground mot1on level. However, nonl1near

analyses were .only made at two discrete ground mot1on levels

corresponding to E 3.0g and 6.0g. A continuous median (randomness

only) fragil1ty curve was est1mated by interpolating and extrapolating

the probability of severe distress values given 1n Equation 5-3. The

median fragil1ty curve was assumed to be lognormally distr1buted as has

been common practice in most SPRA stud1es. F1tting the results given 1n

equation 5-3 to a lognormal distribut1on, the median (randomness only)

fragility curve is defined by the following median value, S, and

randomness logarithmic standard dev1ation, BR.

Median Randomness Onl Fra ilit Curve

v
Median S 4.60g

a

gR 0.23
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Equation 5-4 leads to:

Median

PF

3.15

4.60

6.70

5X

50%

95%

5.2 Prediction of Hedian Randomness Onl Fra ilit From Elastic
Results

In most cases, nonlinear time history results are not ava1lable from

which to est1mate the median (randomness only) fragility curve. As a

result, the median fragility is normally estimated from an elast1c

analysis using the median input spectrum shape. With an ava1lable

median-centered elastic analysis, such as that presented in Section 4,

the median fragility curve in terms of S can be estimated from:

S
R

Sa ~D/C
F FR (5-5)

where Y 1s the reference level at wh1ch the elastic analysis was
'R

performed, (D/C)R 1s the Demand/Capacity rat1o resulting in critical

elements from a median centered analysis us1ng S , F 1s an estimated
R'

inelast1c energy absorption factor, and FR 1s an estimated response
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factor. Both F and FR are random variables which are typically assumed

to be lognormally.distributed with randomness logarithmic standard

deviation, B and 8, respectively.
u R

For the elastic analysis presented 1n Section 4, the S was 2.25g. The
R

D/C ratio 1s the ratio of the elastic computed Demand defined by VR 1n

Table 4-1 to the yield point capac1ty V~. As shown in Table 4-1, the

(D/C)R VR/V< ratio var1es between elements. The (D/C)R ratio for

elements which control the damage state be1ng considered should be

used. In Table 4-1, the controlling elements are the lowest segments of

Walls 19 and 31, for which the (D/C)R ratios are 1.18 and 1.10,

respectively. Since beneficial load redistribution would not be

expected to occur between Walls 19 and 31, the h1gher (D/C)R ratio of

1.18 for Wall 19 would normally be chosen for use in Equation 5-5.

However, since the nonlinear analyses of the Turbine Building 1ndicate

that Wall 31 1s actually more critical, the (D/C)R ratio of 1.10

appropriate to this wall is used 1n Equation 5-5. This choice enables a

direct comparison between the median fragi11ty estimated from Equation

5-5 and that obta1ned from the nonlinear analysis (Equat1on 5-4).

S1nce the elastic analys1s of Section 4 is med1an centered (med1an

spectra shape, and med1an structure properties), the median value of FR

1s unity. Ko structure property variation was 1ncluded in the nonlinear
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time-history analyses, so the only random variability to be included 1n

FR is the variab111ty in spectral accelerations about the median at any
'I

specific frequency for the time histories which were used. It was noted

1n Section 3 that w1thin the frequency range of primary interest (3.5 to

9 Hz) the ratio of the 84K NEP to median spectral acceleration was

approximately 1.24. This rat1o corresponds to a BR 0.215 wh1ch 1s
R

used herein.

Thus, from Equation 5-5, the following est1mates for median frag1lity
and variability are obtained:

2.25
S I0 F 2 05g Fa .10

(5-6)

R
B 2+B 2

RF RR

I/2
B

2 + (0.2I5)2
F

I/2

v
The only remaining task 1s to estimate the median value F and

randomness vari ab111ty BR
F

Thoughout th1s report, damage 1s def1ned 1n terms of story drifts, aT.

