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ABSTRACT 

Seismic margin review of nuclear power plants requires that the High Confidence 
of Low Probability of Failure (HCLPF) capacity be calculated for  certain 
components. The  candidate methods for calculating the HCLPF capacity as 
recommended by the Expert Panel on Quantification of Seismic Margins a re  the 
Conservative Deterministic Failure Margin (CDFM) method and the Fragility 
Analysis (FA) method. The present study evaluated these two methods using some 
representative components in order to provide fur ther  guidance in  conducting 
seismic margin reviews. It is concluded that either of the two methods could be 
used for  calculating HCLPF capacities. 

... 
111 



CONTENTS 

h8!2 
ABSTRACT ...................................................................................................................................... iii 

PREFACE ........................................................................................................................................ i x  

EXECUTIVE SUMMARY ....................................................................................................... x i  

INTRODUCTION ............................................................................................................. 
Background on Seismic Margin Methodology ................................. 
Definition of Seismic Margin ................................................................. 

1.1 

1.2 

1.3 

1.4 

Objectives of Present Study .................................................................... 
Organization of this Study ...................................................................... 

METHODS OF CALCULATING HCLPF CAPACITIES .............................. 
2.1 Evolution of Methods ................................................................................. 
2.2 Description of CDFM Method ... ............................................................ 
2.3 Description of Fragility Analysis Method ....................................... 

HCLPF CAPACITY CALCULATIONS PERFORMED BY 

THE STUDY GROUP ............................................................................................... 
3.1 Components Selected for Study ............................................................. 
3.2 Ground Rules for Capacity Calculations ......................................... 
3.3 Ground Motion Aspects ............................................................................. 
3.4 Floor Spectrum Aspects ............................................................................. 
3.5 Discussion of Failure Modes ................................................................... 
3.6 Results of First Round of Calculations ............................................ 

3.6.1 Comparison of CDFM and F A  HCLPF Capacities ......... 
3.6.2 

3.6.3 Overall Conclusions from the First 

Round Calculations .......................................................................... 
Results of Second Round of Calculations ........................................ 

Comparison of HCLPF and Median Capacities ................ 

3.7 

1-1 
1-1 

1-2 

1-2 

1-3 

2-1 

2-1 

2-4 

2-4 

3-1 

3-1 

3-2 

3-3 

3-3 

3-4 

3-4 

3-5 

3-5 

3-6 

3-6 

V 



CONTENTS (Continued) 

4. SUMMARY A N D  CONCLUSIONS ........................................................................................ 4-1 

4.1 Summary ......... : ....................................................................................................... 4-1 

4.2 Conclusions from this Study ................................................................................. 4-2 

REFERENCES .................................................................................................................................. R-1 

APPENDICES 

CALCULATIONS BY STUDY GROUP MEMBERS 

A, R.P. Kennedy Calculations ................................................................................................. A-1 

B. EQE Calculations ................................................................................................................. B-1 

C. J.W. Reed Calculations ........................................................................................................ C-1 

D. J.D. Stevenson Calculations ................................................................................................ D-1 

LIST OF TABLES 

2-1 Summary of Conservative Deterministic Failure 

Margin Approach .................................................................................................................. 2-6 

Comparison of HCLPF Computations for Representative 

Components (First Round Calculations) ........................................................................... 3-7 

Comparison of EPRI CDFM and FA HCLPF (Kennedy and 

Ravindra Comparable Computations) ............................................................................... 3-9 

Comparison of HCLPF and Median Capacities (First 

Round Calculations) ............................................................................................................. 3-10 

Comparison of HCLPF Capacity Computations for 

Representative Components (Second Round Calculations) ........................................... 3-11 

Comparison of HCLPF and Median Capacities (Second 

Round Calculations) ............................................................................................................. 3-13 

3-1 

3-2 

3-3 

3-4 

3-5 

V i  



LIST OF FIGURES 

2- 1 

3- 1 

3-2 

3-3 

3-4 

3-5 

3-6 

3-7 

3-8 

E U s  
Typical Fragility Curves for a Component .................................................... 2-7 

Flat Bottom Vertical Water Storage Tank ...................................................... 3-14 

Diesel Generator Room Starting Air Tank Supports ................................. 3-15 

Component Cooling Heat Exchanger Supports ............................................. 3-16 

Cantilever Reinforced Block Wall ...................................................................... 3-17 

Comparison of GERS with Failure Data: Function 

During and After for MCC (ANCO 1987) ...................................................... 3-18 

Median Ground Response Spectra Anchored to 0.1 8 pga ........................ 3-19 

Horizontal Floor Spectra .......................................................................................... 3-20 

Vertical Floor Spectra ............................................................................................... 3-21 

vii  



PREFACE 

Seismic margin review, of nuclear power plants require that the High Confidence 
of Low Probability of Failure (HCLPF) capacity be calculated for  certain 
components. Two candidate methods for  calculating the HCLPF capacity have 
been recommended by the Expert Panel on Quantification of Seismic Margins. The 
present study evaluated these two methods: the Conservative Deterministic Failure 
Margin method and the Fragility Analysis method using some representative 
components in order to provide fur ther  guidance in conducting the seismic margin 
reviews. The following persons have participated in this project. 

STUDY GROUP: 

R.P. Kennedy (Chairman), 
R.C. Murray, 
M.K. Ravindra, 
J.W. Reed, 
J.D. Stevenson, 

OTHERS: 

D.J. Guzy, Project Manager, 
R.D. Campbell, 
P.S. Hashimoto, 

R.P.K. Structural Mechanics Consulting 
Lawrence Livermore National Laboratory 
EQE Engineering, Inc. 
Jack R. Benjamin and Associates, Inc. 
Stevenson & Associates 

U.S. Nuclear Regulatory Commission 
EQE Engineering, Inc. 
EQE Engineering, Inc. 
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EXECUTIVE S U M M A R Y  

Seismic margin reviews of nuclear power plants require that the High Confidence 
of Low Probability of Failure (HCLPF) capacity be calculated for  certain 
components. The candidate methods for calculating the HCLPF capacity as  
recommended by the Expert Panel on Quantification of Seismic Margins are the 
Conservative Deterministic Failure Margin (CDFM) method and the Fragility 
Analysis (FA) method. The HCLPF Study Group consisted of a Lawrence 
Livermore National Laboratory Project Manager and four  independent consultants 
who evaluated these methods by performing the HCLPF capacity calculations on a 
representative set of components. The components selected were: flat-bottom 
vertical storage tank, auxiliary contactor for motor starter in an older motor 
control center, starting a i r  tank, component cooling heat exchanger, and 
cantilevered reinforced block wall. Two different locations in the building (at 
grade and a t  a floor high in the building) were’studied for the motor control 
center. First, the Study Group members calculated the median and HCLPF 
capacities of these components using either the CDFM or FA method or both. The 
results of the first round of calculations were reviewed and the sources of 
differences in the capacities calculated by the members were identified. 
Afterwards, each investigator was allowed to revise his calculations to determine i f  
closer agreement could be obtained. 

The  four consultants differed from each other by a median ratio of the high/low 
values of 1.39 to 1.55 in their f inal  estimates of the HCLPF capacity, the median 
capacity, and the ratio of median/HCLPF capacity. These differences are mainly 
due to the differences in models, parameters, and assumptions used by the 
investigators. 

Based on these calculations, the HCLPF Study Group has concluded that any 
future  effor t  in reducing the differences in calculated HCLPF capacities should be 
spent in reducing the differences between the assumptions and judgment of 
different analysts rather than in trying to reconcile the smaller differences 
between the CDFM and F A  methods. I t  is concluded that either of the two 
methods could be used for calculating the HCLPF capacities in seismic margin 
reviews. 

The  Study Group recommended that HCLPF and median capacity estimates be 
independently performed for the selected components by a number of 
representatives from architect-engineering firms. Six Architect-Engineering firms 
have been selected to make independent calculations on the same f ive components. 
This would give a n  indication of any increased variability in the estimates to be 
expected in practice in future  seismic margin reviews. This effor t  is expected to 
be completed in 1989 and a report will be issued summarizing the results and 
conclusions. 

xi 



CHAPTER 1 
INTRODUCTION 

1.1 Background on Seismic Marain Methodoloav 

In recent years there has been increasing interest in assessing the capability of 
nuclear power plants in the United States to withstand earthquakes beyond their 
original design bases. This interest has developed because of the following 
concerns: 

a. The perception of seismic hazard in the plant vicinity has 
changed and in most cases increased since the design of the plant, 
and 

b. The seismic design criteria have been revised substantially. 

To resolve these concerns, a seismic margin study can be performed to estimate the 
seismic capacity of the plant. Seismic margin study methodology has evolved over 
the years, beginning with the Systematic Evaluation Program (SEP). More recently, 
the NRC formed an expert panel to develop a seismic margin review methodology 
and guidelines for application (Budnitz et al., 1985, Prassinos et al., 1986). A 
parallel effor t  was initiated by the Electric Power Research Institute (EPRI 1987). 
A discussion of the evolution of the seismic margin review methodology is given in 
Section 2.1 of this report. 

A seismic margin review studies the question of whether the capacity of the plant 
exceeds target earthquake input selected for review. It is assumed that the 
regulatory agency and the plant owner jointly select the review earthquake level. 
The objectives are then to show that the plant can withstand the effects of this 
review earthquake level with high confidence and to identify seismic 
vulnerabilities. This is accomplished using the results and insights obtained from 
past seismic Probabilistic Risk Assessments (PRA), the data on actual performance 
of structures and equipment in recorded earthquakes, and analytical qualification 
and test data. 

Although a seismic PRA would provide answers regarding the seismic capacities of 
components, systems, and the plant, the large uncertainties in  the seismic hazard 
curves make decisions regarding seismic adequacy difficult .  The large number of 
systems and components to be considered in a PRA limit the attention paid to-the 
more critical components and systems in the plant. The seismic margin review, on 
the other hand, focuses on the few components and systems in the plant whose 
failure would lead to severe core damage. The output of a seismic margin review 
is an estimate of the plant seismic capacity, whereas the seismic PRA provides 
estimates of seismic risks of core damage and adverse public health effects. 

0 
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1.2 Definition of Seismic Margin 

The concept of a high confidence of low probability of failure (HCLPF) capacity 
is used in the seismic margin reviews to quantify the seismic margin of a nuclear 
power plant. This is a conservative capacity, and in simple terms i t  corresponds to 
the earthquake level a t  which, with high confidence, i t  is extremely unlikely that 
failure of the component, system, or plant will occur. The  use of the term 
component refer$ to mechanical and electrical equipment, piping, structural 
elements, etc. When the component capacity is described in terms of probability 
distributions, the HCLPF capacity is equal to approximately a 95 percent 
confidence (subjective probability) of not exceeding approximately 5 percent 
probability of failure. The concept of HCLPF capacities of components is used in 
the seismic margin studies in ( I )  screening out certain components as having 
capacities generically higher than the review earthquake level and (2) evaluating 
the capacities of certain critical components in order to  assess the seismic capacity 
of the plant. 

Estimating the HCLPF of a component requires estimating the response of the 
component, conditional on the occurrence of the seismic margin earthquake, and 
estimating the capacity of the component. Two candidate methods for  calculating 
the HCLPF capacities for  components have been recommended: the Conservative 
Deterministic Failure Margin (CDFM) method and the Fragility Analysis (FA) 
method (Kennedy, 1984; Prassinos et al., 1986). 

The fragility analysis method was used in the Maine Yankee seismic margin study 
(Ravindra e t  al., 1987). This method requires evaluation of parameters such as the 
median, PR and flu using considerable judgment. 

The CDFM method prescribes the parameter values and procedures to be used in 
calculating the HCLPF capacities and requires less subjective judgment than the 
FA method, although, some subjective decisions were made in formulating the 
procedures used in the CDFM method. 

1.3 Objectives of the Present Study 

The original objectives of this study were to: 
0 

o perform a comparison of the HCLPF capacities obtained by using 
the CDFM and FA methods to study a representative set of 
com pone n t s; a 

o modify the details of the CDFM method as given in the EPRI 
report based on the results of calculations, and 

o compare the methods and provide additional guidance for  use in 
seismic margin reviews. 

0 
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1.4 Ornanization of this Studv 

A five-member HCLPF Calculation Study Group was assembled to perform this 
study. Members of the Group were: 

R.P. Kennedy (Chair man) 
R.C. Murray 
M K .  Ravindra EQE Engineering Inc. 
J.W. Reed 
J.D. Stevenson Stevenson & Associates 

R PK /S t r uct u ra 1 Mechanics Consu 1 tin g 
Lawrence Livermore National Laboratory 

Jack R. Benjamin and Associates, Inc. 

The  Study Group laid out the approach followed in this study and performed the 
capacity evaluation. EQE prepared the draf t  reports for review and modification 
by the Study Group. 

The  Study Group met three times. In the first meeting, the ground rules for  the 
study were established, and a set of f ive components were selected; the members of 
the Group agreed to independently calculate the median and HCLPF capacities of 
these components using either the CDFM or FA method or both. In the second 
meeting, the results of the first round of calculations were reviewed, and the 
sources of differences in the capacities calculated by different investigators were 
identified. Afterwards, each investigator was allowed to revise his calculations to 
determine if closer agreement could be obtained. A d ra f t  report was prepared 
summarizing the results of the two sets of calculations and the conclusions of the 
Group. In the third meeting the draf t  report was reviewed by the Group, and the 
final report was prepared. This report represents a consensus of all Study Group 
members. 
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CHAPTER 2 
METHODS O F  CALCULATING HCLPF CAPACITIES 

2.1 Evolution of Methods 

Kennedy (1984) and Prassinos, et al., (1986) have both recommended two possible 
approaches for  estimating the High-Confidence-Low-Probability-of-Failure 
(HCLPF) seismic capacity of a component. These approaches are the Conservative 
Deterministic Failure Margin (CDFM) and the Fragility Analysis (FA) methods. 
This section gives a brief historical background on both approaches. 

Traditionally, the seismic capacity of nuclear power plant components has been 
very conservatively evaluated by using design evaluation procedures which have 
gradually changed over the years (generally with increasing conservatism). Current 
seismic criteria used in the seismic evaluation of more recent plants are contained 
in the Standard Review Plan (NRC, 1981). At the same time, the perceived ground 
motion levels to which these plants might be subjected by some future  earthquake 
have also been increasing over the years. Changed perception of ground motion 
levels and changes in seismic design evaluation procedures have led to questions 
concerning the seismic resisting capability of components, particularly in the older 
nuclear power plants. The need for studying the seismic capability of the oldest 
U.S. nuclear power plants because of these changes was first implemented in the 
U.S. Nuclear Regulatory Commission (NRC) Systematic Evaluation Program (SEP). 

At its inception, NRC senior management recognized that seismic evaluations in 
the SEP should use evaluation criteria which were less conservative than the 
seismic design criteria contained in the Standard Review Plan. In 1978 a Senior 
Seismic Review Team (SSRT)' was retained to provide guidance and assist NRC 
during seismic evaluation of older plants. A set of more rational but still quite 
conservative seismic evaluation criteria came out of these reviews. These criteria 
are  documented in the plant-specific reviews of Oyster Creek (Murray, et a]., 1981), 
Ginna (Murray, et al., 1980), Dresden #2 (Newmark, et al., 1980), Millstone # 1  
(Nelson, e t  al., 1981a), and Palisades (Nelson, e t  al., 1981b) conducted by the SSRT 
in 1979 and 1980. 

In 1982, as part of the Seismic Safety Margins Research Program, Lawrence 
Livermore National Laboratory published a Fragilities Development Report (Bohn, 
e t  al., 1982) which included an expert opinion survey of fragilities including 
HCLPF and median estimate for  a large number of mechanical and electrical 
components found in nuclear power plants. An expert opinion or Delphi procedure 
coupled with plant walkdowns also have been used to evaluate seismic capabilities 
of DOE facilities a t  Hanford and Savannah River sites (Becker and Stevenson, 
1984). 

1 Senior Seirmic Review Team conrirted of chairman: N.M. Newmark; members: W.J. Hall, R.P. Kennedy, R.C. 
Murray, and J.D. Stevenron 
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In 1983, an extensive Seismic Margin Review was initiated on the Midland Nuclear 
Power Plant. The SEP seismic evaluation criteria were expanded, slightly modified 
in conjunction with discussions with the NRC, and documented by Wesley et al. 
(1983). 

During this same period (1978 through 1984), a number of plants were undergoing 
Seismic Probabilistic Risk Assessments (SPRAs), which necessitated the 
development of seismic fragility curves for components to define their failure 
probability estimates. The methodology used in developing these seismic fragility 
curves was first presented by Kennedy et al. (1980) and expanded upon and 
updated by Kennedy and Ravindra (1984). This methodology was heavily based 
upon earlier work of Ang and Newmark (1977) and Cornel1 and Newmark (1978). 
The methodology presented in Kennedy et al. (1980) and Kennedy and Ravindra 
(1984) has become known as the Fragility Analysis (FA) method, and i t  is called 
such in Prassinos et al. (1986). 

One aspect of the FA method is that it presents for each component a suite of 
curves (corresponding to different confidence levels) of probabilities of failure 
versus ground motion levels. This complexity is necessary for use in SPRAs, but it 
leads to great difficulty in making decisions as to whether an  adequate seismic 
margin exits. Such decisions are easier when only a single conservative but 
realistic capacity is reported for each component. In order to discuss the adequacy 
of seismic margins with the NRC staff and the Advisory Committee on Reactor 
Safeguards (ACRS), it was found useful to convert the information displayed in 
the seismic fragil i ty curves into a single seismic margin descriptor. The descriptor 
chosen was the High-Confidence-Low-Probability-of-Failure (HCLPF) capacity, 
which corresponds to about 95% confidence of less than about a 5% probability of 
failure. Such a descriptor is conservative because there is very little chance of 
failure below the HCLPF capacity; and yet it is realistic because it is an  attempt to 
describe failure. These HCLPF capacities derived from the FA method fragility 
curves were first used to interpret the Limerick SPRA results in a Seismic Margin 
context, and they were subsequently used for the same purpose with the Millstone 3 
SPRA results as described in Ravindra et al. (1984). In both cases, these HCLPF 
capacities were very useful in defining a conservative but adequately high seismic 
margin capability for each plant, 

Although HCLPF capacities obtained from fragility curves using the FA. method 
proved to be a useful descriptor of seismic margin, several potential deficiencies 
were identified in the method: 

1. The method requires an excessive number of judgments and 
calculations because a median capacity, a randomness variability 
factor, and an  uncertainty variability factor must each be 
estimated before the HCLPF capacity can be calculated. When a 
SPRA is already being performed on a plant, this condition is no 
deficiency since median, randomness, and uncertainty estimates 
are  required for  development of fragility curves to use in the 
SPRA. However, if one only needs the HCLPF capacity and  does 
not need the entire fragility curve, there should be a more direct 
way to compute the HCLPF capacity. 

2-2 



2. There are a very limited number of practitioners making seismic 
fragility estimates. On the other hand, a large number of 
qualified engineers have substantial experience in making and 
reviewing deterministic seismic margin evaluations by using 
criteria similar to that used in the SEP. 

3. Because of the requirement for  a significant use of judgment in 
the estimation of median capacities, randomness, and uncertainty 
factors, and because of the dependence of the HCLPF capacity on 
all three, there was a lack of consistency in the estimated HCLPF 
capacities for different plants or different components in the 
same plant even when made by the same team of people. This 
situation is illustrated by the variation in HCLPF capacities 
reported for similar components in different nuclear plants in 
Appendix B of Budnitz et al. (1985). Each of these estimates was 
made by the same team of people following the methodology 
given in Kennedy et al. (1980) and Kennedy and Ravindra (1984), 
but the estimates were made at different times from 1978 through 
1984, and they are often not consistent with each other. 

4. At present time there is no consensus methodology available to 
develop randomness and uncertainty factors in a consistent 
manner. 

Because of the considerations described above, Kennedy (1 984) recommended that 
the HCLPF capacity be directly computed by using deterministic approaches 
similar to those used in the SEP and the Midland Seismic Margin Review (Wesley 
et al., 1983). Realistic HCLPF capacities being calculated from fragility curves 
using the FA method were somewhat more liberal (Kennedy, 1984) than seismic 
margin capacities obtained when using the deterministic SEP and Midland Seismic 
Margin Methodologies (Wesley et al., 1983). Therefore, Kennedy (1984) 
recommended using a Conservative Deterministic Failure Margin (CDFM) 
methodology to directly obtain HCLPF capacities. CDFM methodology was heavily 
based upon the SEP and Midland Seismic Margin Methodologies, which Kennedy 
(1984) called a Code Margin (CM) methodology. The  CDFM method was to use the 
same building and component response criteria as  the CM method, which had been 
laid out and accepted by the NRC for the Midland Seismic Margin Review. 
However, in lieu of using code seismic capacities, the CDFM method more liberally 
allowed the use of approximately 84% exceedance capacities based on actual test 
data, where such data existed. Furthermore, the CDFM method more liberally 
allowed the explicit incorporation of an  inelastic energy absorption capacity 
increase factor for ductile failure modes. Otherwise, i t  was identical to the 
conventional CM method which had already had considerable use. 

Only a philosophical and sketchy outline of the CDFM method is contained in 
Kennedy (1984), and a considerable number of details were left  open to judgment 
and interpretation. Subsequently, in an  Electric Power Research Institute (EPRI) 
Seismic Margin Methodology Project (EPRI, 1987), the CDFM method was slightly 
modified and the details of the approach were expanded. The  slight modification 
consisted of changing the recommendation for structure and equipment damping to 
be used in response evaluations. Kennedy (1984) recommended such damping be a t  
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the 84% exceedance probability; EPRI (1987) recommends that a conservative 
estimate of the median damping be used. However, the specific example damping 
values contained in the two references are essentially identical to each other, and 
this change is therefore primarily a clarification to avoid the introduction of 
potentially excessive conservative damping values. Even though EPRI ( 1  987) 
expands on the details of the CDFM method, the method is still not prescriptive in 
many details and is open to considerable interpretation and judgment, which leads 
to differences in HCLPF values calculated by different analysts. 

Although the CDFM method in its current form (EPRI, 1987) requires fewer 
computations, is more prescriptive, and requires less subjective judgment than does 
the FA method in its current form (Kennedy, 1980; Kennedy and Ravindra,  1984; 
Prassinos et al., 19861, there is debate concerning the degree of reduction in 
computational effor t  and the requirement for  individual judgments that has 
resulted. There is also debate about how prescriptive the CDFM and FA methods 
should become in the future. Undoubtedly, both methods will continue to evolve, 
and there will be pressure to make them more prescriptive in order to reduce the 
variability of HCLPF capacity estimates. 

2.2 DescriDtion of CDFM Method 

In the CDFM method, a set of deterministic guidelines (e.g., ground response 
spectra, damping, material strength, and ductility) have been recommended. The 
HCLPF capacity of the component is determined using these guidelines. The 
procedure is similar to that used in the Systematic Evaluation Program, although 
the choice of some of the parameter values (e.g., damping) may be more liberal in 
the CDFM method. The method is appealing because i t  is very similar to the 
design procedures followed in the industry, except that some of the parameter 
values have been liberalized. 

The details of the CDFM method are given in Chapter 2 of the EPRI Seismic 
Margin Report (EPRI, 1987). The basic approach is to judiciously select the 
parameter values of different variables (e.g., strength, damping, ductility, load 
combination, and response analysis methods), taking into account the margins and 
uncertainties. The object is to obtain a conservative yet somewhat realistic 
assessment of the capacity. Table 2-1, reproduced from Kennedy (1984), gives the 
highlights of the CDFM method. 