For each wall segment, the story drift can be converted to story

duct1lity > by:

6T
C

s 6y
(5-7)
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where sy is the elastic yield drift as given by:

VY
a

Y K

and the Concrete Capacity VC is conservatively substituted for the Yield

Capacity VY as discussed later in this section. Values of VC and K are

listed in Tables 2-3 and 2-4, respectively. For the bottom segment of

Wall 31, aY = 0.113 inches or 0.043K of the segment height. Thus, a

maximum drift of 0.7X corresponds to a maximum story ductility u of
s

16.4 for the bottom segment of Wall 31. However, F relates to the

system ductility u which is always equal to or less than the maximum

story ductility y of the critical segment.

The system ductility u is estimated from:

z Wi eT

zWie (5-9)

where Wi are the inertial weights influencing the drift of the critical
wall segment, aT are the estimated maximum total drifts of each of

these weights corresponding to 6T or y being reached in the critical
wall segment, and a are the elastically computed drifts of each of

these weights scaled to eY being reached in the critical wall segment.
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The solution of Equation 5-9 requires the exercis1ng of judgement 1n the

selection of inertial weights to be 1ncluded and 1n estimating the

inelastic deformed shape aT from the elastic deformed shape e

1

If aT were proport1onal to a at all locations of interest,
1 ei

then u' . However, the 1nelast1c port1on of 6T tends to concentrates

w1thin segments with the highest (D/C)R rat1os such that aT 1s not

normally proportional to a, and therefore, Equation 5-9 produces u

estimates which are much lower than y . This s1tuation is

particularly true when the highest (D/C)R ratio is near the base of the

structural model as is the case for the Turbine Building shear walls.

From Table 2-6, 1t can be seen that the shear 1n the bottom segment of

Wall 31 comes primarily from the third mode. As also seen 1n Table 2-6,

neither the operating floor weight nor Wall 19 partic1pate to any great

extent in this mode. Therefore, only the three nodal weights (Nodes 16,

18, and 20) on Wall 31 are included 1n the solution of Equation 5-9.

The maximum deformation results produced from each nonl1near time-

h1story analysis as tabulated 1n Tables 5-1 and 5-2 are used to estimate

the 1nelastic deformed shape, eT, for the three nodes on Wall 31.
1

Admittedly, this decfs1on makes this analys1s a "post-prediction" since

th1s 1nformation is not normally ava1lable when Equation 5-9 is used.
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However, this decision also enables the most direct comparison of

Equation 5-6 with the nonlinear results. The elastic deformed

shape a used is that given in Table 4-1 scaled so that the bottom

element undergoes the yield displacement of 0.113 inches. The elastic

deformed shape and inelastic deformed shape used for several different

drift levels are given in Table 5-3. The first case in Table 5-3 is the

elastic case scaled to the yield drift and corresponds to an S
a

2.05g. The second case represents the median deformed shape for Y
a

3.0g from Table 5-1, while the last case represents the median deformed

shape for Y = 6.0g from Table 5-2. The third and fourth cases
a

correspond to maximum story drifts in the bottom segment of Wall 31 of

0.40K and 0.70K, respectively. The deformed shapes given in Table 5-3

for these two cases were estimated using the deformed shapes in Tables

5-1 and 5-2 for trials with similar levels of bottom segment drifts.

Also shown in Table 5-3 are the story drift ductilities y from Equation

5-7 and the system ductilities p from Equation 5-9 for each of five

cases.

HUREG/CR-3805 (Reference 4) recomends a Spectral Averaging Method for

estimating F for any given u. First the ratio of secant to elastic

stiffness is estimated from:

K
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where s is the ratio of the second slope stiffness to elastic stiffness

on the force-deflection diagram (see Figures 2-6, 2-7, or 2-8). Hext,

the secant frequency f to elastic frequency f ratio is estimated from:s

K /Kf s (5-11)

Spectral accelerations are then averaged over a frequency band extending

from an upper frequency, fu, to the secant frequency, fs, where fu is

from:

f f
(1-B) + Bf f (5-12)

f
B=2C 1- —-1

F( f (5-13)

except that 0 < B < 0.7

The coefficient CF is a function of ground motion duration; however for
longer duration records such as those used herein, CF is approximately

2.3. This frequency band is centered on an effective frequency f'a
given by:

fu+ ff'
ea 2 (5-14)
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The inelastic energy absorption factor ts then given by:

a(fu fs'aea)
(5-15)

where S (f,a) is the spectral acceleration at the elastic frequency, f,
"d g ~ " ~() " "" E P'u-'s'ea

over the frequency band from fu to fs at an effective damping,
B'a'iven

by:

f 2

a' —', [s+s ]ea fea H
(5-16)

f
s =C 1-—

H N f (5-17)

The coefficient CN is also a function of the ground motion duration, but

can be approximated as CN = 0. 11 for the longer duration records used in

this study.