2.3 DescriDtion of Fragility Analysis Method 

In many seismic PRAs, the fragility of a component has been represented by a 
double lognormal model using three parameters: (1) median ground acceleration 
capacity Am, logarithmic standard deviations and flu representing, 
respectively, (2) randomness in the capacity and (3) uncertainty in the median 
value. Using the double lognormal model, the fragility curves as shown in Figure 
2-1 are  developed. The median capacity, flR and flu, are estimated using design- 
analysis information, test data, earthquake experience data, and engineering 
judgment (Kennedy et al., 1980; Kennedy and Ravindra, 1984). The median 
capacity can be estimated as a product of an overall median safety factor times the 
SSE peak ground acceleration for the plant. The overall safety factor is a product 
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of a number of factors representing the conservatisms a t  different  stages of 
analysis and design. When the linear scaling of response is not appropriate (e.g., 
soil sites), the median capacity is evaluated directly using median s t ruc tura l  and  
equipment response parameters, median material properties and ductility factors, 
median static capacity predictions, and realistic structural modeling and method of 
analysis. 

The  HCLPF capacity is calculated using this fragility model as: 

HCLPF capacity = Am exp [ -1.65 ( f l ~  +flu ) ] 

Further  details on the development of A 
component may be obtained from the cited r3erences.  

pR, and flu values for  a given 
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Table 2-1 

SUMMARY OF CONSERVATIVE DETERMINISTIC FAILURE MARGIN 
APPROACH 

Load Combination: 

Ground Response Spectrum: 

Dam ping: 

Structural Model: 

Soil-Structure-Interaction: 

Material  Strength: 

Static Capacity Equations: 

Inelastic Energy Absorption: 
(ductility ) 

In-structure (Floor) Spectra 
Generation: 

Normal .t Seismic Margin Earthquake 

Conservatively specified (preferably 84% Non- 
Exceedance Probability Site-Specific Spectrum, 
if available) 

Conservative estimate of median damping 

Best Estimate (Median) + Uncertainty Variation 
in frequency 

Best Estimate (Median) + Parameter Variation 

Code Specified minimum strength or 95% 
exceedance actual strength if test data are  
available. 

Code ultimate strength (ACI), maximum strength 
(AISC), Service Level D (ASME), or functional 
limits. If test data are available to demonstrate 
excessive conservatism of code equations, then 
use 84% exceedance of test data for  capacity 
equation. 

For non-brittle failure modes and linear 
analysis, use 80% of computed seismic stress in 
capacity evaluation to account for  ductility 
benefits, or perform nonlinear analysis and go 
to 95% exceedance ductility levels. 

Use frequency shifting rather than peak 
broadening to account for  uncertainty plus use 
median damping. 
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CHAPTER 3 
HCLPF CAPACITY CALCULATIONS PERFORMED BY THE STUDY GROUP 

The calculations performed by the Study Group are discussed in this chapter. The 
basis for selection of components, description of components, and ground rules 
agreed upon by the Group for calculating the capacities are described. The results 
of the first  round of calculations and the underlying reasons for  differences in the 
capacities calculated by the investigators are discussed. The results of the second 
round of calculations are presented along with an analysis of the differences in the 
HCLPF capacities and median capacities as reported by the Study Group members. 

3.1 Combonents Selected for Studv 

The objectives of the study were to compare the HCLPF capacity calculations 
performed by different analysts using either the CDFM method or the FA method. 
The comparison was performed by selecting a set of representative components. 
Also, the purpose of the comparison study was to modify the HCLPF capacity 
determination procedures if needed. 

Components for which HCLPF capacity estimates are likely to be made in future 
seismic margin reviews include: 

o Block walls 
o Heat exchangers 
o Tanks 
o Active electrical equipment 
o HVAC fans and cooler units 

Based on a review of these components, the Study Group selected the following 
components for performing seismic capacity calculations. 

1. Flat-Bottom Vertical Water Storage Tank at grade. The failure 
mode to be considered is the combined bolt yielding and shell 
buckling. Water hold down force and the fluid stabilization 
effect  should be taken into account. 

2. Auxiliary Contactor Chatter for Motor Star ter  in an older Motor 
Control Center (MCC). This example will focus on equipment 
qualified using Generic Equipment Ruggedness Spectrum (GERS). 
The failure mode to be investigated is the auxiliary contactor 
chatter. No qualification test data exists since the component is 
assumed to be in an older plant. The cabinet is well anchored 
and calculations were performed for  cabinets mounted a t  grade 
and high up in the building. It is assumed to have an estimated 
frequency of 6.5 Ht. It was agreed that the seismic HCLPF 
capacity would be based upon the 'Function-during GERS." 
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3. Diesel Generator Room Starting Air Tank mounted high in the  
structure. This is an example of B vertical skirt-mounted pressure 
vessel on a concrete floor high u p  in the building. The  failure 
mode to be investigated is the anchorage or support failure and 
not skirt buckling. 

4. Component Cooling Heat Exchanger mounted high in the  
structure. This  is an example of a component governed by ASME 
rules. I t  is a horizontal heat exchanger fixed on one saddle 
support and free longitudinally at the  other support. It is 
assumed to be bolted to a rigid support frame. The  area of 
concern is the saddle and anchorage. 

5. Cantilevered Reinforced Block Wall mounted high in the  
structure. This example is selected to avoid the case of a wall 
where arching action may be present. If arching action is 
present, the wall would have higher capacity; therefore a 
cantilevered wall with reinforcing steel is chosen. 

Three tanks or vessels (air receiver tank, heat exchanger, and flat-bottom vertical 
tank), one structural component (reinforced block wall) and  one electrical 
component (auxiliary contactor in motor starter)  are  included in this set. The  
analysis includes two different  locations in the building (at grade and a t  a floor 
high in the building). This set covers typical features of components that  may 
require seismic margin evaluation. 

Figures 3-1 through 3-4 schematically illustrate the important seismic capacity 
aspects of the storage tank, starting air  receiver tank supports, heat exchanger 
supports, and block wall, respectively. Figure 3-5 shows the "Function-during" 
GERS as reproduced from the ANCO Report (1987). 

The question of the adequacy of this set for  comparing the CDFM and FA methods 
was discussed. The Study Group judged that substantial understanding of the 
applicability of the methods could be obtained by focusing on this limited set of 
components. Another important feature  being investigated is how different  
investigators would apply the CDFM and FA methods to identical components and 
how much variation could be expected between the capacity predictions by 
different  investigators. 

3.2 Ground Rules for  C-' itv Ca lculations 

The  following ground rules were established for  performing the seismic capacity 
calculations: 

o Each consultant agreed to perform seismic capacity calculations 
on the 5 components listed above using methods he would use in 
production type Seismic Margin Review computations. 

o Each consultant agreed to use the same structural properties for  
each component. These are  illustrated in Figures 3-1 through 3-4. 
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o Both median and HCLPF capacities of the components were 
evaluated. In the fragility analysis, the median capacity, and 
and flu were estimated. 

In the first round of calculations, Kennedy and Ravindra agreed 
to use both CDFM and FA methods. Reed agreed to calculate the 
capacity using the FA method. Stevenson calculated the HCLPF 
capacity using the EPRI (1987) method with a probabilistic 
procedure used to determine median values (Stevenson 1985). 
Thus comparisons exist between different  investigators using the 
same method and between the same investigators using the CDFM 
and FA methods. 

o 

o As a separate study, Reed took the results from the FA approach 
and determined the CDFM input necessary to derive the same 
HCLPF capacity; the purpose was to investigate the distribution 
of conservatisms i n  different parts of the CDFM method. The 
results of this study are included in Reed’s calculations in the 
Appendix. 

3.3 Ground Motion ASDeCtS 

For all HCLPF capacity computations, i t  was agreed to assume that the ground 
motion for  the largest horizontal component was given by a uniform hazard 
spectrum defined at the 84% non-exceedance probability (NEP) a t  all frequencies. 
Furthermore, this uniform hazard spectrum shape was to be defined by the 
NUREG/CR-0098 (Newmark and Hall, 1978) median spectrum shape for rock sites 
(Figure 3-6). The 84% vertical response spectrum was then defined to be equal to 
2/3 of the 84% NEP largest horizontal response spectrum. 

The result of using the 84% NEP largest horizontal component response spectrum to 
determine the HCLPF capacity is that this capacity is conditional on this response 
spectrum not being exceeded a t  more than 16% of the frequencies in the frequency 
range and directions that dominate the component capacity. 

The above ground motion information is sufficient to enable HCLPF capacity 
computations to be made using the CDFM method. However, the Fragility Analysis 
method requires additional description of the random variability of the ground 
motion response spectrum. Variability associated with peaks and valleys of actual 
response spectrum and directional response variability should be included. Each 
consultant using the Fragility Analysis method was expected to make his own 
estimate of these sources of response spectrum variability. 

3.4 Floor SDect rum ASDeCtS 

It was agreed that the floor spectra shown in  Figures 3-7 and 3-8 would be used to 
represent floor spectra obtained high in a structure f rom a F e d  ian ce ntcred 
building response model subjected to median NUREG/CR-0098 response spectra 
(Figure 3-6) anchored to a horizontal peak ground acceleration (PGA) of 0.18 g 
(this was assumed to be the 84% NEP ground response spectrum as in Section 3.3). 
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Figures 3-7 and 3-8 represent horizontal and vertical floor response spectrum 
respectively. Since these floor spectra are  assumed to represent unbroadened 
median response to an 84% NEP ground motion input, they may be used directly 
without scaling in the CDFM method or the Fragility Analysis method for  a review 
earthquake of 0.18 g PGA. Linear scaling is used for other earthquake levels. 

In the evaluation of seismic margin or seismic fragilities, i t  is important to define 
what is meant by failure of the component. In the following, the failure modes as 
identified by the Study Group members are  discussed for  the components analyzed. 

Flat  Bottom Tan k. Failure of the vertical storage tank is defined to be gross loss 
of f luid contents. Horizontal seismic load initiates uplift  of the tank shell from its 
foundation. This uplift is resisted by the anchor bolts, the tank bottom plate, and 
the tank weight. The anchor bolts are permitted to yield, so long as  their behavior 
is ductile, since yielding does not directly result in loss of f luid contents. Shell 
compressive stresses progressively increase until buckling occurs. 

Motor Control Centers. A functional failure mode associated with the motor 
control centers was assumed to be governed by chatter of auxiliary contactors for  
purposes of this study. This may m l t  in spurious signals and may adversely 
affect  any equipment controlled by auxiliary contactors. 

Startinn Air Receiver Tank. The starting air  receiver tank is a vertical, skirt- 
supported cylindrical tank which is anchored to the building floor by three angles 
welded to the tank skirt and bolted to the floor. The leg of the angle was found to 
be much weaker in  bending than the anchor bolts. The angle leg is very ductile in 
bending, and the failure mode is tearing the mounting angles. When this occurs, 
the ai r  tank is assumed to fa i l  through failure of attached piping. 

florizontal Heat Exchanger. The failure mode governing the median capacity of 
the horizontal heat exchanger was combined tension and shear induced failure of 
the anchor bolts. Tension results f rom overturning of t he  heat exchanger in  the 
lateral direction, while shear results from inertial loads in  both horizontal 
directions. When this anchorage failure occurs, the heat exchanger is assumed to 
fail through failure of the nozzles and attached piping. 

Block Wall. The block wall is represented as a vertical cantilever fixed at its base. 
Failure is collapse or  excessive lateral distortion of the wall. 

The four  investigators independently estimated the HCLPF and median seismic 
capacities of the components described in Section 3.1. The results of the 
calculations are  summarized in Table 3-1, and the complete set of calculations are  
included in the Appendix. Kennedy and Stevenson initially performed the 
calculations using deterministic methods; Ravindra and  Reed initially performed 
the calculations using the Fragility Analysis method. Kennedy also calculated the 
HCLPF capacities of components using the Fragility Analysis method; Ravindra 
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also independently calculated the HCLPF capacities using the deterministic 
method. Kennedy, Ravindra and Stevenson performed the deterministic HCLPF 
calculations using their individual interpretations of the CDFM method as 
described in the EPRI Seismic Margin Methodology report (EPRI, 1987). 
Therefore, their results are  directly comparable for  the EPRI CDFM method. 
Kennedy, Reed and Ravindra each performed fragility analysis computations using 
their independent interpretations of the parameters involved, but they used a 
common methodology so that  all HCLPF capacities computed by the FA method are  
comparable. 

Failure modes for  different components identified by the investigators are  also 
included in Table 3-1. In general, the same failure mode was identified for  each 
component type; however, there were differences in the estimation of the seismic 
capacity of the component for  the identified failure mode. 

3.6.1 Comparison of CDFM and F A  HCLPF Capacities 

Since Kennedy and Ravindra performed both CDFM and FA calculations following 
identical approaches (although making different judgments in their application), 
Table 3-2 compares the range of their two sets of results by both methods. This 
comparison was judged to be the most appropriate for  HCLPF capacities by the 
CDFM and FA methods. 

In all of the example cases, the CDFM method produced less difference in the 
HCLPF capacity estimates between Kennedy and Ravindra than did the FA 
estimate. This is to be expected since the parameters of the CDFM method are  
more specified than the parameters used in the FA method. The ratio of 
High/Low estimates by the CDFM method ranged from 1.00 to 1.29 with a median 
value of 1.11. For the FA method, this ratio ranged from 1.11 to 1.57 with a 
median of 1.30. 

In all of Kennedy’s computations the F A  method produced a higher HCLPF 
capacity than did the  CDFM method. In all of Ravindra’s computations the F A  
method produced a lower or equal HCLPF capacity than did the CDFM method. 
Therefore, there is no conclusion as to whether the current CDFM method is more 
or less conservative than the FA method for estimating the HCLPF capacities. 

3.6.2 Comparison of HCLPF and  Median Capacities 

The  range of HCLPF capacities from the four  investigators was larger than 
expected. The ratio of high to low HCLPF capacity estimates ranged from 1.23 to 
1.82, with a median of 1.48 (Table 3-3). The differences in  estimated HCLPF 
capacities between the four  investigators was much larger than the differences in 
results between the CDFM and FA methods, and this was due  primarily to 
differences in  the subjective judgment and personal experience of the investigators. 
The differences were due to the relative degree of conservatism introduced into 
each investigator’s computations. 

Each investigator also independently estimated the median capacities. The high to 
low ratio of median capacity estimates ranged from 1.23 to 2.13, with a median of 
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1.47. Thus, there was no closer agreement in the estimates of the HCLPF capacities 
than there was in the estimates of the medians. This conclusion was surprising and 
contradictory to the judgment of the NRC Expert Panel on Seismic Margins, which 
believed that greater agreement would exist in the computations of HCLPF 
capacities than for  median capacities. 

There was also essentially as large a difference in the estimates of the ratio of 
median/HCLPF capacity. For the two components mounted a t  grade, the median 
of this ratio was 2.39, but the range for  the four  investigators was 1.96 to 4.05. For 
the four  components high in the structure, the median ratio was 3.07 but  ranged 
for  the four  investigators from 2.23 to 5.14. The ratio of the High/Low prediction 
of the ratio of median/HCLPF capacity for all components ranged from 1.25 to 
1.80, with a median of 1.65. Therefore, even if the four  investigators had agreed 
on estimates of either the median or HCLPF capacities, they would have had 
equally substantial differences in  converting medians to HCLPF capacities, or vice 
versa. 

3.6.3 Overall Conclusions from the First Round Calculations 

The results of the first round calculations indicate that differences in the HCLPF 
capacity calculations using the CDFM method and the F A  method are  indeed small 
relative to the differences in capacity calculated by four  independent investigators. 
The four  investigators d i f fe r  from each other by a median ratio of about 1.5 to 1.7 
for  estimates of the HCLPF capacity, the median capacity, and  the ratio of 
median/HCLPF capacity. Thus, all three quantities are  nearly equally uncertain. 
Hence, i t  was concluded that fur ther  comparisons of the HCLPF capacity 
calculations by the CDFM method versus the FA method is not beneficial. Further  
study should be directed a t  achieving greater agreement between investigators as 
opposed to refining differences between the CDFM and FA methods. The  major 
differences a re  in the selection of models and parameter values. 

3.7 Results of Second Round of Calculations 

Based on a review of the first round calculations and subsequent discussions by the 
Study Group, the investigators were allowed to revise their calculations and state 
the HCLPF and median capacity for  each component. The results of this round of 
calculations a re  summarized in  Table 3-4. Further details a re  included in the 
Appendix. A review of the two sets of calculations (Tables 3-1 and  3-4) has 
indicated that the investigators converged in those cases where the differences 
were not initially large (flat  bottom storage tank, start ing a i r  tank, and  heat 
exchanger). In those cases where the differences were initially large, the second 
round calculations did not bring the capacities closer; in  fac t  they moved far ther  
apar t  in some cases (cabinet high up, and blockwall). 

The  four  investigators d i f fe r  f rom each other by a median of the high/low ratios 
of 1.39 to 1.55 for estimates of the HCLPF capacity, the median capacity, and  the 
ratio of median/HCLPF capacity, (See Table 3-5). As before, these differences a re  
mainly due  to the differences in models, parameters, and  assumptions used by the 
investigators. 
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Table 3-1 

Conperison of HCLPF Carprtat iars For 

Representative Carponcnts ( F i r s t  R a n d  Calculations) 

HCLPF Capacity (0) nedi ~n 

WFM FA (9) 

CapcKity Fai lure Mode Canrrnts/Rcmarks/Assrnpt ions 

F l a t  Bottom Storwe Tank 
( A t  Grade) 
RPK 
MKR/PSH 
JUR 
JOS 

Aux i l i a ry  Contwtor Chatter 
( F u w t i o n  dur ing GtRS lock-in 

a) Cabinet a t  Grade 
-I c i r c u i t  po ten t ia l )  

RPK 
WKR/RDC 
JUR 
JDS 

b) Cabinet H i g h - u p  
RPK 
IIKR/RDC 
JUR 
JDS 

0.29 
0.29 

0.32 

0.54 
0.47 

0.71 

0.10 
0.09 

0.12 

-.-* 

RPK D i d  calcutatlone 
MKR/RDC/PSH 0 i d  ca l cu la t i om 

JUR 1 . b u l a t ~ w l w r  
JDS Did Calculations 

Cdimtion of  she l l  buckling 
and anchor b o l t  yields 00:;; I 

1.13 Y ie ld  of anchor bo l t s  

0.31 
0.26 
0.27 0.53 
- * - -  

0.59 1.26 
0.39 1.58 
0.48 1.20 

1.88 - - - -  

0.11 0.30 
0.07 0.36 
0.11 0.43 

0.43 - - - -  

Contactor Chatter 
Contactor Chatter 
Contactor Chatter 
Contactor Chatter 

Contactor Chatter 
Contactor Chatter 
Contector Chatter 
Contactor Chatter 

(used 0.87 knock-dwn factor)  

(used 0.87 knock-down factor)  

by CDFM first, then FA. 
FA f i r s t ,  then CDFW. 

are f r a  HCLPFs calculat ions using input spectra as 84% NEP mexinun hor izontal  d i rect ion.  
by WFW. 



Table 3-1 (Continued) 

Carperison of HCLPF Conpltations For 

Representative Components ( F i r s t  Round Calculations) 

HCLPF Capacity (g) Median 
Capec i t y  Fai lure Mode 

CD FH FA (9) 

Comnents/Rccnsrks/Assurpt ions 

Star t ing A i r  Tank 
(High-up) 

RPK 
HKR/ROC 
JUR 
JDS 

Heat Exchanger (High- 
up, Bolted t o  R ig id  Y 

00 S u p p o r t F r a )  
RPK 

HKR/RDC 
JUR 

JDS 

0.40 0.50 1.07 Plas t i c  Bending o f  Mounting A n g l e 8  

0.53 0.44 1.55 Plas t i c  Bending o f  Mounting Angle8 
- - - -  0.43 1.40 Plas t i c  Bending o f  Mounting A n g l e 8  

- - - -  1.04 Plas t i c  Bending o f  Mounting Angles 0.39 

0.40 0.42 

0.44 0.38 - - - -  0.39 

_ _ - _  0.30 

1.18 

1.08 
1.00 

0.96 

Block Wall (High-up)  
RPK 0.62 0.67 1.94 
MKR/PSH 0.48 0.48 1.55 
JUR 0.30 1-41 

1.34 JDS 0.51 _ - - _  

Anchor Bol t  Shear Failure; 
f a i l u r e  through the threads 
Anchor Bol t  Shear 6 Tension Fai lure 
Anchor Bol t  Shear Fai lure 
f a i  l u r e  through the threads 
Anchor Bo l t  Shear Fai lure 

Out-of-Plane Bending 
Out-of-Plane Bending 
Out-of-Plane Bending 
Out-of-Plane Bending 

RPK Did calculat ions by CDFH f i r s t ,  then FA. 
HKR/RDC/PSH Did calculat ions by FA f i r s t ,  then COFH. 

JUR 
JOS O i d  Calculations by CDFM. 

Tabulated values are from HcLPF capacity calculat ions using input spectra as 84% NEP m x i m m  horizontal direct ion. 



Table 3-2 

Comparison of EPRI CDFM and FA HCLPF 
(Kennedy and Ravindra Comparable Computations) 

HCLPF Range (g) High/Low Ratio 

CDFM FA CDFM FA 

Flat Bottom Tank 0.29 0.26 - 0.31 1 .oo 1.19 

Cabinet a t  Grade 0.47 - 0.54 0.39 - 0.59 1.15 1.51 

Cabinet on Floor 0.09 - 0.10 0.07 - 0.1 1 1 .1  1 1.57 

Air Tank 0.48 - 0.53 0.44 - 0.50 1.10 1.14 

Heat Exchanger 0 . 4 0  - 0.44 0.38 - 0.42 1.10 1.1 1 

Block Walls 0.48 - 0.62 0.48 - 0.67 1 .29 1.40 

Mean 1.13 1.32 

Median 1.1 1 1.30 
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Table 3-3 

Caperison of HCLPF end Median Capacities 

F i rst  Round Calculations 

Renge (g) High/Lou Ratio Median/HCLPF Ratio 

High/Low Ratio MCLPF Median HCLPF Median Median Range 

F lat  Bottom Tank 

Cabinet a t  Grade 

Cabinet on Floor 

Y 
Air Tank L 

0 

Heat Exchanger 

Block Walls 

0.26-0.32 0.53-1.13 1.23 2.13 2.20 1.96-3.53 1.80 

0.39-0.71 1.20-1.88 1.82 1.57 2.58 2.33-4 -05 I .74 

0.07-0.12 0.30-0 -43 1.71 1.43 3.75 3.00-5.14 1.71 

0 3 - 0 . 4 8  1 .04-1.55 1.23 1.49 2.96 2.23-3.52 1.58 

0.30-0.40 0.96-1.18 1.33 1.23 2.90 2.56-3.20 1.25 

0.38-0.62 1.34-1.94 1.63 1.45 3.18 2.63- 3.71 1.41 

Mean 1.49 1.55 1.58 
~ 

Median 1.65 



Table 3 - 4  

Conperison of HCLPF Capacity Conputations For 

Representative Canponents (Second Round Calculations) 

HCLPF Median 
Capac i t y  Capacity Fai lure M o c k  

(g)  (9)  

Cannents/Remarks/Assurpt ions 

F la t  Bottom Storage Tank 
( A t  Grade) 
RPK 
MKR/PSH 

JUR 
JDS 

Aux i l i a ry  Contractor Chatter 

c i r c u i t  po ten t i a l )  
a) Cabinet a t  Grade 

k-' - ( F m t i o n  dur ing GERS lock- in  - 
RPK 
MKR/RDC 
JUR 

JDS 

b) Cabinet High-up 
RPK 
MKRIRDC 
JUR 

JDS 

C h i n a t i o n  of shel l  buckling 
and anchor bol t  y ie lds :::: I 0.29 

0.29 
0.28 0.55 
0.32 0.83 Yie ld  of anchor bo l t s  

0.54 
0.47 
0.48 
0.71 

0.10 
0.09 
0.11 
0.15 

1.26 
1.58 
1.20 
1.88 

0.30 
0.36 
0.43 
1.88' 

Contactor Chatter 
Contactor Chatter 
Contactor Chatter 
Contactor Chatter 

Contactor Chatter 
Contactor Chatter 
Contactor Chatter 
Contactor Chatter 

(used 0.87 knock-down factor )  

(used 0.87 knock-down factor )  

See calculat ions (Appendix) f o r  fur ther  explanetion. 