The third mode frequency which dominates shears in the bottom segment of

Wall 31 is 8.6 Hz and the elastic damping, B, was taken to be 7X. Table

5-4 presents F values obtained by the Spectral Averaging Method

(Equations 5-10 through 5-17) together with intermediate parameters for
the 5 cases listed in Table 5-3. Also shown are the E values obtained

a
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from Equat1on 5-6 and a comparison with the nonl1near t1me-history

results for Cases 2 (3.0g) and 5 (6.0g) where such results are

available. For Case 2, the Spectral Averaging Method estimates an S of

2.67g versus the actual 3.0g or an 0.89 rat1o of predicted to actual.

For Case 5, the Spectral Averaging Method predicts X 6.27g versus the

actual 6.0g or a 1.05 ratio of predicted to actual. For the case of

0.7X maximum story drift correspond1ng to 50K probab1lity of severe wall

distress, the Spectral Averag1ng Method predicts Y 4.30g. Although

actual nonlinear analyses do not exist for this case, a median est1mate
v

of S 4.60g was presented in Equation 5-4 for 50% probability of
a

severe wall distress. The estimate prov1ded by the Spectral Averaging

Method 1s 4.30g or 93K as large. In conclusion, 1t is fudged that the

Spectral Averaging Method provides an excellent, but slightly

conservative prediction of the median fragility.

The Riddell-Newmark Method (Reference 6) has been more commonly used in

SPRA studies to estimate F and S . This method is substantially easier

to use. However, HUREG/CR-3805 (Reference 4) shows that the Riddell-

Hewmark Method is unconservatively biased for shear wall hysteres1s

behav1or, particularly for the longer durat1on ground motion records.

Also, at higher F levels, the Riddell-Newmark Method produces about

twice the coefficient of variation for predicted versus actual F than

does the previously described Spectral Averaging Method. Even so,

because of 1ts greater s1mpl1c1ty, the Riddell-Hewmark Method was also

1nvestigated.
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In the Riddell-Hewmark Hethod, F is given by:

F larger of F or F

F smaller of F or F
Q1 u3 u4

(5-18)

in which F , F , and F apply to different frequency ranges. For 7%
D3 D4

damping, those values are given by:

2PA Limit
~af 8 0.11

u4 ZPA (5-19)

Acceleration Ran e

F (2.673M - 1.673) o. 11

P3 ~

(5-20)

R

F ~ (2.240' 1.240) 'f0.611

When f <1.0: Cf

~ ~2 1.0: Cf ~ 1.0

in which fk is the knuckle frequency between the zone of approximately
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constant ampl1fied spectral acceleration and the zone of approximately

constant amplified spectral veloc1ty. For the medium spectrum shown 1n

Figure 3-27 and used herein, fk e 2.7 Hz; whereas f S.6 Hz, so

that F w1ll only govern 1n Equation 5-18 at very large values of u.
u2

For 7X damping, the ratio~ at f 8.6 Hz is (—' 1.68 for the
ZPA >.04

median spectrum shown 1n Figure 3-27. In this case when,

u <2-3 F CONTROLS

2.3 < u < 11.3 F CONTROLS

u 2 11.3 F CONTROLS

As described above, the Riddell-Newmark Method does not take any credit

for the second slope (sK) of the force-deflection diagram (Figure 2-6).