Table 3 - 4  (Continued) 

Comparison of HCLPF Capacity Computations For 

Representative Components (Second Round Calculations) 

HCLPF Median 
Capacity Capacity Fai lure Mode 

(g) (g) 

~ 

Carments/Remerks/Assunptions 

Sta r t i ng  A i r  Tank 
( H i  gh-up) 

RPK 

MKR/RDC 
JUR 

JDS 

Heat Exchanger (High-up, 
Y - Bolted t o  R ig id  

h, Support Frame) 
RPK 

MKR/RDC 
JUR 

JDS 

Block Wall (High-up) 
RPK 
MKR/PSH 

J WR 

JDS 

0.48 1.07 Plas t i c  Bending of Mounting Angles 
0.53 1.55 Plas t i c  Bending of Mounting Angles 
0.43 1.40 Plas t i c  Bending of Mounting Angles 
0.42 1.10 Plas t i c  Bending of Mounting Angles 

0 .40  

0.44 
0.39 

0.44 

0.62 
0.63 
0.52 
0.32 

1.18 Anchor Bo l t  Shear Failure; 
f a i  l u re  through the threads 

1 .08  Anchor Bol t  Shear B Tension Fai lure 
1 .oo Anchor Bo l t  Shear Failure; 

f a i l u r e  through the threads 
1.15 Anchor Bo l t  Shear Failure 

1.94 Out  - o f  -P l ane Bending 
2.10 Out-of-Plane Bending 
1.96 Out-of -Plene Bending 
1.30 Out-of-Plane Bending 



Table 3-5 

Carperison of HCLPF and Median Capecities 

Second R w n d  Calculations 

Range (8) High/Lou Ratio Median/HCLPF Ratio 

c-t HCLPF Median HCLPF Median Median Range High/Low Ratio 

~~~ 

Flat  Bottom Tank 

Cabinet a t  Crack 

Cabinet on Floor 

Y 
A i r  Tank - 

w 

Heat Exchanger 

Block Walls 

~ ~ ~~~ ~ ~ ~~ 

0.28- 0.32 0.54 - 0.83 1.14 1.54 

0.47-0.71 1.20-1.88 1.51 1.57 

0.09-0.15 0.30-1.88 1.67 6.27 

2.58 2.33-3.36 1.44 

3.w 3.00-12.53 4.18 

0.42-0.53 1.07-1.55 1.26 1.4s 2.77 2.23-3.26 1.46 

0.39-0.44 1.00-1.18 1.13 1.18 2.59 2 -45-  2 .% 1.20 

0.32-0.63 1.30-2.10 1.97 1.62 3.55 3.13-4.06 1.30 

Mean 1.45 2.27 1.83 

M e d i  an 1.39 1.55 1.42 
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F i g u r e  3-1 :  F l a t  Bottom V e r t i c a l  Water  S t o r a g e  Tank. 
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Figu re  3 - 2 :  Diesel Generator Room S t a r t i n g  A i r  Tank Supports. 
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Figure 3-4 :  Cantilever Reinforced Block Wall. 

3-17 



- 
1 

0 
a 
e * 
Y -. 
Y U 

U < 

I 

0 

a 

b 

Y . .I 

\ I ; ,  

1 
I 

\ I ,#' i, I 

, .' - .  
. 0  

\ .I 
1 . 

I 

/ 

0 I I I I I I I l l  I 
I 

I 
S 

I I  
10 2 0  ao Z C A  

I ~ C O V C N C I  I H I )  
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 

4.1 Summary  

This  s tudy  evaluated the CDFM and FA methods fo r  calculating the  HCLPF 
capacit ies of components. This  was accomplished by performing the  HCLPF 
capaci ty  calculations on a representative set of components using the  two methods 
by f o u r  investigators. T h e  components selected were: f lat-bottom vertical  storage 
tank,  auxi l iary contactor f o r  motor s tar ter  in an  older MCC, s tar t ing a i r  tank,  
component cooling heat  exchanger, and  cantilevered reinforced block wall. T w o  
d i f f e ren t  locations in  the  building (at grade and  a t  a f loor  high in  the  building) 
were s tudied f o r  the MCC. The  details  of the components, ground response, and  
f loor  response spectra were provided. 

In the f i r s t  round of calculations, Kennedy and  Ravindra  used both the CDFM and 
FA methods to  obtain the HCLPF capacities. They  used the  EPRI  CDFM method 
(as discussed in  Section 2.2). Reed calculated the capacity using the  F A  method. 
Stevenson calculated the HCLPF capacity using a modified SEP deterministic 
method. 

Since Kennedy and  Ravindra performed both CDFM and FA calculations following 
identical  approaches,  the comparison of their  capacity estimates was deemed most 
appropriate .  T h e  rat io  of high/low estimates of HCLPF capacit ies by the CDFM 
method ranged f rom 1.00 to 1.29, with a median value of 1.11. For  the FA method, 
this ra t io  ranged f rom 1.11 to 1.57, with a median of 1.30. 

T h e  range of HCLPF capacit ies f rom the fou r  investigators was larger than 
expected. T h e  rat io  of high to low HCLPF capacity estimates ranged f rom 1.23 to 
1.82, with a median of 1.48. The  differences in estimated HCLPF capacit ies 
between the  fou r  investigators was much larger than the differences i n  results 
between the  CDFM method and  F A  method. This  was pr imari ly  d u e  to differences 
in the models, parameter values, and  assumptions used by the investigators. 

The  differences in median capacity estimates ranged f rom 1.23 to  2.13, with a 
median of 1.47. Thus, there  was only slightly closer agreement in the  estimates of 
the  HCLPF capacit ies than  there  was in  the  estimates of the medians. 

Based on a review of the f i rs t  round calculations and  subsequent discussions by the 
S tudy  Group, the  investigators were allowed to  revise their  calculations and  
resubmit. the  HCLPF and  median capacity fo r  each component. T h e  fou r  
investigators d i f fe red  f rom each other  by a median ra t io  of 1.39 to  1.55 in  their  
f i na l  estimates of the HCLPF capacity, the  median capacity,  and  the  rat io  of 
median/HCLPF capacity. 

As before, these differences a r e  mainly due  to  the  d i f fe rences  in  models, 
parameters, and  assumptions used by the investigators. The i r  estimates converged 
in  those cases where the differences were not init ially large; they d id  not converge 
(and in  some cases diverged fu r the r )  in those cases where the  d i f fe rences  were 
init ially large. 
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4.2 Conclusions from this Study 

1. The  differences in estimated HCLPF capacities between the four  
investigators (median high-to-low rat io  equals 1.48) a re  much 
larger than the differences in results between the CDFM 
methodology and  the FA method. 

2. These differences a re  primarily due  to  differences in  the  
assumptions and judgments of the four investigators. 

3. T h e  differences between the investigators estimating the HCLPF 
capacities a re  similar in size to  the differences in estimating the 
median capacities. This  is contradictory to  the judgment of the 
NRC Expert Panel on Seismic Margins. The  Panel had stated that  
the  median capacity of a component is d i f f icu l t  to  calculate and  
could vary widely between the analysts. The  HCLPF capacity 
was thought to be a more robust quant i ty  which most engineers 
would agree upon. This  has not been borne out  by the 
calculations done by the Study Group. The  fou r  investigators 
d i f f e r  f r o m  each other  by a median of the  ratio of high-to-low 
values of about  1.5 to 1.7 for  estimates of the HCLPF capacity, 
the median capacity, and the rat io  of median/HCLPF capacities. 

4. The  differences between the investigators’ estimates of the 
median/HCLPF capacity ratios (median high-to-low rat io  equals 
1.5) are  of the same size as  estimates of either HCLPF capacities 
or median capacities individually. This  indicates that  differences 
in estimates of pR and flu are  also relatively large. 

5 .  Any fu tu re  e f fo r t  in reducing the differences in calculated 
HCLPF capacities should be spent in reducing the differences 
between the assumptions and judgment of d i f fe ren t  investigators 
ra ther  than in t rying to  reconcile the much smaller differences 
between the CDFM and FA methods. 

6. Although there was as  much dispersion in the computed HCLPF 
capacities as there was in the computed median capacities, there  
was unanimous agreement that  fo r  each of the components a l l  
fou r  investigators’ HCLPF capacities represented a conservative 
estimate of the component capacity. Differences were over the  
degree of conservatism represented and  not over whether  
conservatism existed or not. Thus, for  each component, the  
highest HCLPF is still a conservative capacity estimate. 
Obviously, the same unanimity cannot  exist a t  the median 
capacity si,nce each separate estimate cannot  represent the 50% 
fa i lure  probability, although all median estimates a re  within each 
investigator’s 90% confidence band on the median. Thus, 
unanimity exists that  all median estimates a re  credible medians 
fo r  each component, and  investigator differences simply reflect 
uncertainty about the median. In the face  of uncertainties in 
both the median and HCLPF capacities, this Study Group 
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recommends that  fu tu re  seismic margin studies cont inue to 
concentrate on estimating the  HCLPF capacit ies since all 
computed HCLPF estimate were judged to  be conservative 
capaci ty  estimates. In this context,  the HCLPF capaci ty  estimate 
is generally considered to be a more useful capacity estimate f o r  
seismic margin reviews than is the median capacity,  even though 
there  appears  to be as  much dispersion in  HCLPF capaci ty  
estimates as  there  is in median estimates. 

7. T h e  HCLPF Study Group does not recommend any  revision to  the  
Expert  Panel recommendation that  e i ther  of the  two methods 
(CDFM or FA)  could be used in a seismic margin review fo r  
calculating the HCLPF capacities. 

8. This  s tudy has fu r the r  confirmed tha t  the estimated median 
capaci ty  is a t  least twice the HCLPF capacity of a component.  
Hence there  is no "proverbial c l i f f"  in the seismic capaci ty  in tha t  
seismic fa i lure  is not imminent if the ground acceleration exceeds 
the HCLPF capacity of the component. 

9. T h e  Study Group believes that  the classes of components 
examined herein a re  representative and  are  adequate  fo r  the 
purposes of this comparison study. T h e  differences ident i f ied in 
this s tudy a re  likely to be larger if (a)  a larger group of 
competent engineers were to  make  the capacity estimates; (b) 
investigators a re  required to make building response calculations 
independently;  (c) the def ini t ion of what  consti tutes fa i lure  and  
(d)  what  consti tutes the l imiting fa i lure  mode are  independent ly  
assessed or determined by the investigators. 

10. T h e  large differences in the HCLPF capacit ies estimated by the  
investigators in this s tudy stem f rom the differences in  fa i lure  
modes assumed, capacity equations associated with a n y  potential  
fa i lure  mode, d i f fe ren t  assumed as-built mater ia l  properties,  
d i f fe ren t  estimates of inelastic energy absorption, d i f f e ren t  
damping,  and  d i f fe ren t  f requency estimates. Even when the same 
models a re  adopted, such differences between the  analysts  a r e  
expected to persist because of variations in  parameters. Hence a 
need exists fo r  peer review of seismic margin studies. T h e  Study 
Group endorses the  recommendations of the  Expert  Panel on  
Seismic Margins tha t  a peer review be a n  integral  par t  of the  
seismic margin study. 

1 1 .  I t  is suggested tha t  pretest predictions of fa i lure  modes a n d  levels 
should be made by independent investigators prior t o  conduct ing 
f rag i l i ty  tests. These predictions should be published pr ior  t o  the  
tests. T h e  purpose of this recommendation is to improve the  
capabi l i ty  of engineers to  predict  component capaci ty  a n d  to 
decrease the  differences between investigators in  predict ing 
component capacities. 
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Structural Mechanics Consulting 

P. Kennedy 18971 Vil la Terrace, Yorba Linda, Calif. 92686  0 (714) 7 7 7 - 2 1 6 j  

HIGH-CONFIDENCE-LOW-PROBABILITY-OF-FAILURE 

COMPUTATIONS FOR SELECTED COMPONENTS 

R. P. Kennedy 

December 198 7 

1. I n t r o d u c t o r y  Remarks 

Both a Conservat i ve-Determini s t  i c - F a i  1 ure-Margin (CDFM) and a F r a g i  1 i t y  
Method have been suggested i n  Ref. (1) - and ( 2 )  & f o r  e s t i m a t i n g  t h e  High- 
Conf idence-Low-Probabi 1 i t y - o f - F a i  1 u r e  (HCLPF) c a p a c i t y  o f  components subjected 

t o  seismic i npu t .  The CDFM method i s  expanded upon i n  Ref. ( 3 )  - and i s  favored 

by t h i s  w r i t e r  because i t  d i r e c t l y  leads t o  a HCLPF c a p a c i t y  est imate us ing 

s t r a i g h t f o r w a r d  d e t e r m i n i s t i c  computations. The a l t e r n a t e  F r a g i l i t y  Method 

f i r s t  r e q u i r e s  an est imate o f  t h e  median (50% p r o b a b i l i t y  o f  f a i l u r e )  c a p a c i t y  
es t ima te  f o r  t h e  component, and t h i s  i s  o f t e n  d i f f i c u l t  t o  make. Next one 
must est imate bo th  t h e  u n c e r t a i n t y  i n  t h e  median est imate and t h e  random 

v a r i a b i l i t y  about t h i s  est imate.  
o f t e n  de f i ned  i n  terms o f  t h e  l o g a r i t h m i c  standard dev ia t i ons ,  BU and BR, 
r e s p e c t i v e l y .  

Th i s  u n c e r t a i n t y  and random v a r i a b i l i t y  are 

Then t h e  HCLPF c a p a c i t y  i s  a r b i t r a r i l y  est imated from: 

" - 1 . 6 5 ( B ~  + Bu) HCLPF = Ae 

where i s  t h e  median c a p a c i t y  est imate.  Thus, by  t h e  F r a g i l i t y  Method, t h e  
HCLPF c a p a c i t y  i s  h i g h l y  dependent upon t h e  judgmental and o f t e n  h i g h l y  

u n c e r t a i n  est imates o f  BR and B u .  
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The at tached se t  o f  c a l c u l a t i o n s  compares t h e  HCLPF Seismic Margin 
Earthquake (SME) c a p a c i t y  o f  5 components est imated b y  t h e  w r i t e r  us ing  bo th  

t h e  CDFM method de f i ned  i n  Ref. ( 3 )  - and t h e  Fragility Method. 
assumptions were made i n  bo th  methods. 

Cons is ten t  
The 5 components se lec ted  were: 

1. F la t -Bo t tom V e r t i c a l  Water Storage Tank a t  grade. 

2. A u x i l i a r y  Contactor  Cha t te r  f o r  Motor S t a r t e r  i n  an o l d e r  Motor- 
Contro l -Center  (MCC) which has a fundamental f requency o f  about 
6.5 Hz. Th is  es t ima te  i s  made f o r  both t h e  cab ine t  h i g h  i n  t h e  
s t r u c t u r e  and on t h e  base s lab  a t  grade. 

3. D iese l  Generator Room S t a r t i n g  A i r  Tank Supports mounted h i g h  i n  t h e  
s t r u c t u r e .  

4 .  Component Cool ing Heat Exchanger Supports mounted h i g h  i n  t h e  
s t r u c t u r e .  

5. C a n t i l e v e r  Reinforced Block Wall mounted h i g h  i n  t h e  s t r u c t u r e .  

F igu res  1 through 4 s c h e m a t i c a l l y  i l l u s t r a t e  t h e  impor tan t  se ismic 

c a p a c i t y  aspects o f  t h e  Storage Tank, S t a r t i n g  A i r  Tank Supports, Heat 
Exchanger Supports, and Block Wall, r e s p e c t i v e l y .  The at tached c a l c u l a t i o n s  

were made as p a r t  o f  a p r o j e c t  f o r  f o u r  independent c o n s u l t a n t s  t o  per form 

HCLPF SME c a p a c i t y  computat ions on t h e  same 5 components us ing  t h e  s i m p l i f i e d  

methods each would suggest t o  be used f o r  p roduc t i on  t ype  Seismic Margin 

Review computations. 

p r o p e r t i e s  f o r  each component; these are i l l u s t r a t e d  i n  F igu res  1 through 4 .  
For  t h e  MCC A u x i l i a r y  Con tac to r  C h a t t e r  cases, i t  was agreed t o  assume t h a t  no 

component-speci f ic  se ismic q u a l i f i c a t i o n  t e s t  da ta  was a v a i l a b l e ,  t h a t  t h e  
6.5 Hz f requency es t ima te  was approximate, and t h a t  t h e  se ismic c a p a c i t y  would 
be based upon t h e  "Funct ion-dur ing GERS (Generic Equipment Ruggedness 
Spectrum)" presented i n  F i g u r e  5 as reproduced f rom Ref. ( 4 ) .  - 

Each c o n s u l t a n t  agreed t o  use t h e  same s t r u c t u r a l  

2. Ground Mot ion Aspects 

Fo r  a l l  HCLPF SME c a p a c i t y  computations, i t  was agreed t o  assume t h a t  t h e  

ground mot ion f o r  t h e  l a r g e s t  h o r i z o n t a l  component i s  g i ven  b y  a u n i f o r m  
hazard spectrum def ined a t  t h e  84% non-exceedance p r o b a b i l i t y  (NEP) a t  a l l  

f requencies.  Furthermore, t h i s  un i fo rm hazard spectrum shape was t o  be 
d e f i n e d  by t h e  NUREG/CR-0098 (Ref.  5) Median spectrum shape f o r  Rock s i t e s .  
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The 84% NEP v e r t i c a l  response spectrum was then  d e f i n e d  t o  be equal t o  2/3 o f  

t h e  84% NEP l a r g e s t  h o r i z o n t a l  response spectrum. 

The above ground mot ion  i n f o r m a t i o n  i s  s u f f i c i e n t  t o  enable HCLPF SME 

c a p a c i t y  computat ions t o  be made us ing  t h e  Ref. ( 3 )  - descr ibed CDFM method. 
However, t h e  F r a g i l i t y  Method r e q u i r e s  a f u r t h e r  d e s c r i p t i o n  o f  t h e  random 
v a r i  ab i  1 i t y  o f  t h e  ground mot ion  response spectrum. V a r i  ab i  1 i t y  assoc ia ted  
w i t h  peaks and v a l l e y s  o f  ac tua l  response spectrum and d i r e c t i o n a l  response 
v a r i a b i l i t y  should be inc luded.  Each c o n s u l t a n t  us ing  t h e  F r a g i l i t y  Method 
was expected t o  make h i s  own es t ima te  o f  these sources o f  response spectrum 

v a r i a b i l i t y .  The lognormal parameters used t o  d e f i n e  random response spectrum 

v a r i a b i l i t y  f o r  t h i s  w r i t e r ' s  HCLPF computat ions us ing  t h e  F r a g i l i t y  Method 

are  g i ven  i n  Tab le  1. 
parameter values. 
f o u r  bas i c  parameter values. 

The f i r s t  f o u r  parameter va lues  are  t h e  b a s i c  assumed 
The remain ing  parameter va lues  have been d e r i v e d  f rom these 

The f a c t  t h a t  t h e  F r a g i l i t y  Method r e q u i r e s  t h e  i n c o r p o r a t i o n  o f  ground 

mot ion  response spectrum random v a r i a b i l i t y  parameters i s  one o f  i t s  
weaknesses, s i n c e  i t  r e q u i r e s  t h e  component c a p a c i t y  e v a l u a t o r  t o  make an 
assumption on ground mot ion  v a r i a b i l i t y .  
mot ion  i s  d e f i n e d  a t  t h e  84% NEP l a r g e s t  h o r i z o n t a l  component l e v e l s ,  t h i s  i s  

n o t  a ma jor  weakness. 
i n s e n s i t i v e  t o  t h e  assumed parameter v a r i a b i l i t i e s .  However, i f  t h e  SME 

ground mot ion  i s  d e f i n e d  a t  t h e  50% NEP f o r  t h e  average h o r i z o n t a l  component, 

t h e  r e s u l t a n t  HCLPF SME c a p a c i t y  i s  v e r y  s e n s i t i v e  t o  t h e  assumed response 

spectrum parameter v a r i a b i l i t i e s .  
recommends t h a t  84% NEP response spectrum be used as t h e  b a s i c  ground mot ion  
d e f i n i t i o n  f o r  HCLPF SME computat ions b y  e i t h e r  t h e  CDFM o r  F r a g i l i t y  Methods. 

T h i s  recommendation removes t h e  s e n s i t i v i t y  of t h e  r e s u l t s  t o  t h e  assumed 
v a r i a b i l i t y  o f  ground mot ion  response s p e c t r a  and t h e  c a p a c i t y  e v a l u a t o r  i s  

n o t  t h e  r i g h t  person t o  be e s t i m a t i n g  ground mot ion  response s p e c t r a  

v a r i a b i l i t y .  The r e s u l t  o f  us ing  t h e  84% NEP l a r g e s t  h o r i z o n t a l  component 
response spectrum t o  determine t h e  HCLPF SME c a p a c i t y  i s  t h a t  t h i s  c a p a c i t y  i s  

c o n d i t i o n a l  on t h i s  response spectrum n o t  be ing  exceeded a t  more than  16% of 

t h e  f requenc ies  i n  t h e  f requency  range and d i r e c t i o n s  t h a t  dominate t h e  
component capac i t y .  

However, so l ong  as t h e  SME ground 

The r e s u l t a n t  HCLPF SME c a p a c i t y  w i l l  be r a t h e r  

For  t h i s  reason, t h i s  w r i t e r  s t r o n g l y  
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The above-descri  bed ground response spectrum p r o p e r t i e s  are used for 
computing t h e  HCLPF SME c a p a c i t y  o f  t h e  ground mounted F lat -Bot tom Storage 

Tank and t h e  ground mounted MCC A u x i l i a r y  Contactor Chat ter  Case. For t h e  
o t h e r  sample components, a f l o o r  spectrum i s  used as discussed i n  t h e  next 
sec t  ion.  

3. F l o o r  Spectrum Aspects 

It was agreed t h a t  t h e  f l o o r  spec t ra  shown i n  F igures 6 and 7 would be 
used t o  represent  f l o o r  spec t ra  obtained h i g h  i n  a s t r u c t u r e  f rom a median- 

centered b u i l d i n g  response model subjected t o  84% NEP ground response spect ra 
anchored t o  an SME l a r g e s t  h o r i z o n t a l  Peak Ground Acce le ra t i on  (PGA) of 
0.189. F igures 6 and 7 represent  h o r i z o n t a l  and v e r t i c a l  f l o o r  response, 
r e s p e c t i v e l y .  Since these spec t ra  are assumed t o  represent  unbroadened median 

response t o  an 84% NEP ground mot ion i npu t ,  t h e y  may be used d i r e c t l y  w i t h o u t  
s c a l i n g  i n  t h e  CDFM Method de f i ned  by  Ref. ( 3 )  - o r  t h e  F r a g i l i t y  Method f o r  an 
SME PGA o f  0.189. L inea r  s c a l i n g  i s  used f o r  o t h e r  SME l e v e l s .  

A c t u a l l y ,  i n  t h i s  w r i t e r ' s  opinion, t h e  f l o o r  spec t ra  shown i n  F igures 6 

and 7 are n o t  r e a l i s t i c  median-centered f l o o r  spectra.  
resonant a m p l i f i c a t i o n  t o  be r e p r e s e n t a t i v e  o f  f l o o r  spec t ra  f rom median- 
centered response analyses even h igh  i n  a s t r u c t u r e .  T h e i r  use r e s u l t s  i n  a 
conserva t i ve  underest imat ion o f  t h e  HCLPF SME c a p a c i t y  f o r  components mounted 
h i g h  i n  t h e  s t r u c t u r e .  However, so long as a l l  c a l c u l a t i o n s  assume those 

spec t ra  came from a median-centered response analys is ,  t h e  above-described 
problem w i l l  n o t  i n f l u e n c e  t h e  r e l a t i v e  compar isons between HCLPF c a p a c i t i e s  

obta ined by t h e  CDFM Method versus t h e  F r a g i l i t y  Method o r  comparisons i n  
c a p a c i t i e s  obta ined from t h e  f o u r  independent consul tants .  

They have t o o  much 

4. Resu l t s  

Table 2 compares t h e  HCLPF SME PGA c a p a c i t i e s  obta ined by  t h e  CDFM Method 
versus t h e  F r a g i l i t y  Method f o r  each o f  t h e  f i v e  sample components. 
a l so  presents  t h i s  w r i t e r ' s  es t ima te  o f  t h e  median c a p a c i t y  and t h e  summation 

(BR + Bu) used i n  t h e  F r a g i l i t y  Method. 
summation ( &  + &)  necessary so t h a t  bo th  t h e  CDFM and F r a g i l i t y  methods 

produce t h e  i d e n t i c a l  HCLPF c a p a c i t y  f o r  each component and t h e  r a t i o  between 

those two summations. Several conclusions are reached: 

Table 2 

L a s t l y ,  Table 2 presents  t h e  
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1. 

2. 

3. 

For each case, e x c e l l e n t  agreement e x i s t s  between t h e  HCLPF 
c a p a c i t i e s  obta ined from t h e  CDFM and F r a g i l i t y  methods. 

The est imated median c a p a c i t y  i s  a t  l e a s t  a f a c t o r  o f  2 g rea te r  than 

t h e  HCLPF c a p a c i t y  i n  each case. 

Consider ing a l l  o f  t h e  assumptions which must be made i n  t h e  

F r a g i l i t y  Method t o  est imate both BR and Bu, i t  r e q u i r e s  o n l y  a 

n e g l i g i b l e  change i n  t h e  summation (BR + Bu) as denoted by  t h e  r a t i o  
( B i  + B(J)/(@R + Bu) t o  get  HCLPF c a p a c i t y  f rom t h e  F r a g i l i t y  Method 
t o  agree w i t h  t h a t  f rom t h e  CDFM Method. Such changes are e a s i l y  

w i t h i n  t h e  u n c e r t a i n t y  range on BR 
are unce r ta in  and t h e  HCLPF c a p a c i t y  f rom t h e  F r a g i l i t y  Method i s  
s e n s i t i v e  t o  t h e  est imates of BR and Bu, t h e  CDFM Method prov ides a 
more s t a b l e  est imate o f  t h e  HCLPF c a p a c i t y  than does t h e  F r a g i l i t y  

Met hod. 

and @u. Since these est imates 

5. I n t e r p r e t a t i o n  o f  Resu l t s  

Each o f  t h e  c a p a c i t y  est imates presented i n  Table 2 i s  in tended t o  

represent  component f a i l u r e  c a p a c i t y  est imates.  However, t h e  d e f i n i t i o n  of 
component f a i l u r e  can be somewhat judgmental and t h e r e f o r e  warrants  f u r t h e r  

d iscuss ion f o r  each component. 

The f l a t - b o t t o m  v e r t i c a l  water s torage tank c a p a c i t y  est imates are 
intended t o  correspond t o  t h e  onset o f  development of a s i g n i f i c a n t  through- 
w a l l  crack i n  t h e  tank s h e l l ,  thus r e s u l t i n g  i n  a loss o f  tank contents  over 
a p e r i o d  o f  l e s s  than about 24 hours. This  crack would be expected t o  occur 
e i t h e r  a t  t h e  weld between t h e  tank s ide  w a l l  and base-p late o r  w i t h i n  t h e  

lower few f e e t  o f  t h e  tank s i d e  w a l l .  

The auxi 1 i a r y  con tac to r  c h a t t e r  c a p a c i t y  est imates are in tended t o  
correspond t o  t h e  onset o f  a t  l e a s t  2 m i l l i s e c o n d s  o f  a u x i l i a r y  c o n t a c t o r  

c h a t t e r .  
e l e c t r i c a l  c i r c u i t r y  i nvo l ved  and i s  n o t  addressed. 

The p o t e n t i a l  consequences o f  such c h a t t e r  would depend upon t h e  

The d i e s e l  generator room s t a r t i n g  a i r  tank support  c a p a c i t y  i s  intended 

P r i o r  t o  such l o s s  o f  l a t e r a l  c o n s t r a i n t ,  t h e  t o p  
t o  correspond t o  t h e  l o s s  o f  l a t e r a l  c o n s t r a i n t  f o r  a t  l e a s t  one o f  support  
angles o r  t ie-down b o l t s .  

o f  t h e  a i r  tank would be expected t o  move l a t e r a l l y  l e s s  than 4 inches, which 
would be expected t o  have no adverse consequences on at tached a i r  l i n e s  so 
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l ong  as t h e y  have f l e x i b i l i t y .  A f t e r  l o s s  o f  l a t e r a l  c o n s t r a i n t ,  t h e  

f u n c t i o n a l  performance o f  t h e  a i r  tank would be uncer ta in .  

The component c o o l i n g  heat exchanger support  c a p a c i t y  i s  intended t o  
correspond t o  break ing o f  anchor b o l t s  on one o f  t h e  supports, thus a l l o w i n g  
t h e  heat exchanger t o  s l i d e .  With such s l i d i n g ,  t h e  f u n c t i o n a l  performance o f  

t h e  heat exchanger would be unce r ta in .  

The c a n t i l e v e r  r e i n f o r c e d  b lock w a l l  c a p a c i t y  i s  in tended t o  correspond 
t o  e s s e n t i a l l y  unconstrained l a t e r a l  deformat ion o f  t h i s  w a l l ,  such t h a t  i t  
would come down unless i t  h i t  some support  and was h e l d  up by t h a t  support  

p r i o r  t o  f a l l i n g .  P r i o r  t o  reaching t h i s  cond i t i on ,  deformat ions o f  t h e  t o p  

o f  t h e  w a l l  w i l l  be l e s s  than 10 inches, so t h a t  t h e  Table 2 c a p a c i t y  e s t i -  

mates are judged approp r ia te  unless a component which can be damaged by w a l l  
impact e x i s t s  w i t h i n  10 inches o f  t h e  wa l l .  

O f  course, c a p a c i t i e s  of components are in f luenced b y  c h a r a c t e r i s t i c s  o f  
ground mot ion n o t  de f i ned  by t h e  response s p e c t r a l  ampli tudes. Most impor tan t  
o f  these are t h e  d u r a t i o n  o f  s t rong  ground mot ion and t h e  number o f  s t rong  

n o n l i n e a r  response cyc les  t o  which t h e  component i s  subjected by  t h e  ground 
motion. Since n e i t h e r  were def ined, f o r  t h i s  e x e r c i s e  I have assumed t h a t  t h e  

d u r a t i o n  o f  s t rong  ground mot ion as de f i ned  i n  accordance w i t h  Ref. ( 6 )  - i s  3 

t o  10 seconds, s u b j e c t i n g  each component t o  3 s t rong  n o n l i n e a r  response c y c l e s  
a l so  as de f i ned  by Ref. (6 ) .  - 
t i c s  correspond t o  t h e  ground mot ion l e v e l s  l i s t e d  i n  Table 2 hav ing come f rom 

an earthquake w i t h  a l o c a l  magnitude o f  about 6.5. For ground mot ions f rom 
earthquakes w i t h  l o c a l  magnitudes l e s s  than about 6.0, t he  c a p a c i t i e s  g i ven  
i n  Table 2 a re  t o o  conservat ive.  Conversely, f o r  earthquakes w i t h  l o c a l  
magnitudes exceeding about 7.0, these c a p a c i t i e s  may be t o o  l i b e r a l .  

f o r  t h e  c o n t r o l l i n g  c a p a c i t y  f o r  each component are shown i n  t h e  at tached 

c a l c u l a t i o n  package. 

I n  my judgment, such ground mot ion c h a r a c t e r i s -  

Several c a p a c i t i e s  were checked f o r  each component. Only c a l c u l a t i o n s  

6. R e c o n c i l i a t i o n  o f  Resu l t s  

Each o f  t h e  f o u r  consu l tan ts  who p a r t i c i p a t e d  i n  t h i s  p r o j e c t  indepen- 
d e n t l y  produced h i s  c a l c u l a t i o n s  p r i o r  t o  October 1987. Dur ing November 1987, 

these consu l tan ts  met t o  compare r e s u l t s .  A f t e r  t h a t  meeting, each consu l tan t  
was al lowed t o  r e v i s e  h i s  c a l c u l a t i o n s  t o  see whether such r e v i s e d  
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c a l c u l a t i o n s  would come c l o s e r  together .  A l l  t h e  at tached c a l c u l a t i o n s  and 
summary r e s u l t s  i n  Table 2 are from t h e  independent ly produced work p r i o r  t o  

October 1987. 
r e s u l t s  w i t h  those from t h e  o the r  consu l tan ts  (Reed, Stevenson, and EQE). 

Th i s  s e c t i o n  conta ins my d i scuss ion  on r e c o n c i l i a t i o n  of my 

6.1 F l a t  Bottom Tank 

Reed and EQE have HCLPF est imates o f  0.27 and 0.269, r e s p e c t i v e l y ,  which 
are ve ry  c l o s e  t o  my est imate o f  0.299, whereas Stevenson has a HCLPF est imate 
much h ighe r  than our t h r e e  est imates.  

est imates o f  0.53 and 0.549, compared t o  my est imate o f  0.679, whereas 

Stevenson has a median es t ima te  much h ighe r  than mine. Thus, one might  t h i n k  
t h a t  i t  might  be easy f o r  me t o  r e c o n c i l e  on an est imate between t h a t  o f  Reed, 

EQE, and mysel f  f o r  both t h e  HCLPF and median capac i t i es ,  w i t h  Stevenson being 

an o u t l i e r .  However, t h i s  i s  n o t  t h e  case. 

S i m i l a r l y ,  Reed and EQE have median 

As discussed i n  Ref. (7), - a copy o f  which i s  i nc luded  i n  t h e  at tached 
c a l c u l a t i o n s ,  my c a p a c i t y  est imates are c o n s e r v a t i v e l y  biased i n  two areas. 
F i r s t ,  I have ignored any b e n e f i t  f rom i n e l a s t i c  energy absorpt ion.  

have c o n s e r v a t i v e l y  underestimated t h e  b e n e f i t s  f rom f l  uid-holddown fo rces  on 
t h e  base p l a t e .  These conservatisms were i n t e n t i o n a l l y  introduced, because I 
be l i eved  t h a t  producing d e f e n s i b l e  est imates o f  t h e  i n e l a s t i c  energy absorp- 
t i o n  c a p a c i t y  increase and/or l e s s  conservat ive est imates o f  t h e  b e n e f i t s  o f  
f lu id-holddown would r e q u i r e  more s o p h i s t i c a t e d  and much more c o s t l y  analyses 

than I considered t o  be warranted. Therefore, I chose t o  i gno re  these addi- 

t i o n a l  c a p a c i t y  enhancement b e n e f i t s .  However, these a d d i t i o n a l  f a c t o r s  are 
r e a l ,  and i g n o r i n g  them r e s u l t s  i n  a conserva t i ve  b i a s  t o  my c a l c u l a t i o n s .  

Second, I 

Based on approximate computations ( n o t  at tached),  I es t ima te  t h a t  i n c l u -  
s i o n  o f  a r e a l i s t i c  ( b u t  d i f f i c u l t  t o  defend w i t h o u t  more s o p h i s t i c a t e d  analy- 

ses) est imate o f  t h e  i n e l a s t i c  energy absorpt ion c a p a c i t y  increase f a c t o r  
would increase my HCLPF c a p a c i t y  by  a f a c t o r  o f  1.25 t o  0.369, and my median 
c a p a c i t y  by a f a c t o r  o f  1.75 t o  1.179. Furthermore, a nonl inear ,  l a rge -  
d e f l e c t i o n  t h e o r y  base p l a t e  u p l i f t  ana lys i s  t o  b e t t e r  account f o r  f l u i d -  

holddown e f f e c t s  would increase these c a p a c i t i e s  by  an unknown f u r t h e r  amount. 

Based on these considerat ions,  i t  i s  impossib le  f o r  me t o  compromise w i t h  
Reed o r  EQE on any HCLPF c a p a c i t y  est imate l e s s  than 0.299 o r  median es t ima te  
l e s s  than 0.679. On t h e  o the r  hand, i t  would be v e r y  easy f o r  me t o  reach 

A-8 



reconc i  1 i a t i o n  w i t h  Stevenson on any HCLPF capac 
and any median c a p a c i t y  between 0.679 and 1.39. 

6.2 A u x i l i a r y  Contact  Cha t te r  

When component-speci f ic  f r a g i l i t y  o r  q u a l i f  

t y  between 0.299 and 0.409 

c a t i o n  t e s t  data i s  unavai 

able, Ref. ( 3 )  - suggests t h a t  t h e  Generic Equipment Ruggedness Spectra (GERS 
from Ref. ( 4 )  - be used t o  make HCLPF c a p a c i t y  est imates.  However, when t h i s  
done, I have recommended i n  Ref. ( 3 )  - t h a t  t h e  GERS be d i v i d e d  b y  1.3 b e f o r e  
be ing  compared w i t h  Required Response Spectra (RRS) being i n p u t  a t  t h e  base 

t h e  component. Th i s  recommended r e d u c t i o n  f a c t o r  o f  1.3 was based upon two 

cons ide ra t i ons :  

- 

i s  

o f  

1. The GERS were based on o n l y  a l i m i t e d  amount o f  t e s t  d a t a  and cover 

broad gener ic  component ca tegor ies .  As such, t h e y  do n o t  rep resen t  

HCLPF c a p a c i t y  es t ima tes .  Based upon m a t e r i a l  p resented  i n  Ref. ( 4 )  - 
p l u s  m a t e r i a l  presented t o  t h e  Senior Seismic Review and Adv iso ry  
Panel (SSRAP),  I have judged t h a t  t h e  t y p i c a l  r a t i o  between GERS and 
HCLPF c a p a c i t i e s  i s  about 1.2 i n  t h e  case o f  a broad-frequency i n p u t  

RRS. 

It i s  my judgment t h a t  an RRS developed f o l l o w i n g  t h e  recommendation 
of Ref. ( 3 )  - f o r  HCLPF computations l i e s  i n  t h e  84% t o  90% non- 
exceedance p r o b a b i l i t y  range. As such, a d d i t i o n a l  conservat ism o f  

about a f a c t o r  o f  1.1 i s  necessary t o  account f o r  v a r i a b i l i t y  i n  t h e  

i n p u t  spectrum when GERS are compared t o  such RRS t o  achieve an 
overall HCLPF capacity estimate. 

2. 

For cases where c h a t t e r  o f  a u x i l i a r y  con tac ts  i n  motor c o n t r o l  cen te rs  i s  

o f  concern, Ref. ( 4 )  - has suggested t h a t  t h e  "Funct ion Dur ing"  GERS shown i n  

F i g u r e  5 be f a c t o r e d  by 0.87. No b a s i s  i s  g i ven  f o r  t h i s  recommendation, nor  

was any b a s i s  ever discussed w i th  t h e  SSRAP. I b e l i e v e  t h i s  f a c t o r  i s  s imp ly  
an a d d i t i o n a l  conservat ism f a c t o r  i n  r e c o g n i t i o n  t h a t  t h e  GERS do n o t  repre-  

sent t h e  HCLPF capac i t y .  Since t h a t  c o n s i d e r a t i o n  i s  a l ready  covered b y  t h e  
1.3 r e d u c t i o n  f a c t o r  recommended i n  Ref. ( 3 )  - f o r  HCLPF c a p a c i t y  computations, 
I do n o t  b e l i e v e  t h a t  bo th  t h e  0.87 f a c t o r  and t h e  1.3 f a c t o r  should be 

combined as was done b y  EQE when computing t h e  HCLPF c a p a c i t y  b y  t h e  CDFM 

method o f  Ref. ( 3 ) .  - I f  t h i s  0.87 f a c t o r  was removed from t h e  EQE HCLPF 
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c a p a c i t y  computat ions b y  t h e  CDFM method, t h e i r  CDFM HCLPF c a p a c i t i e s  would be 

i d e n t i c a l  t o  mine. 

Ref. ( 3 )  - should n o t  bo th  be inc luded,  i s  supported b y  t h e  f r a g i l i t y  and 

qualification test data presented i n  Ref. (8) - for auxiliary contact chatter in 

My judgment t h a t  t h e  0.87 f a c t o r  f rom Ref. ( 4 )  - and t h e  1.3 f a c t o r  f rom 

motor c o n t r o l  cen te rs .  Ref. (8 )  - presen ts  r e s u l t s  f rom 5 1  f r a g i l i t y  t e s t s  i n  

which a u x i l i a r y  c o n t a c t s  c h a t t e r e d  and 10 q u a l i f i c a t i o n  t e s t s  i n  which no 
a u x i l i a r y  c o n t a c t  c h a t t e r  occurred. 

s p e c t r a l  a c c e l e r a t i o n  f r a g i l i t y  l e v e l s  ranged f rom 2.19 t o  7.49 f o r  t h e  5 1  
f r a g i l i t y  t e s t s  w i t h  a u x i l i a r y  c o n t a c t  c h a t t e r ,  w h i l e  t h e  10 q u a l i f i c a t i o n  
t e s t s  w i t h o u t  a u x i l i a r y  c o n t a c t  c h a t t e r  ranged f rom 2.09 t o  5.69. 

t h e  d a t a  f i t s  a lognormal d i s t r i b u t i o n ,  Ref. (8) - r e p o r t s  a 2% damped s p e c t r a l  

a c c e l e r a t i o n  HCLPF c a p a c i t y  o f  1.79. 
normal d i s t r i b u t i o n ;  and making t h e  erroneous assumption o f  a lognormal d i s -  
t r i b u t i o n  r e s u l t s  i n  t h e  h i g h e s t  f r a g i l i t y  t e s t  c a p a c i t y  o f  7.4g and t h e  
h i g h e s t  q u a l i f i c a t i o n  t e s t  c a p a c i t y  o f  5.69, a c t u a l l y  d r i v i n g  down t h e  HCLPF 
c a p a c i t y  e s t i m a t e  because these h i g h  t e s t  r e s u l t s  i nc rease  t h e  es t ima tes  o f  
l o g a r i t h m i c  s tandard  d e v i a t i o n .  I f  i n s t e a d  one per fo rms a d i s t r i b u t i o n - f r e e  
one-sided t o l e r a n c e  l i m i t  check (which i s  g e n e r a l l y  v e r y  c o n s e r v a t i v e  because 
i t  i s  a d i s t r i b u t i o n - f r e e  check which makes no assumptions on t h e  d a t a  d i s t r i -  
b u t i o n )  on t h e  data, one determines a 2% damped s p e c t r a l  a c c e l e r a t i o n  HCLPF 
(95% conf idence o f  l e s s  than  5% f a i l u r e  p r o b a b i l i t y )  c a p a c i t y  o f  2.19. 
t h e  GERS o f  Ref. ( 4 )  - are  based upon 5% damped spec t ra ,  t h i s  2% damped HCLPF 

c a p a c i t y  o f  2.19 must be conver ted  t o  a 5% damped HCLPF c a p a c i t y  b e f o r e  be ing  
compared w i t h  t h e  GERS "Func t i on  Dur ing"  l e v e l  o f  1.59 shown i n  F i g u r e  5. To 
conver t  f rom 2% damped t o  5% damped spectra,  t h e  2% damped HCLPF c a p a c i t y  must 

be d i v i d e d  by  about 1.5, which leads  t o  a 5% damped HCLPF c a p a c i t y  o f  1.49. 
Thus, t h e  r a t i o  o f  t h e  GERS c a p a c i t y  f rom Ref. (2) t o  t h e  HCLPF c a p a c i t y  from 

t h e  d a t a  o f  Ref. (8 )  - i s  1 . 5 h . 4  = 1.07, which i s  l e s s  than  t h e  1.2 r a t i o  o f  

GERS t o  HCLPF upon which t h e  1.3 r e d u c t i o n  f a c t o r  recommended i n  Ref. ( 3 )  - i s  
based. Thus, i t  would be v e r y  i n a p p r o p r i a t e  t o  b o t h  m u l t i p l y  t h e  GERS b y  0.87 
and a l s o  d i v i d e  b y  1.3 t o  o b t a i n  a HCLPF c a p a c i t y  f o r  a u x i l i a r y  c o n t a c t  

c h a t t e r .  
f o r  t h i s  case. 

For broad f requency  i n p u t ,  t h e  2% damped 

Assuming 

However, t h e  d a t a  does n o t  f i t  a l og -  

S ince  

I n  f a c t ,  t h e  1.3 r e d u c t i o n  f a c t o r  b y  i t s e l f  appears t o  be t o o  h i g h  

Fo r  t h e  case o f  t h e  motor c o n t r o l  c e n t e r  c a b i n e t  a t  grade, t h e  HCLPF 

es t ima tes  f rom t h e  f o u r  c o n s u l t a n t s  range f rom a low va lue  o f  0.399 by  EQE t o  

A - I  0 



a h i g h  va lue o f  0.719 by  Stevenson, w i t h  my est imate o f  0.549 being about 
midway. Because o f  t h e  above-discussed considerat ions,  I consider  my HCLPF 

es t ima te  t o  be somewhat c o n s e r v a t i v e l y  biased. For t h i s  reason, I cou ld  

accept a consensus HCLPF est imate ranging between 0.549 and 0.649. 
i t  i s  l i k e l y  t o  be eas ie r  f o r  me t o  reach a compromise HCLPF es t ima te  w i t h  

Stevenson than i t  i s  w i t h  t h e  low HCLPF est imates o f  EQE. 

Therefore, 