The effect of this second slope can be sign1ficant when either u is

large (as is the case herein) or when s is not close to zero (as 1s the

case for the Operating Floor). Often for concrete shear wall

structures, the yield capacity V 1s defined in terms of the concrete-

only (capacity Vc), and the second slope s and the extent of th1s slope

to the ultimate capac1ty Vu Vc + Vs is def1ned by the amount of shear

load carried 1n the steel. When the second slope 1s ignored as above,

the dichotomy 1s that the steel capacity, which is actually very
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benef1cial, is being ignored. Th1s effect is automatically considered

1n the Spectral Averaging method 1n the-definit1on of the secant

stiffness by Equat1on 5-10. It may also be considered in the Riddell-

Hewmark Hethod by replac1ng the actual force-deflection d1agram with a

pseudo elastic perfectly plastic d1agram having the same area and the

same capacity V as that of the actual diagram at a displacement

of ua . This replacement 1s illustrated 1n F1gure 5-1. The capacity
f

ratio, R, then becomes:

V
R = ~ ~ I + s(u-I)V (5-22)

and the pseudo ductil1ty factor y'or the elasto-perfectly plastic

relationship of equal area is:

0 5
I I+R + I

u ~ +
2

2R
(5-23)

With these modifications, a reduced F 's obtained from Equation 5-18

through 5-20 by substituting u'or u. The Hodified Riddell-Newmark

F value 1s then defined by:

F ~F' R (5-24)
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The modification of Equation 5-24 1s necessary because the Demand/

Capacity ratio was defined 1n terms of V . Alternately, F'an be used

directly by redefin1ng the D/C ratio 1n terms of the V capac1ty; Both

alternatives lead to the same result. The first alternative 1s used

here1n so that D/C rema1ns the same for the Spectral Averaging, Riddell-

Newmark, and Mod1fied Riddell Newmark Methods (i.e., the entire

differences are included 1n F for ease of comparison).

Table 5-5 presents F and S results obtained for the four inelastic

cases of Table 5-3 based on the Spectral Averaging, the Riddell-

Newmark, and the Mod1fied Riddell-Newmark Methods. Again, 1t should be

noted that the u 3.3 case corresponds to E 3.0g and the y = 23.2a

case corresponds to S 6.0g. Therefore, these two cases can be used

to judge the accuracy of each of the three methods for estimat1ng F .

Also, the y 11.5 case corresponds to a maximum story drift of 0.7%

which relates to the 50% probability of severe distress previously
v

estimated from the nonlinear run to be S 4.6g.a

At u 3.3, the Spectral Averaging Method underpredicts E by 11%, the

Riddell-Newmark Method overpredicts by 31%, and the Modified R1ddell-

Newmark overpred1cts by 39%. At u 23.2, the Spectral Averaging Method

overpredicts by 4%, the R1ddell-Hewmark Method overpredicts by 18%, and

the Modif1ed R1ddell-Newmark overpredicts by 25%. Compar1ng each
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v
method's results with the estimated S 4.6g at y 11.5, 1t appears

a

that the Spectral Averaging Hethod underpredicts by=7%, the Riddell-

Newmark Hethod underpredicts by 2X, and the Modified Riddell-Newmark

Hethod overpredicts by 23K for this case. It can be seen that the

Riddell-Newmark and more so the Hodif1ed Riddell-Newmark Methods tend to

substant1ally overpredict the Y capacity. For severely p1nched shear

wall hysteret1c behavior and longer durat1on t1me-h1stor1es of input,

this same tendency to overpredict 1nelastic capacities was found and

reported 1n NUREG/CR-3805 (Reference 4). However, since th1s

overprediction is consistent, 1t can be removed through the use of an

effective F, which 1s related to F reduced by a durat1on factor C0.

Since the Hodified Riddell-Newmark more properly accounts for the

influence of the second slope st1ffness, sK, this method is corrected

for the duration and pinched hysteresis behavior effect. The correction

consists of defining an effective F'y:
"e

F' + C0 (F'-I)

F ~F'
(5-25)

Based upon the results presented in Reference 4 plus those obtained

herein, it is est1mated that for longer duration ground motions:
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C0 s 0.6 (5-26)

v
With this correction, F and Y are also tabulated 1n Table 5-5.