For t h e  motor c o n t r o l  cen te r  cab ine t  h i g h  i n  t h e  s t r u c t u r e ,  t h e  HCLPF 

est imates range from a low va lue o f  0.079 by EQE t o  0.129 by  Stevenson, w i t h  
my es t ima te  o f  0.1Og being about midway. 
es t ima te  might  be s l i g h t l y  conse rva t i ve  so t h a t  I cou ld  concur w i t h  a com- 
promise HCLPF rang ing  between 0.109 and 0.129. However, an es t ima te  as low as 

0.079 by  EQE i s  t o t a l l y  unacceptable t o  me. 

For t h e  reasons discussed above, my 

6.3 S t a r t i n g  A i r  Tank 

For t h e  S t a r t i n g  A i r  Tank, t h e  HCLPF est imates f o r  t h e  f o u r  consu l tan ts  

ranged from 0.399 by  Stevenson t o  0.539 by EQE us ing  t h e  CDFM, w i t h  my e s t i -  

mate o f  0.489 being midway. For t h e  median capac i t y ,  t h e  est imates o f  Reed, 
Stevenson, and mysel f  were t i g h t l y  bunched from 1.019 t o  1.079, w i t h  t h e  
median est imate f rom EQE being much h ighe r  a t  1.559. 

An impor tant  d i f f e r e n c e  i n  t h e  c a p a c i t y  computations i s  t h a t  n e i t h e r  
Stevenson nor I t ook  any c r e d i t  f o r  an i n e l a s t i c  energy absorpt ion f a c t o r  

increase. 

procedures which are r e a l l y  o n l y  app rop r ia te  when t h e  i n p u t  c o n s i s t s  o f  broad 
frequency ground spec t ra  w i t h  5% damped ampl i f ied s p e c t r a l  acce le ra t i ons  2 t o  
3 t imes t h e  zero p e r i o d  acce le ra t i on .  The f l o o r  spectrum shown i n  F i g u r e  6 

which i s  i n p u t  t o  t h i s  component c e r t a i n l y  does n o t  f i t  i n t o  t h i s  category.  
I t s  f requency content  i s  v e r y  narrow, centered a t  about 7.5 Hz, and t h e  5% 
s p e c t r a l  acce le ra t i ons  are a m p l i f i e d  b y  more than a f a c t o r  o f  5. Using an 
i n a p p r o p r i a t e  approach i n  my judgment, EQE increased t h e i r  median c a p a c i t y  by  
an i n e l a s t i c  energy abso rp t i on  f a c t o r  o f  2.08 and t h e i r  CDFM HCLPF c a p a c i t y  by  

1.25. 
1.35 and made e s s e n t i a l l y  no increase i n  h i s  HCLPF c a p a c i t y  f o r  i n e l a s t i c  

energy absorpt ion.  

Both EQE and Reed d i d  take c r e d i t  f o r  such an increase us ing  

Reed increased h i s  median c a p a c i t y  b y  a much more moderate f a c t o r  o f  

By my c a l c u l a t i o n s ,  t h e  n a t u r a l  f requency o f  t h i s  s t a r t i n g  a i r  tank i s  
about 16 Hz. Consider ing bo th  t h e  u n c e r t a i n t y  a t  which t h e  f l o o r  spec t ra  
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peaks occur and t h e  u n c e r t a i n t y  i n  t h e  component n a t u r a l  frequency, I recom- 
mend t h a t  t h i s  f requency be s h i f t e d  down t o  about 12.8 Hz when e n t e r i n g  t h e  

unbroadened f l o o r  spectrum o f  F i g u r e  6. The non l i nea r  analyses o f  Ref. ( 6 )  - 
c l e a r l y  demonstrate t h a t  t h e  shape o f  t h e  i n p u t  spectrum t o  t h e  lower f r e -  
quency s ide  o f  t h e  e l a s t i c  f requency p lays  a ve ry  dominant r o l e  on t h e  i n e l a s -  

t i c  energy absorpt ion increase f a c t o r  as t h e  s t r u c t u r e  sof tens due t o  d u c t i l -  

i t y .  
t h e  s p e c t r a l  acce le ra t i ons  r a p i d l y  increase. 

s p e c t r a l  acce le ra t i ons  as t h e  f requency i s  reduced due - t o  i n e l a s t i c i t y ,  t h e r e  
i s  e s s e n t i a l l y  no b e n e f i t  f rom i n e l a s t i c  behavior s ince such behavior f o rces  
t h e  component r i g h t  i n t o  t h e  power o f  t h e  i npu t .  
of non l i nea r  t ime  h i s t o r y  analyses, I would n o t  recommend t a k i n g  any c r e d i t  

f o r  an i n e l a s t i c  energy absorpt ion increase f a c t o r  f o r  t h i s  case even though 

t h e  f a i l u r e  mode i s  v e r y  d u c t i l e .  Even w i t h  non l i nea r  t ime  h i s t o r y  analyses, 
i t  i s  d i f f i c u l t  f o r  me t o  conceive t h a t  t h i s  f a c t o r  could exceed 1.35 f o r  t h e  
median c a p a c i t y  o r  1.1 f o r  t h e  HCLPF c a p a c i t y  w i t h  such a spiked spectrum as 
shown i n  F i g u r e  6 l y i n g  immediately below t h e  component n a t u r a l  frequency. 

For t h i s  reason, I b e l i e v e  t h a t  t h e  median i n e l a s t i c  energy abso rp t i on  f a c t o r  
o f  2.08 used by EQE t o  get  t h e i r  h i g h  median c a p a c i t y  t o  be t o t a l l y  

unreal  i s t i c .  

where i n  t h e  range from 0.459 t o  0.53g and a median c a p a c i t y  i n  t h e  range f rom 

1.Og t o  1.359. 

I n  F i g u r e  6, as t h e  component f requency s h i f t s  downward from 12.8 Hz, 
With such a r a p i d  increase i n  

Unless one performs a s e r i e s  

For t h e  s t a r t i n g  a i r  tank, I can accept a consensus HCLPF c a p a c i t y  any- 

6.4 Heat Exchanger 

For t h e  heat exchanger, t h e  HCLPF c a p a c i t y  est imates ranged from a low o f  
0.30 by  Stevenson t o  a h i g h  o f  0.44 b y  EQE us ing  t h e  CDFM method, w i t h  my 
est imate o f  0.409 being between. The d i f f e r e n c e s  r e s u l t  f rom a number o f  
f ac to rs ,  and no c l e a r  cause i s  apparent t o  me. I can accept a consensus HCLPF 
c a p a c i t y  f o r  t h i s  heat exchanger anywhere i n  t h e  range from 0.379 t o  0.449, 

which covers a l l  b u t  Stevenson's e x i s t i n g  est imate.  

6.5 Block Wall 

My HCLPF c a p a c i t y  est imate f o r  t h e  b lock  w a l l  i s  0.629. The o the r  t h r e e  
consu l tan ts  had lower HCLPF c a p a c i t i e s  rang ing  from a low o f  0.389 by  Reed t o  
0.51g b y  Stevenson. My es t ima te  o f  t h e  median c a p a c i t y  o f  1.949 i s  s i m i l a r l y  
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h i g h  compared t o  t h e  range o f  1.349 t o  1.559 est imated by  t h e  o the r  consul-  

t a n t s .  The d i f f e r e n c e  between my r e s u l t s  and those o f  t h e  o t h e r  consu l tan ts  
p r i m a r i l y  l i e s  i n  my t reatment  o f  t h e  i n e l a s t i c  response o f  t h i s  b lock w a l l .  

Since t h e  b lock  w a l l  i s  re in fo rced ,  i t s  behavior p r i o r  t o  f a i l u r e  w i l l  be 
h i g h l y  d u c t i l e .  Therefore, a r e a l i s t i c  computation o f  i t s  c a p a c i t y  r e q u i r e s  a 

r e a l i s t i c  assessment o f  i t s  i n e l a s t i c  behavior.  Th i s  w a l l  i s  subjected t o  t h e  

v e r y  narrow frequency, h i g h l y  a m p l i f i e d  i n p u t  spectrum shown i n  F i g u r e  6. I n  
my judgment, s i m p l i f i e d  approaches based on broad frequency, l e s s  a m p l i f i e d  

ground spectra, cannot be used t o  r e a l i s t i c a l l y  est imate t h e  i n e l a s t i c  
response o f  h i g h l y  d u c t i l e  components subjected t o  a narrow frequency i n p u t  
spectrum such as F igu re  6. 

analyses, Ref. ( 6 )  - recommends an approach f o r  e s t i m a t i n g  i n e l a s t i c  response 

which i s  app rop r ia te  f o r  narrow frequency i n p u t  spec t ra  such as t h a t  i n  
F igu re  6. Th is  approach r e q u i r e s  t h e  e s t i m a t i o n  o f  an e f f e c t i v e  f requency and 
e f f e c t i v e  damping. The s p e c t r a l  a c c e l e r a t i o n  a t  t h i s  e f f e c t i v e  f requency and 
damping are then used t o  est imate i n e l a s t i c  response r a t h e r  than t h e  s p e c t r a l  
a c c e l e r a t i o n  a t  t h e  e l a s t i c  frequency and damping. I have used t h e  approach 

o f  Ref. ( 6 )  - t o  est imate t h e  i n e l a s t i c  response o f  t h i s  b lock  w a l l .  
approach leads t o  much g rea te r  c a p a c i t y  est imates f o r  t h i s  d u c t i l e  w a l l  sub- 
j e c t e d  t o  t h e  f l o o r  spectrum o f  F igu re  6 due t o  i n e l a s t i c  response than would 
be obta ined us ing d u c t i l i t y  f a c t o r  c o r r e c t i o n  approaches which are approp r ia te  

f o r  broader f requency con ten t  ground spectra.  

Based on a l a r g e  number o f  non l i nea r  t i m e - h i s t o r y  

T h i s  

Accounting f o r  u n c e r t a i n t y  i n  t h e  n a t u r a l  f requency o f  t h i s  b lock  w a l l  
and u n c e r t a i n t y  i n  t h e  f requency content  o f  t h e  F igu re  6 i n p u t  spectrum, I 
would c o n s e r v a t i v e l y  est imate t h e  'so-ca l led e l a s t i c "  response o f  t h i s  w a l l  

us ing  t h e  5.5 Hz, 7% damped s p e c t r a l  a c c e l e r a t i o n  from F i g u r e  6 o f  0.879. 
This  s p e c t r a l  a c c e l e r a t i o n  va lue l i e s  h i g h  up on t h e  narrow frequency ampli- 
f i e d  spectrum o f  F i g u r e  6, and s o f t e n i n g  o f  t h e  component due t o  i n e l a s t i c  

behavior w i l l  d r a m a t i c a l l y  reduce t h e  i n p u t  s p e c t r a l  acce le ra t i on .  I n  such a 

case t h e r e  w i l l  be v e r y  l a r g e  b e n e f i t s  f rom i n e l a s t i c  response. Fo l l ow ing  t h e  
recommendations o f  Ref. (6), - even f o r  t h e  HCLPF c a p a c i t y  I can c o n s e r v a t i v e l y  
est imate t h a t  t h e  e f f e c t i v e  f requency o f  t h i s  w a l l  w i l l  no t  exceed 2.9 Hz w i t h  

an e f f e c t i v e  damping o f  10%. 

f rom F i g u r e  6 i s  0.339, which i s  o n l y  38% o f  t h e  " e l a s t i c "  s p e c t r a l  accelera- 

t i  on o f  0.879. 

r e c t i o n  f a c t o r  t o  1.25 as recommended by Ref. ( 3 )  - r a t h e r  than us ing t h e  h ighe r  

Using these values, t h e  s p e c t r a l  a c c e l e r a t i o n  

Conservat ive ly  1 i m i  t i  ng t h e  i ne1 as t  i c  energy absorpt  i on cor-  
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value developed by  t h e  procedures o f  Ref. ( 6 ) ,  - I obta ined an e f f e c t i v e  spec- 
t r a l  a c c e l e r a t i o n  f o r  HCLPF c a p a c i t y  o f  0.33/1.25 = 0.269. 
t h i s  e f f e c t i v e  s p e c t r a l  a c c e l e r a t i o n  o f  0.269 v e r y  c o n s e r v a t i v e l y  represents  
t h e  i n e l a s t i c  response o f  t h i s  b lock  w a l l  p r i o r  t o  f a i l u r e  when subjected t o  
t h e  i n p u t  o f  F i g u r e  6. For comparison, t h e  e f f e c t i v e  s p e c t r a l  a c c e l e r a t i o n  

used by EQE i n  t h e i r  CDFM HCLPF c a p a c i t y  Computations was 0.36g. 
ence o f  0.369 versus 0.269 f o r  t h e  e f f e c t i v e  s p e c t r a l  a c c e l e r a t i o n  more than 

accounts f o r  t h e  d i f f e r e n c e s  i n  our  HCLPF c a p a c i t i e s  of 0.489 versus 0.629. 
S i m i l a r l y ,  a t  t h e  median l e v e l ,  t h e  d i f f e r e n c e s  i n  e f f e c t i v e  spec t ra l  accel-  
e r a t i o n s  used f u l l y  accounts f o r  t h e  r e s u l t a n t  d i f f e r e n c e s  i n  median 

capac i t i es .  

I n  my judgment, 

T h i s  d i f f e r -  

Because I s t r o n g l y  b e l i e v e  t h a t  I have used a more r e a l i s t i c  approach 
based on Ref. ( 6 )  - t o  es t ima te  t h e  i n e l a s t i c  response o f  t h i s  b lock  wa l l ,  I 
cannot support  any consensus HCLPF o r  median c a p a c i t y  est imate s i g n i f i c a n t l y  
l e s s  than those I prov ided i n  Table 2, even though m y  es t ima tes  are h ighe r  

than those o f  any o f  t h e  o the r  consul tants .  I cou ld  n o t  support  a consensus 
HCLPF c a p a c i t y  est imate l e s s  than 0.57g o r  a median c a p a c i t y  es t ima te  l e s s  

than 1.759 f o r  t h i s  b lock  w a l l .  
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TABLE 1 

GROUND MOTION RANDOM VARIABILITY RESPONSE PARAMETERS 

Parameter 

(1) F1: Peak & V a l l e y  V a r i a b i l i t y  Fac to r  

( 2 )  F2: H o r i z o n t a l  D i r e c t i o n  V a r i a b i l i t y  

( 3 )  84% NEP V e r t i c a l  / 84% NEP La rges t  

( 4 )  V e r t i c a l  / Median Average H o r i z o n t a l  

F a c t o r  

Hor i zon t a1 

( 5 )  La rges t  H o r i z o n t a l  / Median Average 

( 6 )  F6: 

( 7 )  F7: 

( 8 )  F8: 

( 9 )  Fg: 

H o r i z o n t a l  

84% NEP La rges t  H o r i z o n t a l  / 

84% NEP La rges t  H o r i z o n t a l  / 

V e r t i c a l  / Median Average 

V e r t i c a l  / 84% NEP La rges t  

Median Average H o r i z o n t a l  

Median La rges t  H o r i z o n t a l  

Hor i zont a1 

H o r i z o n t a l  

Yled i ar 

1 .oo 

1 .oo 

0.67 

---- 
-- 

1.13 

1.41 

1.22 

0.67 

0.48 

BR 

0.20 

0.15 

---- 

0.34 

- 
Comments 

Bas ic  

Assumed 

Parameter 

V a1 ues 

Der i ved 
Parameter Values 

From ( 1 )  & ( 2 )  

From ( 5 )  

From (1) 

From (6 )  & ( 8 )  
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TABLE 2 

COMPARISON OF CAPACITY RESULTS FROM CDFM AND FRAGILITY METHODS 

Component 

F l a t  Bottom Storage Tank 

Auxi 1 i a r y  Contactor  C h a t t e r  

( a )  Cabinet A t  Grade 

( b )  Cabinet High i n  S t r u c t u r e  

S t  a r t  i ng A i  r Tank 

Heat Exchanger 

Block Wall 

- 

HCLPF 

t- 1 0.299 

L 
0.549 

J 

0.109 

0.489 

I 
I Oa40g 

.b 

F r a g i l i t y  Method 

h 

0.599 1.269 0.46 

0 . l l g  0.309 0.60 

0.509 0.46 1.079 I I 
0.429 1 1.189 I 0.62 

0.679 I 1.949 I 0.64 
I I 1 

~~ ~ 

Equal HCLPF Capac i t i es  

0.51 1.12 

0.67 1.11 

0.49 1.06 

0.66 1 1.06 

0.69 I 1.08 



Materials: Shell & Chairs: SA240 - Type 304 SST 
Bolts: A307 - 2" 4 

- 
h 
m 
II 

I 

I 
t, = 1/4"- -1  

Figure 1. Flat Bottom Vertical Water Storage Tank 

A - I 8  



61-V 



A-20 



TITLE STRUCTURAL PAOE-OF-Job NO 
BY COMMENT8 

CONSULTING 
CHKQ. BY QATCL 
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Figure 5. Cornparisan of GERS with f a i l u r e  data:  
function during and a f t e r  f o r  MCC 
(from Ref. - 4 ) .  
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FLAT-BOTTOM VERTICAL WATER STORAGE TANK 

CDFM METHOD* 

R. P. Kennedy 

* Reproduced from Appendix H, Ref. ( 3 ) ,  "F la t -Bo t tom V e r t i c a l  Water S torage 
Tank" b y  R. P. Kennedy, August 1987. 
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Appendix H 

R.P. Kennedy 

FLAT-BOTTOM VERTICAL FLUID STORAGE TANKS 
by 

H . l  Introduct ion 

Flat-bottom v e r t i c a l  f l u i d  s torage tanks of the type i l l u s t r a t e d  i n  Figure H-1 
should be evaluated d u r i n g  a Seismic Margin Assessment (SMA) i f  they a re  needed i n  

t h e  success paths being considered. First, examples of f a i l u r e s  w i t h  l o s s  of 
contents  d u r i n g  strong earthquake shaking e x i s t  f o r  such tanks when they have 
minimal o r  no anchorage. 
have been designed f o r  seismic e f f e c t s ,  past  designs ( those  predat ing about 1977) 
tend t o  have less seismic margin than e x i s t s  f o r  most o ther  seismic designed 
components. 

Secondly, even though such tanks a t  nuclear  power p l a n t s  

Many of these tanks were d e s i g n e d  using t h e  seismic evaluat ion procedure of TID- 
7024 (1). The major problem i s  t h a t  d i r e c t  appl ica t ion  of t h i s  method i s  
c o n s i s t e n t  w i t h  t h e  assumption t h a t  the  combined f luid- tank system i n  t h e  
horizontal  impulsive mode i s  s u f f i c i e n t l y  r i g i d  t o  j u s t i f y  t h e  assumption of a 
r i g i d  tank For t h e  case of f l a t  bottomed tanks mounted d i r ec t ly  on t h e i r  base, 
o r  tanks w t h  very s t i f f  s k i r t  supports,  th i s  assumption leads t o  t h e  usage of a 
s p e c t r a l  a c c e l e r a t i o n  equal t o  t h e  zero-period base acce lera t ion .  This assumption 
i s  unconservative f o r  tanks mounted on the ground or  low i n  s t r u c t u r e s  when t h e  
s p e c t r a l  a c c e l e r a t i o n  does not r e t u r n  t o  the  zero period base acce lera t ion  a t  
f requencies  below about 20 Hz. 
have shown t h a t  f o r  typ ica l  tank designs,  the  modal frequency f o r  t h i s  fundamental 
horizontal  impulsive mode of the  tank she l l  and contained f l u i d  i s  general ly  
between 2 and 20 Hz. 
s i g n i f i c a n t l y  g r e a t e r  than the  zero period acce lera t ion .  

More recent  evaluat ion techniques (2)(2) ('I)(?) 

W i t h i n  t h i s  regime, the spec t ra l  a c c e l e r a t i o n  i s  t y p i c a l l y  

The above described problem w i t h  such tanks i n  t h e  nuclear industry was publ ic ized 
d u r i n g  t h e  U.S. Nuclear Regulatory Commission Task Action Plan A-40 (2) which 
provided t h e  b a s i s  f o r  Unresolved SEfety IsSue A-40. One way t o  reso lve  t h i s  

i ssue  i s  through showing an adequate seismic margin o f  such tanks by a seismic 
evaluat ion as  a p a r t  of a SMA. This appendix i s  intended t o  summarize a 

reasonable procedure t o  evaluate  the High-Confidence-Low-Probability-of-Failure 
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( H C L P F )  seismic capaci ty  of such tanks following the general Conservative- 
Deterministic-Failure-Margin ( C D F M )  approach summarized i n  Sect ion 2 .  

The seismic evaluat ion of  these  tanks c o n s i s t s  of two par t s :  a seismic response 
eva lua t ion ,  and a seismic capaci ty  assessment. The t o p i c  of response evaluat ion 
has been extens ive ly  described i n  the l i t e r a t u r e  i n  the l a s t  10 y e a r s  ((2) through 
( 1 0 ) ) .  - 
a p p l i e s  t o  t h e  example tank,  i l l u s t r a t e d  i n  Figure H-1. The general  approach 
followed w i l l  be t h a t  given i n  ( 2 ) ( 2 ) ( l O )  - and the reader i s  r e f e r r e d  t o  any of 
t h e s e  readi ly  a v a i l a b l e  re ferences  f o r  f u r t h e r  d e t a i l s .  Herein, i t  w i l l  be 
assumed t h a t  the  example tank i s  founded on a rock s i t e  so t h a t  t h e  t o p i c  of s o i l -  

structure-interaction ( S S I )  i s  not germane to this example. When flat-bottomed 
tanks a r e  founded on  s o i l ,  the  r e s u l t a n t  SSI can s u b s t a n t i a l l y  modify the  tank 
response ( 5 )  and such modif icat ions s h o u l d  be considered. 

Therefore,  response evaluat ion w i l l  only be summarized herein as i t  

T h e  seismic capac i ty  assessment of minimally anchored tanks such a s  t h a t  
i l l u s t r a t e d  i n  Figure H-1 has not received a s  thorough of a t reatment  i n  t h e  
l i t e r a t u r e  and so w i l l  be discussed herein i n  g r e a t e r  d e t a i l .  
shown i n  Figure H-1 w i l l  be used as  the vehicle  f o r  t h i s  discussion.  

The example tank 

The example tank i s  representa t ive  of tanks of ten  f o u n d  a t  low seismic (SSE<0.15g) 
nuclear  power p l a n t  s i t e s .  The tank rad ius ,  R, i s  20 f e e t ,  while the  water 
he ight ,  H ,  when f u l l ,  i s  37 f e e t ,  w i t h  the  overa l l  tank height t o  the top of i t s  
dome roof being 4 3 . 4  f e e t .  
rad ius .  
response eva lua t ion  approach, t h i s  tank was b u i l t  w i t h  only a minimal number of 
hold-down anchor b o l t s  cons is t ing  of e ight  2 inch diameter A307 b o l t s  around i t s  
circumference. These b o l t s  p rov ide  hold-down forces  t o  t h e  tank s h e l l  t h r o u g h  t h e  
top  p l a t e  of well-designed b o l t  c h a i r s  a t  a h e i g h t ,  hc ,  of 24.75 inches above the 
tank bottom. 
anchor p l a t e  a t  a depth,  h a ,  of 28.5 inches. 
t h e  tank ,  and t h e  bol t  anchorage a r e  s u f f i c i e n t  t o  develop the f u l l  capaci ty  of 
t h e  b o l t s .  Because t h i s  i s  an atmospheric s torage tank (no i n t e r n a l  pressure)  
w i t h  a low d e s i g n  SSE, the tank head, s ide  wal l ,  and base p l a t e  thicknesses  a r e  
t h i n  which i s  t y p i c a l  f o r  these  tanks.  The tanks s h e l l  i s  SA240-Type 304 
s t a i n l e s s  s teel .  

T h u s ,  t h i s  tank i s  about twice a s  h i g h  a s  i t s  