After the above def1ned effect1ve duration correct1on is made, the

Effective Riddell-Newmark Method does an equally excellent gob of

est1mating Y as does the Spectral Averaging Method. At y 3.3, 1t

overpredicts E by 12% whereas the Spectral Averaging Method

underpredicted by 114. At u = 23.2, the Effective Riddell-Newmark

Method underpredicts by 2X whereas the Spectral Averaging Method

overpredicts by 4X. Thus, as shown in Table 5-5, averag1ng the results

from both methods provides a nearly exact prediction 1n those two cases.

It 1s recomnended that for longer duration ground motion and pinched

shear wall type hysteretic behavior, F be predicted by:both the

Spectral Averaging Method and by the Effect1ve Riddell-Newmark Method as

described, herein. When the. F estimates from those two methods agree

with each other within a factor of about 1.3, then the predicted F

value should be taken as the average of the two values. When the two

methods produce F values which d1ffer from each other by more than a

factor of about 1.3, the results of both methods should be v1ewed with

great caution. This latter case is not expected to happen often.
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Following the above recommendation, the median fragility corresponding

to a max1mum story drift of 0.7X or y 11.5, 1s est1mated to
v

be Y 4.39g wh1ch is 5X less than that shown in Equation 5-4 based

upon the nonl1near time-history analyses. It is concluded that for the

Turbine Building, the median frag111ty can be accurately est1mated using

Equation 5-5 and elastic analysis results. This same conclusion should

be equally applicable to the other Diablo Canyon buildings where

nonlinear analysis results are not available.

It is also necessary to est1mate the randomness variab111ty of the

median fragility curve as def1ned by Equation 5-6. The needed

randomness variabil1ty BR 1s made up of two,parts. The first
F

part, 8>, consists of the random scatter of time-history computed F

values versus that predicted by the above defined prediction

approach. The second part, 8 , consists of the randomness variability
1n F due to the randomness variability of y correspond1ng to severe

wall damage.

The random scatter of t1me-history computed F values versus the

predicted F values can be estimated for the Spectral Averaging Method

using the results presented 1n NUREG/CR-3805 (Reference 4). On this

basis, 1t is estimated that :
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S ectral Avera in Method

v
Q] + 0 06 + 0.03 )F - 1.0] (5-27)

v
where F 1s the med1an est1mate of F used 1n Equation 5-6 to estimate
v " v
S . With F est1mated to be 2.10, Q> becomes 0.093. However, much

of QI comes about because of the local peak and valley variability of

the response spectrum obtained from the 1nput time-history. This

variability has already been included in the QR.
= 0.215 est1mate

R

conta1ned 1n Equation 5-6. It would therefore be wrong and potentially

excessively over conservative to add in the full QI estimate. Thus, QI

should be reduced by a correction factor c .

QI = o QI (5-28)

where o must be gudgmentally estimated. Whenever, QI 1s much smaller

than QR, the value of a selected is unimportant. However, the value
R

of c used becomes 1mportant when QI approaches or exceeds QR . Based
R

purely on Judgement, 1t 1s suggested that c be taken as 0.4. Thus, QI

becomes 0.037. Even though Equation 5-27 1s str1ctly only correct when

the Spectral Averaging Method is used, 1t is considered to also be

appl1cable for the approach recon@ended herein for obtaining F .
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The random var1ab111ty of story dr1ft associated w1th severe damage was

def1ned by Equation 2-5 to be 0.15. This same var1ability also appl1es

to us. U'sing th1s BR ~ it is computed that a maximum drift of. 0.4X 11es

at -3.73 8R below the median estimates of damaging drift of 0.7X.

Correspondingly, from Table 5-3, 1t 1s est1mated that a system

ductility u of 6.0 11es at -3.73 gR below the median value of 11.5.

Thus, 8 may be estimated using the S values 1n Table 5-5 for these two
a

system ducti lities:

S (M=11.5)

S
a u=6.0

3.73

'"
Is s~oj

3 73
~ 0.061 (5-29)

The combined aR is then obtained from:
F

R ~('0 + ('2)
2 2 Q

F
(5-30)

to be 0.071. The med1an (randomness only) fragil1ty var iab111ty 1s then

obtained from Equation 5-6. Thus, from the elastic analys1s results,

the median (randomness only) fragility curve 1s estimated to be:
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Median Randomness Onl Fra 1lit Curve

V
Medi an S 4. 39ga

SR 0.23

These results which are based upon the extrapolation of a s1ngle median-

centered elastic response spectrum analysis are within 5X of the results

presented in Equation 5-4 obtained from 50 nonlinear time-h1story

analyses (25 each at S 3.0g and S 6.0g).a a

5.3 Influence of Ground Motion Character1st1cs on Shear Wall
Drift .

Although the primary purpose of the nonlinear time-history analyses was

to provide a fragility estimate for the Turbine Building in support of

the Seismic Probabilistic Risk Assessment, a secondary purpose was to

better understand the characteristics of ground mot1on capable of

damaging the Turbine Building shear walls. To serve this second

purpose, characteristics of the response spectra shown in Figures 3-1

through 3-25 are compared w1th the maximum story drifts presented in

Table 5-1 for Y 3.0g for each record.
a

Basically, all of the records were 11nearly scaled to have the same 5X
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damped average spectral acceleration Y in the 3 to 8.5 Hz frequencya

range. It was 5odged that T was the best ~stn le parameter descrtptor
a

of the potential for damage to the Turb'1ne Building shear walls from the

var1ous ground mot1on records. However, with all 25 records scaled to

3.0g, Table 5-1 1llustrates that the maximum story drift ranged

from a low of 0.05% to a high of 0.69K of the wall segment height, with

a med1an value of 0.22'. A sim1larly large scatter also holds for the

25 records scaled to Y ~ 6.0g . Furthermore, 1n both cases the max1mum

story dr1fts are reasonably un1formly distributed w1th1n these broad

ranges as shown in F1gure 5-2 which presents plots of the natural

logarithm of maximum story drift ordered from the lowest to highest

values versus cumulat1ve non-exceedance probability plotted on a

cumulative normal probability scale. If drifts were distributed

lognormally, the points would lie on a stra1ght line on this plot. It
can be seen from Figure 5-2 that the assumption of a lognormal

distr1bution of maximum dr1fts is reasonable for both S = 3.0ga

and S = 6.0g particularly for a range of maximum drifts from 0.10K to

2.0X wh1ch far exceed the drift range of primary 1nterest (0.5X to

1.0%). Assuming the stra1ght-11ne lognormal d1stribution shown on

Figure 5-2, the logarithmic standard deviation for maximum story drift
are 0.75 and 0.50 for Y 3.0g and 6.0g, respectively. Such large

dispers1on ind1cates that Y does not serve as a good descr1ptor of

max$ smm story drift. Yet, 1n a brtef tnvesttgatton, no better ~stn le
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parameter was found. It appears that the detailed, multiple-frequency

characteristics of the response spectrum of each record is important.

Therefore, for T 3.0g, these additional frequency characteristics are

described versus the resultant maximum story drifts.

At T 3.0g, Record 18 produced the largest story drift of 0.69K. As

shown in Figure 3-18, this record contains particularly high spectral

accelerations from 1.5 to 2.3 Hz with the 5% damped spectral

acceleration spiking to 5.5g at 2.0Hz. Records 15, 20, and 23 contained

similar, but lesser low frequency spikes. All three of these records

contain particularly high spectral acceleration from 2.1 to 3.3 Hz

spiking above 5.0g at 2.6 Hz. Records 15 and 20 produced the second and

third highest story drifts of 0.61K and 0.59K, respectively. For some

reason, Record 23 with a spectrum very similar to that of Records 15 and

18 produced a lesser, but still moderately high drift of 0.32K These

are the only 4 records with 5X damped spectral acceleration below 3.0 Hz

which approach or exceed 5.0g. Obviously the spectral acceleration in

the 2.0 to 3.0 Hz range had an important influence on the maximum shear

wall story drifts for S 3.0g.a

Record 24 produced the fourth highest drift of 0.43K, but it occurred in

Wall 19 rather than Wall 31 which had the highest drift in nearly all
other cases. For Record 24, the maximum story drift in Wall 31 was only
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0.29%. The spectrum from Record 24 differs from that of any of the