Because t h i s  tank was designed f o r  a low SSE u s i n g  t h e  TID-7024 (1) 

The b o l t s  a r e  anchored i n t o  t h e  concrete  foundation through an 
The bol t  c h a i r s ,  the i r  attachment t o  

Although t h i s  tank had an unconservative TID-7024 (1) seismic response a n a l y s i s  
f o r  a low SSE d u r i n g  design,  the design capaci ty  assessment was performed very 
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conservat ively a s  i s  typical  of nuclear plant  designs and the  d e t a i l i n g  was 
good. 
impossible f o r  experienced seismic engineers t o  assess  whether t h i s  tank has a 
s u f f i c i e n t l y  h i g h  seismic margin ( H C L P F  > 0.309) such t h a t  an evaluat ion i s  
unnecessary o r  such a low seismic margin ( H C L P F  < 0.159) so t h a t  the  seismic 
c a p a b i l i t y  o f  t h i s  tank should  be dismissed and an a l t e r n a t e  success path 
s e l e c t e d .  A d e t a i l e d  seismic evaluation i s  warranted. 

Therefore ,  simply from a review of design c a l c u l a t i o n s  and a walkdown i t  i s  

As noted i n  Sect ion 2 ,  the  f i r s t  s t e p  i n  a SMA i s  the  s e l e c t i o n  of a Seismic 
Margin Earthquake (SME) response spectrum shape anchored t o  a SME Peak Ground 
Acceleration ( P G A )  l eve l .  For t h i s  example problem, the  f o u r t h  a l t e r n a t i v e  
approach described i n  Step 1 of Section 2 w i l l  be used f o r  t h i s  s e l e c t i o n .  I n  
t h i s  a l t e r n a t i v e ,  a standard medim spectrum shape which approximates a uniform 
hazard spectrum shape w i l l  simply be spec i f ied .  For t h i s  example, the  median 
NUREG/CR-0098(11) - spectrum shape for rock s i t e s  wil l  be spec i f ied  for t h e  
horizontal  g r o u n d  motion and the  v e r t i c a l  ground motion wil l  be spec i f ied  as two- 
t h i r d s  of t h e  horizontal  m o t i o n .  When s p e c i f i e d  i n  t h i s  way, the r e s u l t a n t  HCLPF 

SME statement i s  condi t ional  on t h i s  standard spectrum anchored t o  the  SME level  
PGA not being exceeded by a fu ture  g r o u n d  motion a t  more than 16% of the  natural  
f requencies  i n  the  frequency range and d i r e c t i o n  of i n t e r e s t .  T h e  r e s u l t a n t  SME 
PGA level  w i l l  then be determined by the  HCLPF seismic evaluat ion o f  the  tank. 

OP 
_j* 

Because c a p a c i t i e s  t o  withstand horizontal  responses a re  s l i g h t l y  influenced by 

v e r t i c a l  responses,  a small amount  of  nonl inear i ty  develops when computing t h e  SME 
capac i ty  n f  tanks.  Therefore,  i t  i s  preferab le  t o  es t imate  an SME capac i ty  of t h e  
tank,  SME,, and t o  compute t h e  seismic response, SEISMIC,, f o r  t h i s  SME,. 
t h e  ac tua l  SME capaci ty  can be estimated from: 

Then 

('ME,) 
C A P A C I T Y  - STATIC 

= k SEISMICe 

where C A P A C I T Y  i s  t h e  H C L P F  capaci ty  o f  the  tank, STATIC i s  t h e  port ion of t h i s  
capaci ty  used u p  by s t a t i c  loads and k i s  the  i n e l a s t i c  energy absorpt ion 
e f f e c t i v e  seismic s t r e s s  cor rec t ion  f a c t o r  described i n  Sect ion 2 and discussed i n  

t h e  capac i ty  assessment sec t ion  of t h i s  appendix. I f  the  r e s u l t a n t  SME d i f f e r s  
s u b s t a n t i a l l y  from SHEe then i t e r a t i o n  of the  procedure i s  necessary because o f  

t h e  s l i g h t  n o n l i n e a r i t i e s .  
necessary.  For this  example tank, the estimated SME, wil l  be taken t o  be 0.27- 

g. T h u s ,  using (11) - f o r  rock s i t e s ,  the  g round  motion est imates  t o  be used f o r  
t h e  response evaluat ion w i  11 be: 

So l o n g  as SME and SME, a re  c lose ,  no  i t e r a t i o n  i s  
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Horizontal PGA:  

Vert i ca 1 PGA: 
AH = SME, = 0.279 

AV = (2/3)A" = 0.189 
Horizontal Velocity: V H  = 36 in/sec-g(AH) = 9.7 in/sec 
Vert ical  Velocity: 
Horizontal Displacement: 

V v  = (2/3)VH = 6.5 in / sec  
o H  = ( ~ v * ~ / A ~ )  = 5.4 inches 

Using the  response evaluat ion and capaci ty  assessment procedures recommended 

herein together  with t h e  above d e f i n i t i o n  f o r  t h e  SME response spectrum shape, the  
example t a n k  defined by F igure  H . l  w i l l  be shown t o  have  a H C L P F  SME PGA capac i ty  
of 0.299. I t  should be noted t h a t  t h e  H C L P F  capaci ty  level  i s  a conservat ive,  
e s s s n t i a l l y  lower-bound estimate o f  t h e  f a i l u r e  capac i ty .  T h e  ac tua l  f a i l u r e  
capac i ty  i s  l i k e l y  t o  be much higher.  I n  f a c t ,  a median f a i l u r e  capaci ty  es t imate  

(50% p r o b a b i l i t y  of f a i l u r e )  f o r  t h i s  t a n k  i s  in excess of 0.69. Therefore,  
d e s p i t e  t h i s  t a n k  having an unconservative TID-7024 (1) - response a n a l y s i s  f o r  a 
low SSE d u r i n g  des ign ,  t h i s  t a n k  has a subs tan t ia l  seismic margin c a p a b i l i t y .  

H.2 Response Evaluation 

T h ?  seismic response evaluat ion should provide est imates  of  each of the  following: 

1. 

2 .  

3. 

4. 

T h e  overturning moment in the t a n k  s h e l l  immediately above t h e  base 
p l a t e  of  the t a n k .  This moment i s  t h e n  compared w i t h  base moment 
capac i ty  as governed by a combination of s h e l l  buckling and  anchor b o l t  

y i e l d i n g  or f a i l u r e  a n d  general ly  governs t h e  SME capaci ty  of t h e  t a n k .  

T h e  overturning moment applied t o  t h e  tank foundation t h r o u g h  a 
combination of  t h e  t a n k  s h e l l  and t h e  base  p l a t e .  This moment i s  only 

needed f o r  t a n k s  founded on s o i l  s i t e s  where a foundation f a i l u r e  mode 

should be invest igated and  i s  genera l ly  obtained as par t  of the  SSI 
eva lua t ion .  I t  seldom governs t h e  SME capaci ty .  

T h e  base  shear b e n e a t h  t h e  t a n k  base p l a t e .  This base shear i s  
compared t o  t h e  horizontal  s l i d i n g  capaci ty  of the  tank. For 
atmospheric tanks with a radius  g r e a t e r  than 15 f e e t  i t  seldom c o n t r o l s  

the SME capac i ty .  

The combination o f  t he  hydros ta t ic  plus hydrodynamic pressures on t h e  
t a n k  s i d e  wall .  I t  i s  cornon des ign  prac t ice  t o  compare these combined 
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pressures  w i t h  the  membrane hoop capaci ty  of t h e  tank side wal ls  a t  
one-foot above the  base and each wall thickness change. T h u s ,  f o r  the  
example tank these combined pressures a r e  needed a t  22-feet ,  30-feet,  
and 36-feet below the top of the water. 
e s s e n t i a l l y  never govern t h e  SHE capaci ty  of a properly designed tank. 

These combined pressures  

5 .  The average hydros ta t ic  minus hydrodynamic pressure on t h e  base p l a t e  
o f  t he  t ank .  T h i s  pressure i s  used when evaluating the s l i d i n g  
capac i ty  of  the t a n k .  

p l a t e  a r e  included i n  the  overturning moment capaci ty  es t imate ,  then 
t h e  minimum value of t h e  hydros ta t ic  minus hydrodynamic pressure near 
t h e  tank s i d e  wall should a l s o  be estimated. 

I f  hold-down forces  d u e  t o  f l u i d  on the base 

6.  The  f l u i d  s losh  h e i g h t .  This  s losh h e i g h t  is compared w i t h  t h e  
freeboard above the  top of the  f l u i d  t o  es t imate  whether roof damage i s  
l i k e l y .  However, roof damage seldom i n t e r f e r e s  with t h e  s a f e t y  
func t ion  of t h e  tank immediately a f t e r  an earthquake and i s  genera l ly  
n o t  o f  concern i n  a SMA. 

I n  es t imat ing each o f  these  response q u a n t i t i e s  a t  l e a s t  two horizontal  modes of 
combined f lu id- tank  v ibra t ion  and one v e r t i c a l  mode of f l u i d  v i b r a t i o n  should be 
considered. The two horizontal  response modes should include a t  l e a s t  one 
impulsive mode i n  w h i c h  the  response of the  tank s h e l l  and roof a r e  coupled 
toge ther  w i t h  the  por t ion  of the  f l u i d  contents  w h i c h  move i n  unison w i t h  t h e  
s h e l l  and a t  l e a s t  t h e  fundamental sloshing (convective) mode of t h e  f l u i d .  A s  
noted previously,  t h e  response evaluat ion w i l l  only be summarized herein a s  i t  

a p p l i e s  t o  the  example tank and w i l l  general ly  fol low the approach given i n  (2) 
( 3 )  (22) * 

The f i r s t  s t e p  of a response evaluat ion i s  t o  make a weight takeoff and t o  
determine t h e  hydros ta t ic  f l u i d  pressure,  PST, a t  capaci ty  eva lua t ion  loca t ions  
along the  tankshe l l  and the base. 
and t h e i r  cen ter  of grav i ty  heights ,  X ,  above the  tank base are:  

For the example tank, the component weights,  W ,  

Head: WH = 17 .2  k i p s  XH = 4 2 - f t  

She l l :  Ws = 44.9 k i p s  Xs = 16.4-ft 
Bottom: WB = 12.8 kips xg = 0 
Water: WN = 2900 kips Xw = 18.5-ft  
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It shou ld  be noted t h a t  t h e  water  weight  t o t a l l y  dominates ove r  t h e  tank  we igh t  

be ing  n e a r l y  40 t i m e s  t h e  t o t a l  tank we igh t .  A s  a f i r s t  o r d e r  es t ima te ,  one c o u l d  

base t h e  e n t i r e  computed se ismic  response on the  water  we 
we igh ts .  Th i s  approach w i l l  no t  be done he re in ,  b u t  tank  

o n l y  app rox ima te l y  computed. 

The h y d r o s t a t i c  f l u i d  pressures,  PsT ,  a t  c a p a c i t y  e v a l u a t  

i n  Table H-1.  

H.2.1 H o r i z o n t a l  Impu ls i ve  Mode Response 

One must f i r s t  e s t i m a t e  t h e  h o r i z o n t a l  impu ls i ve  mode n a t u r a  

approach i s  t o  use: 

c .  * 1 , -  10.1270, 
- 3  

L1 ‘S / pS where CLI = CwI p~ fI = 2aH 

g h t  i g n o r i n g  tank  

we igh t  responses w i l l  be 

on l o c a t i o n s  a re  g i v e n  

f requency,  fI. One 

where E, i s  t h e  modulus of e l a s t i c i t y  f o r  t h e  tank w a l l  m a t e r i a l ,  

d e n s i t y ,  p L i s  t h e  f l u i d  mass dens i t y ,  and CwI i s  a h o r i z o n t a l  i m p u l s i v e  f requency  

c o e f f i c i e n t  f o r  water  i n  a s t e e l  tank. Th is  c o e f f i c i e n t  i s  a f u n c t i o n  o f  t h e  

r a t i o  (H/R) and t h e  tank w a l l  t h i ckness ,  t. For  t h e  case o f  r o o f l e s s  tanks  w i t h  a 
u n i f o r m  w a l l  t h i ckness ,  t, t h e  va lue  o f  CwI may be ob ta ined  from (2) o r  (E!). For  

v a r i a b l e  w a l l  t h i c k n e s s  tanks,  t h e  v a r i a b l e  w a l l  t h i ckness  can be approx imated by 

an average va lue  where in  t h e  averag ing  should be done so as t o  emphasize t h e  

s e c t i o n  o f  t h e  tank  f o r  which modal d isp lacements a re  t h e  l a r g e s t .  For  water  i n  

s t e e l  t anks  

p s i s  i t s  mass 

(pL /ps )  = 0 . 1 2 7 ~ 0  t h a t  CLI = C w I  a n d d G  = 16,200 f t . / sec .  

For  t h e  example tank ,  t h e  approximate average th i ckness  i s  es t ima ted  t o  be 0.22- 

i n c h  and (H/R) = 1.85. 

e s t i m a t e d  a t  0.085. Thus, fI i s  6.0 Hz w i t h  an expected accuracy range of about 

5.5 Hz t o  6.6 Hz. 

Using Table 7 . 4  o f  ( 5 )  - and these p r o p e r t i e s ,  CW1 i s  

Next, one must e s t i m a t e  t h e  h o r i z o n t a l  impu ls i ve  mode s p e c t r a l  a c c e l e r a t i o n ,  SAI * 
f o r  f requenc ies  i n  t h e  range o f  5 . 5  t o  6.6 Hz. 

e s t i m a t e  o f  energy d i s s i p a t i o n  as expressed by e q u i v a l e n t  v i scous  damping. 

CDFM c a p a c i t y  eva lua t i ons ,  S e c t i o n  2 recommends u s i n g  a c o n s e r v a t i v e  e s t i m a t e  o f  

median damping. 

s t r e t c h i n g ,  some n o n l i n e a r  tank  u p l i f t ,  and s l i g h t  “ e l e p h a n t - f o o t ”  b u c k l i n g  o f  t h e  

tank  s h e l l  i s  expected t o  occur  p r i o r  t o  f a i l u r e ,  5% of c r i t i c a l  damping 

represents a c o n s e r v a t i v e  es t ima te  of median damping f o r  t h i s  mode. Us ing  t h e  

For  such an es t ima te ,  one needs an 

For  

For  tanks  s i m i l a r  t o  the example tank  i n  which i n e l a s t i c  b o l t  
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median NUREG/CR-0098 (11) spectrum shape t o  def ine the SME spectrum shape, t h e  5% 
damped s p e c t r a l  acce le ra t ion  f o r  frequencies i n  t h e  range of 5.5 t o  6.6 Hz and a 
SHEe o f  0.279 can be given by: 

- 

= 2.12 (0.279) = 0.579 
s A I  

Reference (2) (5) (10)  - - -  then recomend t h a t  the impulsive mode base shear ,  VI, and 
moment a t  the  base of the  tank s h e l l ,  M I ,  be given by: 

where W I  i s  the  e f f e c t i v e  impulsive weight of t h e  contained f l u i d  and XI i s  i t s  
e f f e c t i v e  height above t h e  tank base. 
i s  important and  t he  head w e i g h t ,  WH, and s i d e  wall weight, WS, and their  
effective heights could be ignored with less than a 5% error. 

Only t h i s  e f f e c t i v e  impulsive f l u i d  weight 

For tanks with (H/R) r a t i o s  g r e a t e r  than 1.5 such as f o r  t h i s  example tank,  
(2)(lO) - suggest t h a t  W I  and X I  can be estimated from: 

H/R t 1.5 

- 1.0 - 0.436(R/H) wI 
wW 
- -  

- -  XI - 0.50 - 0.188(R/H) 
H 

For (H/R) l e s s  than 1.5, see (2) o r  (lo) f o r  corresponding equations.  
t .his example t a n k  w i t h  (H/R) = 1.85, 

Thus, f o r  

W I  = 0.764Ww 

W I X I  0.304WWH 

T h u s ,  t h e  impulsive mode base shear and moments from Equations (H.3) and (H.4) 
are:  

VI = 1310 k i p s  MI = 19,500 k i p - f t  
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Vele t sos  ( 5 )  p r o v i d e s  a s l i g h t l y  d i f f e r e n t  fo rmula t ion  f o r  W I  and XI  which l eads  
t o  t h e  fo l lowing  f o r  t h i s  example tank:  

w h i c h  w i l l  l e a d  t o  a s l i g h t l y  lower base s h e a r ,  V I ,  and t h e  i d e n t i c a l  base moment, 
M I ,  as  t h a t  g iven  above i n  Equat ion ( H - 7 ) .  
s l i g h t l y  d i f f e r e n t  fo rmula t ion  f o r  computing V I  and MI which l e a d s  t o  t h e  
fo l lowing  va lges  f o r  t h i s  example tank:  

Haroun a n d  Housner (8) p rov lde  a 

VI = 1150 k i p s  M I  = 20,800 k i p - f t  

T h e  d i f f e r e n c e s  i n  impuls ive  response  r e s u l t s  from each of these  three approaches  
a re  small  and w i t h i n  t h e  unde r ly ing  accuracy  o f  t h e  computa t ions .  
th ree  approaches may be u s e d .  
(H.7) w i l l  be used .  

Any of  t h e s e  
For t h i s  example,  t h e  r e s u l t s  g iven  i n  Equat ion  

Next, t h e  impuls ive  mode hydrodynamic p r e s s u r e s ,  PI, on t h e  tank  should  be 
approximate ly  e s t i m a t e d .  Reference ( 2 )  - and (IO) sugges t  t h a t  f o r  dep ths  y f rom 
t h e  t o p  of t h e  f l u i d  g r e a t e r  t h a n  0.15H, t h i s  p r e s s u r e  P I  can be approximated by: 

y/H ? 0.15 

'1 '1 'AI 

= 1.36RH2 

w i t h  t h e  impu l s ive  p r e s s u r e  vary ing  approximate ly  l i n e a r l y  from zero a t  t h e  t o p  o f  

t h e  f l u i d  ( y  = 0) t o  t h e  va lue  f o r  Equat ion (H.8) a t  y = 0.15H. For t h e  example 
t a n k ,  a t  d e p t h s  greater t h a n  5 . 6 - f t ,  t h e  impuls ive  pressure i s  e s t i m a t e d  from 
Equat ion  (H-8) t o  be: 

y L 5 . 6 f t  : P I  = 3.5 ps i  (H-9) 

Both V e l e t s o s  ( 5 )  - and Haroun and Housner (8) p rov ide  a l t e r n a t e  f o r m u l a t i o n s  f o r  
e s t i m a t i n g  t h e  impuls ive  p r e s s u r e .  For t h i s  example t a n k ,  by ( 5 )  t h e  maximum 
impu l s ive  pressure i s  e s t i m a t e d  t o  be 3 .4  p s i ,  whereas  by (8) t h e  average  
impulsive p r e s s u r e  o v e r  t h e  t a n k  h e i g h t  i s  e s t i m a t e d  t o  be 3 . 4  p s i .  .S ince  
hydrodynamic p r e s s u r e s  seldom govern t h e  d e t e r m i n a t i o n  of  t h e  SME c a p a c i t y ,  any of 
t h e s e  approaches  a r e  adequate  f o r  e s t i m a t i n g  t h e  impuls ive  p r e s s u r e .  The  
impulsive p r e s s u r e  g i v e n  by Equat ion (H-9) has been used i n  Tab le  H-1 f o r  t h i s  
example t a n k .  
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hJ 
H. 2.2 H o r i z o n t a l  C o w e c t i v e  ( S l o s h i n g )  Mode Response 

The fundamenta l  c o n v e c t i v e  mode f requency,  f c ,  can  be e s t i m a t e d  f rom: 

4 1.50 f t / s e c L  tanh ( 1.835 (H/R) ) 
R f =  

C 
(H- 10) 

Thus, f o r  t h e  example t a n k ,  f, = 0.274 Hz. T h i s  c o n v e c t i v e  mode i s  v e r y  l i g h t l y  

damp2d and i t  i s  sugges ted  t h a t  a damping r a t i o  o f  0.5 p e r c e n t  o f  c r i t i c a l  damping 

For the 
be used  when e s t i m a t i n g  t h e  c o n v e c t i v e  mode s p e c t r a l  a c c e l e r a t i o n ,  

SME spec t rum shape anchored  t o  t h e  e s t i m a t e d  SME, of 0.279, a t  f c  = 0.274 Hz and 

0.5 p e r c e n t  damping t h e  c o n v e c t i v e  mode s p e c t r a l  a c c e l e r a t i o n  i s :  

SA = 0.0849 
C 

The c o n v e c t i v e  mode base shear  and moment a r e  t h e n  g i v e n  by: 

"c = 'Ac 'c 

Mc = SA Wc X c  
C 

(H-11) 

(H-12 )  

where Wc i s  t h e  e f f e c t i v e  c o n v e c t i v e  mode f l u i d  w e i g h t  and X c  i s  i t s  e f f e c t i v e  

h e i g h t  o f  a p p l i c a t i o n  above t h e  base. 

From ( l ) ,  - (2) and ( l o ) ,  - t h e s e  e f f e c t i v e  c o n v e c t i v e  mode w e i g h t s  and h e i g h t s  may be 

e s t i m a t e d  f rom: 

- -  '' - 0.46(R/H) t a n h  (1.835(H/R)) 
ww 

cosh  (1.835(H/R)) - 1.0 
1.835(H/R) s i  n h  (1.835( H/R) ) - 1.0 - - -  xC 

H 

F o r  t h e  example t a n k  w i t h  (H/R) = 1.85, t h e s e  e q u a t i o n s  l e a d  t o :  

W c  = 0.248 W, W,X, = 0.180 W,H 

(H-13) 

(H- 14) 

w h i c h  r e s u l t  i n  a c o n v e c t i v e  mode base shear  and moment o f  : 
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V c  = 60 kips  Mt = 1600 k i p - f t  (H-15) 

Note how low these  convective mode shears  and moments a r e  r e l a t i v e  t o  t h e  
impulsive mode values ( E q n  ( H - 7 ) .  

The hydrodynamic convective pressure can b e  estimated from (i), (2) and  (5): 
cos h ( 1.83 5 ( ) ) 
cosh( 1.835(H/R)) 

0.267 W S 
- *c 

pc - RH ( H -  16) 

Such pressures  a r e  genera l ly  n e g l i g i b l e  compared t o  e i t h e r  t h e  hydrodynamic 
impulsive pressure ,  PI, or  the  hydros ta t ic  pressure,  PsT,  except a t  shallow depths 
below the  f l u i d  surface.  For instance,  a t  the f i r s t  c r i t i c a l  s e c t i o n  (y = 22 f t )  
l i s t e d  i n  Table H-1 f o r  the  example tank, the convective pressure ,  Pc, i s  only 0.1 
p s i  and i s  l e s s  a t  g r e a t e r  depths. 

L a s t l y ,  t h e  fundamental mode f l u i d  s losh h e i g h t ,  h , ,  can be approximated by (I.), 
( ? ) I  (5)s and (10): 

h s  = 0.837R(S~ / g )  
C 

which leads t o  t h e  following s losh  height f o r  the  example tank: 

h, = 1.41 f t  

(H-17) 

(H- 18) 

H.2.3 Ver t ica l  F l u i d  Mode Response 

Hydrodynamic pressures  due t o  the fundamental v e r t i c a l  f l u i d  mode should be 
estimated at critical locations on the tank shell. The fundamental frequency o f  
t h i s  v e r t i c a l  response mode i s  heavily influenced by t h e  breathing f l e x i b i l i t y  of 
t h e  tank s h e l l  and i s  t y p i c a l l y  only s l i g h t l y  greater  than the hor izonta l  
impulsive mode frequency. T h u s ,  the  v e r t i c a l  f l u i d  response mode t y p i c a l l y  l i e s  