other records 1n that 1t contains two spikes rather than one spike 1n

the 2.0 to 3.0 Hz range. Both spikes are to about 3.3g w1th one

centered at 2.0 Hz and the other at 2.6 Hz. Because of these two

spikes, the average spectral accelerat1on in the 2.0 to 3.0 Hz range 1s

generally high, although not as high as that for any of the other 10

records which produced max1mum story drifts 1n excess of 0.25K. It 1s

believed that the high spike to above 4.0g at 7.0 Hz on the Record 24

response spectrum played a major role 1n contributing to the large dr1ft

of Wall 19 which had an elastic model frequency of 9.5 Hz.

The response spectra for Records 2 and 22 both contain spikes to about

4.0g at about 2.0 Hz. Yet Record 2 produced the fifth h1ghest maximum

story drift of 0.42K while Record 22 produced a maximum story drift of

0. 19K which 1s less than a median story dr1ft for S = 3.0g. Record 2

also contains high spectral acceleration in the 3.5g to 4.5g range over

the 6.0 Hz to 9.0 Hz frequency range, whereas Record 22 has low spectral

acceleration ranging from 1.8g to 3.2 g in this same 6 Hz to 9 Hz

frequency range. It becomes clear that records must have high spectral

accelerat1ons of at least 3.5g both in the 6 to 9 Hz range and in the 2

to 3 Hz range to produce maximum story dr1fts in excess of 0.4X. The 6

to 9 Hz frequency range 1s 1mportant to initiate strong 1nelastic

response of the shear walls, while the 2 to 3 Hz frequency range is
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important to carry these drifts out to at least 0.4% maximum story

drift. Hissing either characteristic is sufficient to prevent large

story drifts.

Records 5, 6, 9 and 16 all had similar characteristics'of a high

spectral acceleration spike between 3.5g and 4.4g at frequencies between

1.9 and 2.6 Hz coupled with moderately high spectral acceleration

between about 2.5g and 3.5g in the 6 to 9 Hz frequency range. These 4

records exhibited maximum story drifts ranging from 0.26K to 0.38K On

the other hand, Record 25 also had a 5X damped spectral acceleration

spike of about 4.2g near 2.8 Hz but had spectral accelerations less than

2.0g above 8.3 Hz so that the Turbine Building shear walls never began

to drift significantly inelastically. For this reason, both the 2.8 Hz

spike to 4.2g and the 7 Hz spike to 3.8g were ineffective and a below

median maximum story drift of 0.19K resulted.

Record 17 does not contain any high spectral acceleration spike in the 2

to 3 Hz range. However, its spectral acceleration does spike above 4.5g

in the 3.5 to 3.7 Hz range and although dropping, it remains above 3.7g

at 3.6 Hz. This record produced a maximum story drift of 0.28K.
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These 13 records were the only records which had

or

S a 3.75g 1n the 2.4 to 2.8 Hz frequency range
5X

S > 3.0g 1n the 1.7 to 2.0 Hz frequency range
5X

(5-32)

Eleven of these records produced maximum story drifts in excess of 0.25K

for Y 3.0g. Hone of the 12 records which did not exceed e1ther of
a

the two conditions of Equat1on 5-32 produced maximum story drift 1n

excess of,0.25K. Two of the records which did exceed at least one of

the conditions of Equation 5-32 produced drifts of only 0.19K because

they did not possess sufficient spectral content in the 8.6 Hz to 9.5 Hz

frequency range necessary to initiate sign1ficant inelastic response.

Thus, 1n addition to exceeding one of the two conditions of Equation 5-

32, it 1s also necessary to exceed

S > 2.1g in the 8.6 to 9.5 Hz frequency range
5X

(5-33)

in order to achieve maximum story dr1fts in excess of 0.25K for the
'N

medi an structural model.

In other words, with median propert1es, the Turbine Building shear walls

can only be potentially damaged by ground mot1on w1th broad frequency
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