i n  the  highly amplified spec t ra l  acce le ra t ion  response regime so t h a t  t h e  use o f  
the  v e r t i c a l  PGA t o  compute t h e  hydrodynamic pressures  due t o  v e r t i c a l  response as  
recomnended by ( 2 )  - i s  general ly  inappropriate  and unconservative.  

One approach t o  compute t h e  fundamental frequency of the  v e r t i c a l  f l u - i d  response 
mode i s  t o  use: 

G? v ::; $T where cLv = cwv f = -  (H- 19) 
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which i s  the same equation form as t h a t  used t o  compute the  horizontal  impulsive 
mode response. 
uniform thickness ,  t ,  can be obtained from Table 1 of ( 6 )  - as a func t ion  of the  
( t / R )  and ( H / R )  r a t i o s .  For var iab le  wall thickness tanks,  an e f f e c t i v e  uniform 
wall thickness  must be estimated s i m i l a r l y  as  was done f o r  t h e  horizontal  
impulsive modal frequency. Assuming a ( t / R )  r a t i o  of 0.00092 and ( H / R )  = 1.85 f o r  
t h e  example tank,  C w v  i s  estimated t o  be 0.091 f o r  w h i c h  Equation (H-19) provides 
a frequency f v  of 6.4 Hz w i t h  an est imate  accuracy range of about 5.9 t o  7.0 Hz. 
The frequency o f  the  v e r t i c a l  f l u i d  response mode can a l s o  be estimated using Eqn 
C3500-13 of (lo) which f o r  the  above example tank proper t ies  leads t o  a frequency 
f ,  es t imate  of 6 .6  Hz w h i c h  i s  i n  the  same range. 

The c o e f f i c i e n t  Cwv for water i n  a r i g i d l y  supported s t e e l  tank of 

The hydrodynamic v e r t i c a l  f l u i d  response mode pressure f o r  a tank on a r i g i d  
foundation can be estimated from (1): 

P = 0.8 pLH ( S A  ) COS (+ 
V 

V 
(H-20) 

w h i c h  i s  more accurate  than the  l i n e a r  varying pressure defined by Eqn 3500-7 of 
( E ) .  An e f f e c t i v e  damping value together  w i t h  the  v e r t i c a l  mode frequency f v  
must be used t o  es t imate  the  v e r t i c a l  spec t ra l  acce le ra t ion  SA . 
foundation g r e a t l y  reduces the  v e r t i c a l  f l u i d  mode hydrodynamic pressures  below 
t h a t  computed f o r  a r i g i d  foundation ( z ) ( l ) .  
in f luence  i s  through the  use of increased damping. Even f o r  tanks on a rock s i t e  
t h e r e  w i l l  be some foundation f l e x i b i l i t y .  To p a r t i a l l y  account f o r  t h i s  e f f e c t ,  
i t  i s  recomended t h a t  f o r  a CDFM evaluat ion 5% of c r i t i c a l  damping be used when 
est imat ing the  v e r t i c a l  spec t ra l  acce le ra t ion  SA f o r  tanks on rock s i t e s .  

A f l e x i b l e  
V 

One way t o  approximate t h i s  

V 

For t h e  previously defined SME spectrum shape anchored t o  a SME, horizontal  PGA of 
0.279 (corresponding v e r t i c a l  PGA of 0.18g), t h e  5% damped S 
range of 5.9 t o  7.0 Hz is: 

f o r  a frequency 
*V 

S = 2.12 (0.189) = 0.389 

Using t h i s  s p e c t r a l  acce le ra t ions ,  the  hydrodynamic v e r t i c a l  f l u i d  response mode 
pressures ,  P v ,  computed by Equation (H-20) f o r  t h e  various capaci ty  evaluat ion 
loca t ions  a r e  presented i n  Table M - 1  f o r  the example tank. 
hydrodynamic pressures  due t o  the v e r t i c a l  f l u i d  response mode, P v ,  exceed those 
due t o  t h e  horizontal  response mode a t  a l l  locat ions.  

Note t h a t  t h e  
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H.2.4 Combined Responses 

The combined horizontal  seismic responses f o r  base shear (VSH)  base moment (MsH) ,  

and horizontal  seismic hydrodynamic pressures ( P s H )  can be obtained by t h e  SRSS 
combination t h e  corresponding horizontal  impulsive and convective responses (z), 
(z)(lO). Thus, for the example tank the impulsive responses (Eqn  (H-7) )  and the  
convective responses ( E q n  ( H - 1 5 ) )  produce the f o l l o w i n g  combined hor izonta l  
seismic responses: 

V s H  = 1310 kips MSH = 19,600 k i p  f t  (H-21) 

Table H-1 presents  the combined horizontal  seismic hydrodynamic pressures ,  PSH,at 
t h e  capac i ty  eva lua t ion  locat ions.  
hor izonta l  seismic responses are  e s s e n t i a l l y  equal t o  the impulsive mode responses 
and t h e  inf luence of the  convective mode i s  negl ig ib le .  

Note t h a t  f o r  t h i s  example tank,  the  combined 

For t h e  purposes of the membrane h$p s t r e s s  capaci ty  check, i t  i s  necessary t o  
have an es t imate  o f  the  maximum seismic hydrodynamic pressures ,  PSM, which can be 
obtained by the SRSS combination of the horizontal  seismic pressures ,  PsH, and t h e  
v e r t i c a l  f l u i d  response hydrodynamic pressures P,. For t h e  example tank ,  Table H- 

1 presents  the  maximum seismic hydrodynamic pressures ,  PsM, a t  capaci ty  eva lua t ion  
loca t ions .  

For the  purposes of es t imat ing the compressive buckling capaci ty  of the  tank 
s h e l l ,  i t  i s  necessary t o  h a v e  a n  e s t i m a t e  o f  t h e  e x p e c t e d  maximum and m i n i m u m  

f l u i d  p ressures  ac t ing  aga ins t  the tank s h e l l  near i t s  base a t  the loca t ion  of 
maximum a x i a l  compression during the time o f  maximum base moment. Those expected 
maximum and minimum compression zone pressures ,  Pc+ and Pc,, a t  the time o f  
maximum base moment can be estimated from: 

P c +  = PST + PSH + 0.4Pv 
(H-22) 

Pc- = PST + PSH - 0.4Pv 

where t h e  0.4 f a c t o r  on P, i s  t o  account f o r  the probable v e r t i c a l  made 
hydrodynamic v e r t i c a l  pressure a t  the time o f  maximum base moment. 
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Simi lar ly ,  f o r  the  purposes of es t imat ing t h e  expected minimum f 

f3rces  i n  the  zone o f  maximum t a n k  wall ax ia l  t e n s i o n ,  one needs 

t h e  minimum tens ion  zone f l u i d  pressure, PT,, a t  t h e  time of max 
given by: 

u id hol d-down 
an  estimate o f  

mum moment as 

(H-23) 

For t h e  s l i d i n g  capaci ty  evaluat ion one needs t h e  expected min imum average f l u i d  
pressure on the  base p l a t e ,  Pa ,  a t  the  time of maximum base shear as g i v e n  by: 

(H-24) 

Using t h e  base p l a t e  hydros ta t ic  and hydrodynamic pressures g i v e n  i n  Table H-1, 
t h e  following combined pressures are computed f o r  t h e  base p l a t e  from Eqns (H-22) 
t h r o u g h  (H-24): 

Base P l a t e  

Pc+ = 16.0 + 3.5 + (0.4)(4.9) = 21.5 p s i  

Pc- = 16.0 + 3 . 5  - (0.4)(4.9) = 17.5 psi 
(H-25) 

PT-  = 16.0 - 3.5 - (0.4)(4.9) = 10.5 psi 

P a  = 16.0 - (0.4)(4.9) = 14.0 psi 

Last ly ,  one a l s o  needs an  es t imate  o f  t h e  expected minimum t o t a l  e f f e c t i v e  weight,  

'Tel o f  t h e  t a n k  s h e l l  ac t ing  on t h e  base a t  the  time of maximum moment and base 
shear:  

which f o r  t h e  example tank problem i s :  

WTe = 57.6 kips 

A-38 

(H-26) 



H.3 Capacity Assessment 

Generally the SME capaci ty  of  a minimally anchored f l a t  bottom tank such a s  t h a t  
shown i n  f i g u r e  H-1 i s  governed by the  seismic overturning moment capac i ty  a t  i t s  
base,  M S C ,  compared t o  the applied overturning moment seismic response,  MSH. I n  
t u r n ,  t h i s  moment capaci ty  depends u p o n  the axial  compressive b u c k l i n g  capaci ty  of 
the  tank s h e l l  (C,,,), the  t e n s i l e  hold-down capaci ty  of the  anchor b o l t s  i n c l u d i n g  
t h e i r  anchorage and attachment t o  the tank (TBC) ,  and the  hold-down capac i ty  of 
f l u i d  pressure ac t ing  on the tank base p l a t e  ( T e ) .  
must be estimated p r i o r  t o  es t imat ing the overturning moment capac i ty .  

Thus, each of these  c a p a c i t i e s  

Although unl ike ly  for l a r g e r  rad ius  tanks,  the  SME capaci ty  i s  sometimes governed 
by t h e  s l i d i n g  shear  capaci ty  a t  the  tank base, VSC, compared t o  the seismic base 
shear  response,  VsH.  Ever though i t  does not appear t h a t  any b u t t  welded s t e e l  
tank has ever  f a i l e d  due t o  seismic induced membrane hoop s t r e s s e s  due t o  combined 
h y d r o s t a t i c  p l u s  hydrodynamic f l u i d  pressures ,  the SME capaci ty  of t h i s  f a i l u r e  
mode should a l s o  be checked. Such a check requi res  t h e  computation of t h e  
pressure  capac i ty ,  P c A ,  of the  tank s h e l l  f o r  comparison w i t h  the  combined 
h y d r o s t a t i c ,  PST,  and maximum seismic hydrodynamic, PsM, pressures .  

Some assessment of t h e  p o s s i b i l i t y  and consequences o f  f l u i d  s losh ing  aga ins t  the  
tank roof should be made. For s o i l  s i t e s ,  foundation f a i l u r e  modes should a l s o  be 
checked. Las t ly ,  t h e  p o s s i b i l i t y  of f a i l u r e  of p i p i n g  o r  t h e i r  attachment t o  the  
tank should be assessed.  

Each of these  t o p i c s  w i l l  be f u r t h e r  discussed i n  th i s  subsect ion.  

H. 3.1 Compressive B u c k l i n q  Capacity of the Tank Shel l  

The most l i k e l y  way f o r  tank s h e l l s  t o  buckle i s  i n  "elephant-foot"  buckling near 
t he  base of the tank s h e l l .  The tank s h e l l  i s  subjected t o  a b iax ia l  s t r e s s  s t a t e  
c o n s i s t i n g  of hoop tens ion  and v e r t i c a l  ( a x i a l )  compression. In a d d i t i o n ,  r a d i a l  
deformations under i n t e r n a l  pressure w h i c h  a r e  prevented a t  t h e  base due t o  
membrane tens ion  i n  the  base p l a t e  introduce e c c e n t r i c i t y  and b e n d i n g  s t r e s s e s  i n  

the  a x i a l  plane w h i c h  f u r t h e r  induce the tendency t o  "elephant-foot"  buckle. The 
onse t  o f  such "elephant-foot"  buckles can be estimated using e las t ic - .p las t ic  
c o l l a p s e  theory (12)(13)(14). - - -  However, i t  should be noted t h a t  the  i n i t i a t i n g  of 
"elephant-foot"  buckles does not d i r e c t l y  correspond t o  f a i l u r e  of a tank. 
tanks  have continued t o  perform t h e i r  funct ion of containing f l u i d  even a f t e r  

Many 
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developing s u b s t a n t i a l  "elephant-foot" buckles. However, no simple c a p a b i l i t y  t o  
predict  t a n k  performance a f te r  the development o f  "e 1 e p h a n t - f o o t  I' buckles 
e x i s t s .  
tanks,  t h e  onset of  "elephant-foot" buckling w i l l  be j u d g e d  t o  represent the  l i m i t  
t o  the compressive buckling capacity of the tank s h e l l ,  Cm. However, because such 
b u c k l i n g  i s  no t  f a i l u r e ,  no s i g n i f i c a n t  conservatism needs t o  be i n t e n t i o n a l l y  
in t roduced  when es t imat ing C,. 

Therefore ,  f o r  a COFM approach  t o  es t imat ing t h e  H C L P F  SME c a p a c i t y  o f  

of t h e  t a n k  s h e l l  can b e  
O P '  

T h e  "elephant-foot"  buckling ax ia l  s t r e s s  capaci ty ,  

accurately (no i n t e n t i o n a l  conservatism) es t imated  by (l2)(l3) (14): 

(H-27) 1 1 1 [il + (oye/36 k s i )  

1.12 + s y  s1 + 1 

where S1 = (R/tS)/400)  

and  t, i s  t h e  sidewall  thickness  near  t h e  s h e l l  base,  P i s  the  t a n k  in te rna l  
pressure near i t s  base, and  o i s  the  e f f e c t i v e  y i e l d  stress o f  the  tank s h e l l  Ye 
m a t e r i a l .  
conservatism be  in t roduced  by specifying C, in terms of 0.9 o 

For HCLPF capaci ty  computations i t  i s  suggested t h a t  a s l i g h t  
T h u s :  

P '  

cm = 0.9 a t 
P S  

(H-28) 

Furthermore, P s h o u l d  be s e t  equal t o  Pc+ which represents t h e  maximum combined 
pressure a g a i n s t  the t a n k  wall a t  the  time of maximum moment. 
s h e l l  mater ia l  such as S A  240-Type 304 s t a i n l e s s  s tee l  w i t h  no s p e c i f i c  y i e l d  
p o i n t ,  i t  i s  uncertain w h a t  s tress t o  use f o r  a 

y i e l d  plateau and continues t o  show increasing stress w i t h  increased s t r a i n  u n t i l  
i t s  minimum ul t imate  stress capaci ty  of 75 ksi is reached. 
eva lua t ion  i t  seems reasonable t o  set  a 

l i m i t  f o r  primary loca l  membrane plus  primary b e n d i n g  w h i c h  i s  2.4SM or 45 ksi f o r  

t h i s  mater ia l .  i s  estimated t o  be from 30 
ksi t o  60 ksi w i t h  i t  l i k e l y  t o  exceed 4 5  ksi. 

Las t ly ,  f o r  a t a n k  

This mater ia l  shows no f l a t  

For a COFM capac i ty  

Ye' 

a t  the  ASME Code (E) seismic design Ye 

T h e  p o t e n t i a l  uncertainty range f o r  a Ye 

For t h e  example t a n k ,  P=Pc+  = 21.5 ps i ,  ts = 0.375 inch, E = 27.7 x lo3 ksi, 
(R/ tS)  = 640, S1 = 1.6, (P/uye) = 0.48 x 10' , and (aye/36 k s i )  = 1.25. 
from Eqn (H-27), 0 = 17.6 ksi .  When one considers t h e  po ten t ia l  range on a 

30 t o  60 ksi ,  t h e n  t h e  r e s u l t a n t  range on a i s  13.1 ksi t o  21.1 ksi .  
in f luence  of th is  uncertainty range on t h e  SME capaci ty  wi l l  be subsequently 

assessed. Using Eqn (H-28), t h e  compressive capaci ty  of t h e  s h e l l  i s :  

3 Thus ,  

P Ye of 
The P 
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C, = 0.9 (17.6 ksi)(0.375 i n )  = 5.92 Kip/in (H-29) 

A 1  though unl ike ly  t o  govern for overal l  seismic response of f l u i d  containing 
tanks ,  one should a l s o  check the buckling capaci ty  of supported c y l i n d r i c a l  s h e l l s  

under combined ax ia l  bending and  in te rna l  pressure.  
buckling s t r e s s ,  
bound) estimated from (16) :  - 

The ax ia l  b e n d i n g  . i nduced  
f o r  such a case can be conservat ively ( e s s e n t i a l l y  lower 'CB' 

(H-30) 

Y = 1- 0.73( 1-e-') 

and A Y  i s  an increase  f a c t o r  for in te rna l  pressure as  g i v e n  by Figure 6 of (16). 
The  minimum compression zone pressure a t  the  base of the t a n k  s h e l l ,  Pc,, 
corresponding t o  the  time of maximum moment should be used with Figure 6 of (16 ) 

when es t imat ing  AY. 
than the  y i e l d  s t r e s s ,  o Y .  

est imated,  i t  may be d i r e c t l y  used w i t h  no reduction f o r  es t imat ing  C, = o C B t s .  

- 
Equation (H-30) i s  appropriate  f o r  UCB so long a s  ocBis less  

Otherwise, see (E). Since acB i s  conserva t ive ly  

For the  example tank ,  Pc- = 17 .5  p s i ,  y = 0.419, and A Y  = 0.15. 
ksi  which exceeds 0.90 

Thus, uCB = 17.4 

so t h i s  buckling mode does n o t  govern. P 

H.3.2 Bolt Hold-Down Capacity 

The b o l t  hold-down capac i ty ,  T B C ,  i s  governed by the  weakest of  t h e  following 
e l  emen t s : 

1.. Bolt t e n s i l e  capaci ty  
2. Anchorage of bo l t  i n t o  concrete foundation 
3. 

4. 

5. 

Capacity of the t o p  p l a t e  of bol t  c h a i r s  t o  t r a n s f e r  b o l t  loads t o  the  
v e r t i c a l  c h a i r  gusse ts .  
Attachment of the top p l a t e  and v e r t i c a l  c h a i r  gusse ts  t o  t h e  tank 
she1 1 .  
Capabi l i ty  of tank she l l  t o  withstand concentrated loads imposed on i t  
by b o l t  c h a i r s .  
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To s implify t h i s  already long t a n k  evaluat ion example, i t  wi l l  be assumed t h a t  t h e  
bol t  t e n s i l e  capaci ty  i s  t h e  weakest b o l t  hold-down l i n k  f o r  t h e  example t a n k .  
However, i n  an ac tua l  appl ica t ion ,  each of these f i v e  capaci ty  elements need t o  be 
checked. 

Type A307 anchor b o l t s  are t h e  most comon low s t rength  anchor b o l t  mater ia l  used 
t o  anchor t a n k s  and other  heavy equipment. For a CDFM capaci ty  eva lua t ion ,  t h e i r  
capaci ty  can b e  estimated based upon the  Par t  2 provis ions of t h e  AISC Code 
(17). 
sec t iona l  area,  Anom, of 3.14 square inches. 

f o r  A307 b o l t s  t h e  tension capac i ty ,  TBC,  i s :  

The  example t a n k  has 2-inch diameter b o l t s  w h i c h  have a nominal cross- 
Based upon Part  2 of t h e  AISC Code 

2 TBC = 1.7(20 ksi)(3.14in ) = 107 kips (H-31) 

H. 3.3 Fluid Hold-Down Forces 

For t a n k s  w i t h  minimum anchorage, hold-down forces  r e s u l t i n g  from f l u i d  pressure 
a c t i n g  on the t a n k  bot tom wi l l  cont r ibu te  s i g n i f i c a n t l y  t o  the overturning moment 
c a p a c i t y ,  M S C ,  of t h e  t a n k .  T h e  s i t u a t i o n  i n  the region of ax ia l  t ens ion  in  the 
tank s h e l l  i s  i l l u s t r a t e d  in  Figure H-2 f o r  small u p l i f t  displacements,  b e .  A t  
point  "0" away from t h e  t a n k  s idewall ,  t h e  t a n k  bottom i s  i n  f u l l  contact  with t h e  
foundation and  t h e  displacements,  r o t a t i o n ,  and  moment i n  the t a n k  bottom i s  
zero.  However, a t  t h e  i n t e r s e c t i o n  of t h e  t a n k  bottom and s ide  wall a t  po in t  " l" ,  
t h e  t a n k  bottom has u p l i f t e d  tie and ro ta ted  ae. 

i s  IL and t h e  f l u i d  pressure, P, on t h e  t a n k  bottom and s ide wall res i s t s  t h i s  
u p l i f t .  
moment, M e ,  in  t h e  s i d e  s h e l l  a t  t h e  intersect ion w i t h  the  t a n k  bottom. This 
tens ion ,  T,, ac ts  as a f l u i d  hold-down force  on  the t a n k  s h e l l .  

u p l i f t  h e i g h t ,  
the  bending s t i f f n e s s  of t h e  t a n k  s h e l l  w h i c h  i s  a func t ion  of i t s  thickness,  t,, 
and radius ,  R ,  and t h e  bending s t i f f n e s s  of t h e  base p l a t e  which i s  a func t ion  of 
i t s  th ickness ,  t b '  

The  length of t h e  u p l i f t  zone 

This u p l i f t  i s  accompanied by the development of a tension,  T e ,  and 

For a g i v e n  
b e ,  t h e  hold-down tension,  Te,  t h a t  develops i s  b o t h  a func t ion  of 

For a t a n k  s h e l l  res t ra ined  aga ins t  rad ia l  displacement a t  p o i n t  ''1" by t h e  base 
p l a t e ,  t h e  r e l a t i o n s h i p  between Me and o e can be obtained from pages 276 through 
278 of Flugge (18) t o  be: 

(H-32) 
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2KK where KS = 7 

12 ( l - V L )  

K = [ ( R / t S )  d-1' 
One c a n  show f o r  t h e  base p l a t e  t h a t :  

P e  3 Mee 
Q = - - -  

e 12E,Ib 2ESIb 

2 
P n 4  Me = - - -  

6e 24EsIb  6Es1b 

P n  Me Te = - + -  2 %  
* 3  

- 'b 
2 where I,, - 

12(  1-v ) 

Combin ing E q u a t i o n s  (H-32) and (H-33), one o b t a i n s :  

P 

Me - =  
P 

M+ - =  
P 

where F = 

2 e ( Me/p) + ('e/pk 2 
2n 2 

- -  a 

K n  

2 E ~  ' b  
1 + -1 

(H-37) 

(H.33) 

(H-34) 

(H-35) 

(H-36) 
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U s i n g  E q u a t i o n s  (H-34)  t h r o u g h  (H-37), one can  d e t e r m i n e  t h e  u p l i f t  h e i g h t  

t a n k  s h e l l  hold-down t e n s i o n  (Te) ,  end moment (Me), and maximum p o s i t i v e  moment 

(M,) i n  t h e  base p l a t e  as a f u n c t i o n  of t h e  u p l i f t  Jength,  1 1 ,  and f l u i d  p r e s s u r e ,  

P. From t h i s  i n f o r m a t i o n  t h e  r e l a t i o n s h i p  between b e  and Te i s  o b t a i n e d .  T h i s  

s m a l l  d i s p l a c e m e n t  t h e o r y  s o l u t i o n  i s  o n l y  s t r i c t l y  app l  i c a b l e  under  t h e  f o l l o w i n g  

cond i t i ons : 

1. (n/R) 5 0.15. The s o l u t i o n  ignores the  s t i f f e n i n g  o f  t he  base p l a t e  
f r o m  hoop b e h a v i o r  and t h u s  c o n s e r v a t i v e l y  o v e r p r e d i c t s  t h e  d i s p l a c e -  

ment tie c o r r e s p o n d i n g  t o  a g i v e n  Te as t h e  r a t i o  ( e / R )  becomes l a r g e r .  

2. ( 6 e / t b )  5 0.6. T h i s  s o l u t i o n  i s  based upon s m a l l  d i s p l a c e m e n t  t h e o r y  

and c o n s e r v a t i v e l y  i g n o r e s  t h e  b e n e f i c i a l  i n f l u e n c e  o f  l a r g e  

d i s p l a c e m e n t  membrane t h e o r y  t o g e t h e r  w i t h  membrane t e n s i o n s  i n  t h e  

base p l a t e  t o  r e d u c e  b e  c o r r e s p o n d i n g  t o  a g i v e n  Te. 

t a n k s  i t  has been shown (l9)(20) t h a t  l a r g e  d i s p l a c e m e n t  membrane 
t h e o r y  g r e a t l y  i n c r e a s e  t h e  f l u i d  ho ld-down f o r c e s ,  Te. 

unanchored t a n k s ,  i g n o r i n g  l a r g e  d i s p l a c e m e n t  membrane t h e o r y  i s  l i k e l y  

t o  l e a d  t o  e x c e s s i v e  conserva t i sm.  F o r  anchored t a n k s  t h e  u p l i f t  
h e i g h t s  6, a r e  n o t  expec ted  t o  be so g r e a t  and o n l y  modera te  

c o n s e r v a t i s m  i s  e x p e c t e d  t o  r e s u l t  f r o m  i g n o r i n g  l a r g e  d i s p l a c e m e n t  

membrane e f f e c t s .  U n f o r t u n a t e l y  no s i m p l e  s o l u t i o n  e x i s t s  f o r  

c o n s i d e r i n g  such membrane e f f e c t s  and so one must e i t h e r  a c c e p t  t h i s  

s o u r c e  o f  c o n s e r v a t i s m  f o r  anchored t a n k s  a t  t h i s  t i m e  o r  make 

j u d g m e n t a l  c o r r e c t i o n s  t o  t h e  comp le ted  f l u i d  ho ld-down f o r c e s  

f o l l o w i n g  g u i d a n c e  f r o m  (19) and ( 2 0 ) .  

F o r  unanchored  

Thus, f o r  

3. (Me/Mp ) 5 0.9; (Me/Mp ) 5 0.9; and (M+/Mp ) 5 0.9 where Mp and Mp 
b b S 

a r e  thk p l a s t i c  moment S a p a c i t y  o f  t h e  base p l a t e  and s h e l l  s i d e w a l l s ,  

r e s p e c t i v e l y .  

u n c o n s e r v a t i v e  i f  t h e s e  c o n d i t i o n s  a r e  n o t  met. An a l t e r n a t e  s o l u t i o n  

w i t h  p l a s t i c  h i n g e s  a t  l o c a t i o n s  where t h e s e  c o n d i t i o n s  a r e  n o t  met i s  

e a s i l y  f o r m u l a t e d  f o l l o w i n g  t h e  same approach a s  was used h e r e i n  b u t  i s  

j u d g e d  t o  be unwar ran ted  because v i o l a t i o n  o f  t h e s e  c o n d i t i o n s  i s  
h i g h l y  u n l i k e l y  i n  a CDFM e v a l u a t i o n .  

The p r e v i o u s  s o l u t i o n  i s  a n  e l a s t i c  s o l u t i o n  and becomes 

Only t h i s  t h i r d  c o n d i t i o n  l e a d s  t o  u n c o n s e r v a t i v e  e s t i m a t e s  o f  t h e  hold-down f o r c e  

Te c o r r e s p o n d i n g  t o  a g i v e n  u p l i f t  d i s p l a c e m e n t  be. 

be v i o l a t e d  so l o n g  as one i s  w i l l i n g  t o  a c c e p t  t h e  r e s u l t i n g  c o n s e r v a t i v e  

The f i r s t  two c o n d i t i o n s  can 
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1 

u n c e r z s t i m a t i o n  

'e 

o f  t h e  f l u i d  hold-down f o r c e  Te f o r  a g iven  u p l i f t  d i sp l acemen t  

S i K 2  t n 2  h o l d - d o w n  f o r c e  Te  i n c r e a s e s  wi th  i n c r e a s i n g  f l u i d  p r e s s u r e ,  P I  one 

s h w l d  c x s e r v a t i v e l y  s u b s t i t u t e  f;r P t h e  minimum t e n s i o n  zonc: f l u i d  pressure 
FT-, E x p e C t 2 d  a t  t h e  t ime G f  m a x i m u m  moment. For t h e  example t a n k  p r o b l e m ,  P = 

Pi- = 10 .5  p s i .  Using t h i s  f l u i d  pressure End  Equat ions  ( H - 3 4 )  t h r o u g h  ( H - 3 7 ) ,  

t h e  r e l a t i o n s h i p  be tween  l e ,  6,, and  P has  b e e n  e s t i m a t e d  f c t  t h e  example t a n k .  
F i g u r e  H - 3  shows t h e  r e l a t i o n s h i p  between Te and  d e  wh i l e  F igu re  H-4 r e l a t e s  T, 

and  I .  

lbs , ' inch r e s u l t i n g  from base r o t a t i o n  o f  t h e  s i d e  wa l l  d u e  t o  t h e  ou tward  a c t i n g  
f l u i d  pressure the reon .  At a n  u p l i f t  6, o f  0.15 i n c h e s  which corresponds t o  0 .6 tb  
cr t h e  approximate l i m i t  of  small  d i sp lacement  t h e o r y ,  the  hold-down t e n s i o n  has  
i n c r z a s e d  t o  9 8 - l b s / i n c h .  
becone i n c r e a s i n g l y  c o n s e r v a t i v e .  
and 6, c an  b e  r easonab ly  and s l i g h t l y  c o n s e r v a t i v e l y  approximated by t h e  l i n e a r  
e x p r e s s i o n :  

Note t h a t  even wi th  ze ro  u p l i f t  t h e r e  i s  a hold-down t e n s i o n  T e  of 58- 

Beyond t h i s  p o i n t ,  small  d i sp l acemen t  t h e o r y  w i l l  
T h e  r e l a t i o n s h i p  s h o w n  i n  F i g u r e  H - 3  between Te 

Te = Teo + Te16e (H-38) 

where f o r  t h e  example t a n k :  
app rox ima t ion  w i l l  b e  u s e d  i n  t h e  o v e r t u r n i n g  moment c a p a c i t y  e v a l u a t i o n .  
p a r t i a l l y  account f o r  membrane t e n s i o n  e f f e c t s ,  t h i s  e q u a t i o n  f o r  Te w i l l  be 
l i n e a r l y  e x t r a p o l a t e d  beyond t h e  d i sp l acemen t  

d i  rec t  1y a p p l  i cab1 e .  

Teo = 60 l b s / i n c h ,  and T e l  = 270 l b s / i n c h 2 .  T h i s  
To 

d e  of 0.15 i n c h  f o r  which i t  i s  

H . 3 . 4  Over tu rn inq  Moment CaDacity 

W i t h  a n  e s t i m a t e  o f  t h e  compressive c a p a c i t y  o f  t h e  t a n k  s h e l l  (Cm) ,  t h e  anchor 
b o l t  hold-down c a p a c i t y  ( T B c ) ,  a n d  t h e  r e l a t i o n s h i p  between f l u i d  hold-down f o r c e  
and u p l i f t  d i s p l a c e m e n t ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  o v e r t u r n i n g  moment 

c a p e c i  t y  (Msc) of  t h e  t a n k  making s e v e r a l  c o n s e r v a t i v e ,  b u t  r ea sonab le  
a s sumpt ions :  

1. The bottom of the  tank  s h e l l  i s  assumed t o  r i g i d l y  r o t a t e  v e r t i c a l l y  
( p l  ane sect  ions  remain p l  ane) . 

2 .  T h e  c r o s s - s e c t i o n  o f  t h e  t a n k  a t  t h e  t o p  of  t h e  t o p  p l a t e  o f  t h e  b o l t  
c h a &  ( h c  above t h e  base i n  F igure  H.l) i s  assumed t o  remain --+ 
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horizontal so that all vertical tank distortions needed to result in 
base uplift and mobilization of the anchor bolts must be accomnodated 
over the height, hc. 

3 .  The tank shell remains linear elastic until the compressive buckling 
capacity is reached at the point o f  maximum compression and reaching 
this limit defines the overturning moment capacity. 
compressive shortening of the tank shell which takes place over the 
length hc between the tank base and the top plate of the bolt chains is 
conservatively underestimated to be: 

The maximum 

= -  'm hc (H-39) 
6c E, ts 

Figure H - 5  schematically illustrates the vertical loadings applied to the tank 
s h e l l  and its vertical rotational distortion resulting from these assumptions. 
any angle O .  the vertical uplift, b e  ,' is then: 

At 

a 

cos 7 COS a - 
6e = 'C ( 1 + COS 8 

a 
(H-40) 

Then, if the anchor bolts are assumed to be anchored at a depth ha below the tank 
base as is shown in Figure H-1, and chair distortions are considered negligible, 
then the anchor bolt tension, TBi, in anchor bolt I'i" corresponding to a maximum 
tank shell compressive distortion, tc, below the top of the bolt chair i s :  

or by combining with Equation H-40 :  

'C AB EB where K = B (ha + hC) 

( H - 4 1 )  

(H-42)  

( H - 4 3 )  

and ai is the angle a at bolt " i " ,  TBP is any bolt pretension, AB is the bolt 
area, and EB is the bolt modulus of elasticity. 
force, Te , at angle a obtained by combining Equations H - 3 8  and H-40 is: 

The fluid hold-down 

a 

where  AT^ = Tel b C  
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For the force distribution shown in Figure H-5, the tank maximum shell 
compression, C m t ,  and overturning moment capacity, Msc can be obtained by setting 
the sum of all vertical forces to WTe and summing moments about the centerline of 
the circular tank cross-section. Thus: 

n .. 
+ L T  

+ Teo 5) C1 + A T ~ C ~  I ' 'Te i = l  Bi 
'm = ( ZR 

2 2 n 
= C6CzR2 + z (TB R cosai) + T R (2 sina) + A T ~ C ~ R  eo c i=l i 

( H - 4 6 )  

(H-47) 

where 
1 + COS6 - '1 sin3 + ( n - e )  COS3 

sin6 cos6 + n-a 
c2 - 1 + COSB 

(H-48) 

- B - sin6 cosa 
c4 - 1 + COS6 

First, a trial angle 8 I s  selected and Equation H-46 is used to obtain C,' which 
is compared to the shell compressive capacity C, from Equation H-28. 
angle 8 is varied until C,' = C,. 
determine the tank overturn1 ng moment capacity. 

The 
Then Equation H-47 is used with this 6 to 

The example tank problem tias the following properties: 

C,=5.92 k i ps /i n Tgc=107 kips 
Tel=O. 270 k ips/in 2 

E ,=27.7x 10 3 k s i 

Te,=O. 060 k i ps/i n 
WT,=57.6 kips AB=3.14 inch 2 EB=29 x103 k s i 
R=20 ft=240 inches hc=24.75 inches ha=28.5 inches 
ts=0.375 inch 

Then, from Equation (H-39) 6 c  = 0.0141 inch; from Equation (H-43) KB.= 24.5 kips; 
and from Equation (H-45)  AT^ = 0.0038 kip#s/inch . 
Tgp, is unreliable after a number of years, it will be conservatively assumed that 
TBP is zero. 
using Equations (H-47) and (H-48) as shown in Table H-2. 

e Since any bolt pretension, 

Now it i s  possible t o  compute the overturnlng moment capacity, MSC, 
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T h u s  , 

MSC = 20,800 k i p - f t  

1 T B  = 635.7 k ips  

6 = 2.70 

(H-49) 

One should check whether t h e  l a r g e s t  b o l t  elongation ( a  = 0)  i s  acceptable u s i n g  
E q u a t i o n  (H-40) t o  determine the  elongat ion.  For t h i s  so lu t ion :  

= 0.28 inches ‘eo 

Cer ta in ly  these b o l t s  w h i c h  have a n  overa l l  length of 53.25 inches can accommodate 
a 0.28 i n c h  or 0.53% elongat ion.  T h e  a b i l i t y  of the  connection between t h e  bottom 
p l a t e  and the tank s i d e  wall t o  withstand the d i s t o r t i o n s  associated w i t h  t h i s  

u p l i f t  he ight ,  &,,, should a l s o  be considered. However, a well-designed d e t a i l  a t  
t h i s  l o c a t i o n  should be  capable of e a s i l y  withstanding more t h a n  0.3 i n c h  
u p l i f t .  If the  elongat ion i n  considered too  g r e a t ,  t h e n  ne i ther  b c  nor  the 
compressive buckling capaci ty  can develop i n  the  compressive zone. Then, a 
maximum 6 should be defined and the q u a n t i t i e s  b c  and  Cm should be back eo 
ca lcu la ted  using Equat ions  (H-40) and  (H-39), respec t ive ly ,  f o r  any g i v e n  
t r i a l  6. 

MSC. 
refinement i s  seldom necessary.  

These back ca lcu la ted  6 c  and Cm values should t h e n  be used t o  solve f o r  

be excessive so t h a t  t h i s  addi t iona l  However, seldom w i l l  the  r e s u l t a n t  

T h e  previous s o l u t i o n  was f o r  t h e  case w h e n  a=O i s  aligned w i t h  one of t h e  
b o l t s .  This case w i l l  near ly  always govern. However, one should a l s o  check the  
case where a=O l i e s  midway between b o l t s  ( i . e . ,  f o r  t h e  example problem rotate 
t h e  a=O l i n e  by 22.5 degrees) .  For t h e  example problem, M ~ ~ = 2 1 , 0 0 0  kip- f t  for 
t h i s  a l t e r n a t e  case and  t h u s  does not  govern. 

A s  noted  i n  Subsection H.3.1, t h e  HCLPF buckling capaci ty  of the  t a n k  s h e l l  h a s  
some uncer ta in ty .  This c a p a c i t y  could possibly ( b u t  highly unl ike ly)  range as low 
as 4 . 4 2  k i p s / i n ,  rather t h a n  the 5.92 kips/ in  used i n  the  above c a l c u l a t i o n s .  
W i t h  Cm of 4 .42  k ips / in ,  the  overturning capaci ty  MSC would be reduced t o  19500 
kip-,ft  or 94% of t h a t  for C,=5.92 kips / in .  
es t imate  of C, f o r  t h i s  t a n k  and  t h e  uncer ta in ty  issue previously ra i sed  f o r  

es t imat ing  C, turns o u t  t o  be r e l a t i v e l y  unimportant. 

T h u s ,  M S C  i s  r a the r  i n s e n s i t i v e  t o  t h e  
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Given the est imate  of M ~ ~ = 2 0 , 8 0 0  k i p - f t  and t h e  previously estimated overturning 
response MsH=19,600 k i p - f t  f o r  an  SME, of 0279, i t  i s  now poss ib le  t o  es t imate  the 
SME level  from E q u a t i o n  H-1. However f o r  t h i s  es t imate ,  one must have an est imate  
o f  t h e  i n e l a s t i c  energy absorption reduction f a c t o r ,  k ,  t o  apply t o  l i n e a r  
computed seismic response. Cer ta in ly ,  t h i s  combined bol t  y i e l d i n g  and  t ank  s h e l l  
buckling f a i l u r e  mode f o r  overturning moment i s  not b r i t t l e  so t h a t  a k value l e s s  
than u n i t y  should be appropriate  i n  a H C L P F  capaci ty  evaluat ion.  However, w i t h i n  

t h e  e x i s t i n g  s t a t e  of knowledge i t  i s  very d i f f i c u l t  t o  make an appropr ia te  
es t imate  of  k f o r  t h i s  f a i l u r e  mode. Therefore, i t  i s  conservat ively recormended 
t h a t  k be taken as uni ty  a t  t h i s  time for  this  f a i l u r e  mode. 
tank f a i l u r e  c a p a c i t i e s  wil l  l i k e l y  lend t o  a l e s s  conservat ive recomnendation i n  
t h e  f u t u r e .  W i t h  t h i s  recommendation, from Equation H-1: 

Future research i n t o  

209800 k i p - f t  (0,279) = 0.299 SMEW = 19,600 k i  p- f t (H-50) 

based upon t h e  overturning moment capaci ty .  

H .  3.5 S l id inq  Capacity 

A s  noted previously,  one should a l so  check the s l i d i n g  shear capac i ty ,  V s c ,  with 
t h e  seismic base shear  response,  V s H .  
over turning moment, MSH, are  pr imari ly  due t o  t h e  f l u i d  horizontal  impulsive mode 
of response,  they both a re  maximum a t  the same time. 
capac i ty  i s :  

Since the  base shear ,  VsH and t h e  base 

Thus, t h e  s l i d i n g  shear  

(H-51) 

(H-52) 

and ( C O F )  i s  t h e  c o e f f i c i e n t  of f r i c t i o n  between the  tank base and i t s  

used  
foundat ion.  I t  should be noted t h a t  the e f f e c t i v e  tank s h e l l  weight, 
f o r  t h e  overturning moment c a l c u l a t i o n s  d i d  not include t h e  e f f e c t i v e  weight of 
t h e  tank base p l a t e .  
t h e  response f o r c e s  associated w i t h  th is  base p l a t e .  
base p l a t e  weight t o  W T  i n  Equation H-52, b u t  then would a l s o  have t o  add i t s  
response cont r ibu t ion  t o  V S H .  For any tank where the base p l a t e  weight i s  small 
compared t o  the  f l u i d  weight, t h i s  refinement i s  unnecessary i n  t h a t  the  SME f o r  
base shear  capac i ty  w i l l  be uneffected.  

Neither does the  seismic base shear response,  VsH,  include 
One could add  t h e  e f f e c t i v e  

e 
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Most l a r g e  d i a m e t e r  f l a t  bo t tomed  t a n k s  such as t h e  example t a n k  have a s l i g h t  

cone t o  t h e i r  b o t t o m  p l a t e  so t h a t  c o n t a i n e d  f l u i d  w i l l  a lways d r a i n  away f r o m  t h e  
c e n t e r  and t o w a r d  t h e  d r a i n  p i p e  a t  the edge. T h i s  cone i s  g e n e r a l l y  c r e a t e d  b y  a 
v a r i a b l e  t h i c k n e s s  sand c u s h i o n  between t h e  t a n k  b o t t o m  p l a t e  and i t s  

f o u n d a t i o n .  
o v e r l a p p e d  f i l l e t  welded i n d i v i d u a l  p l a t e s .  

p l a t e  and t h e  sand c u s h i o n  c o n t a i n s  a s e r i e s  o f  r o u g h  s t e p s .  

c o n d i t i o n s ,  i t  i s  r e a s o n a b l y  c o n s e r v a t i v e  t o  e s t i m a t e :  

f u r t h e r m o r e ,  t h e  t a n k  b o t t o m  i s  g e n e r a l l y  made up o f  s l i g h t l y  

Thus, t h e  s u r f a c e  between t h e  b o t t o m  

Under t h e s e  

F 
(CW) ? 0.7 (H-53) 

F 
However, u n d e r  o t h e r  base p l a t e  d e t a i l s ,  a c o n s e r v a t i v e  (CM) m i g h t  be l e s s .  

= 57.6 k i p s ,  Pa  = F o r  t h e  example t a n k ,  
been p r e v i o u s l y  computed. Thus, f r o m  E q u a t i o n s  (H-51) t h r o u g h  (H-53) :  

1 4 . 0  p s i ,  and (zTB)  = 635.7  k i p s  have 
''e 

W = 2600 k i p s  

. Vsc = 2 2 6 0  k i p s  

"e 
(H-54) 

F o r  base shear  s l i d i n g ,  i t  i s  recomnended t h a t  t h e  i n e l a s t i c  e n e r g y  a b s o r p t i o n  

r e d u c t i o n  f a c t o r  k be t a k e n  as un i t y .  

computed base  s h e a r  response ,  VSH = 1310  k i p s  f o r  $MEe = 0 .279,  f r o m  E q u a t i o n  (H- 

1) one o b t a i n s :  

e_t Combcng t h e  above Vsc  w i t h  t h e  p r e v i o u s l y  

SMEV = 2260 1 3 1 0  ki k i F s  (0.279) = 0 .479  

based o n  base shear .  
g o v e r n  t h e  s e i s m i c  m a r g i n  c a p a c i t y  o f  t h i s  t a n k .  
t h e  case.  

S i n c e  SHEV s u b s t a n t i a l l y  exceeds SHE,,,, base  
T h i s  s i t u a t i o n  

(H-55) 

s h e a r  does 
s n e a r l y  a 

n o t  
ways 

H.3.6 F l u i d  P r e s s u r e  C a p a c i t y  

I t  i s  recomnended t h a t  t h e  CDFM hoop membrane s t r e s s  c a p a c i t y  o f  t h e  t a n k  s h e l l ,  
c a '  
2.0SM o r  37.5 k s i  f o r  SA24O-Type 304 s t a i n l e s s  s t e e l .  U s i n g  t h i s  s t r e s s  l i m i t ,  
t h e  p r e s s u r e  c a p a c i t i e s ,  P C A ,  a t  c a p a c i t y  e v a l u a t i o n  l o c a t i o n s  o f  t h e  example t a n k  

a r e  g i v e n  i n  T a b l e  H-1. A hoop membrane s t r e s s  f a i l u r e  mode o f  a s t e e l  t a n k  w i t h  

be t a k e n  as t h e  ASME Code (15) s e i s m i c  d e s i g n  l i m i t  f o r  p r i m a r y  s t r e s s  o f  
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f u l l  p e n e t r a t i o n  butt-welded j o i n t s  i s  c e r t a i n l y  d u c t i l e .  For t h i s  case a n  
i n e l a s t i c  energy absorpt ion seismic response reduct ion f a c t o r  of k=0.8 c a n  be 

e a s i l y  j u s t i f i e d  f o r  H C L P F  capac i ty  evaluat ions.  
PCA, t h e  h y d r o s t a t i c  pressures,  PST,  and  t h e  maximum seismic induced hydrodynamic 
pressures ,  PSM, l i s t e d  i n  Table H . l  t oge the r  w i t h  k=0.8, t h e  S H E p  associated with 
f l u i d  pressure can be computed u s i n g  Equation ( H - 1 ) .  Table H - 1  presents  these  
computed SMEp a t  severa l  c a p a c i t y  evaluat ion loca t ions  f o r  t h e  example t a n k .  
t h a t  t h e  lowest computed SMEp i s  1.39 w h i c h  i s  many times g rea t e r  t h a n  SMEM so 
t h a t  i t  does not govern .  
been 1.09 from w h i c h  t h e  same conclusion would be reached. Actual ly ,  t h e  f l u i d  
pressure capac i ty  never seems t o  govern t h e  seismic capaci ty  e i t h e r  by t h e  CDFM 
c a p a c i t y  c a l c u l a t i o n  procedure or from seismic experience f o r  normal d e s i g n e d  f l a t  
bottomed s t e e l  tanks w i t h  butt-welded s i d e  p l a t e s .  Therefore,  pressure 
computations are included more for completeness t h a n  f o r  SME capaci ty  eva lua t ions .  

Using t h e  capac i ty  pressure, 

Note 

Even i f  k=1.0 had  been used ,  the lowest SMEp would have 

H.3.7 Other Capacity Checks 

For t h e  example t a n k ,  t h e  f l u i d  s losh h e i g h t ,  h , ,  was estimated t o  b e  1.41 f t .  f o r  
SME, = 0.279. 
3 . 4  f t  before  any s i g n i f i c a n t  roof damage might be expected. 
(H-1) .  SMES 2 0.659 and wi l l  n o t  govern. 
such damage i s  u n l i k e l y  t o  impair t h e  a b i l i t y  of t h e  t a n k  t o  c o n t a i n  f l u i d  f o r  a t  
l e a s t  a few days a f t e r  an ea r thquake .  

Based on f i g u r e  H-1, t h i s  s losh height  would have t o  exceed abou t  
T h u s  from Equa t ion  

Even i f  roof damage m i g h t  be expected, 

For t a n k s  on s o i l  s i t e s ,  one s h o u l d  a l so  check t h e  SME capaci ty  of t h e  t a n k  
foundation and t h i s  check sometimes governs. 

Las t ly ,  t h e  p o s s i b i l i t y  of piping f a i l u r e  or ttie f a i l u r e  of  nozzles where such 
piping i s  at tached t o  t h e  t a n k  should be checked. 
t o  loss of t a n k  contents.  
induced  l o s s  of t a n k  contents have been d u e  t o  such f a i l u r e s  when the  piping 
con ta ined  poor seismic d e t a i l s .  
at tachment t o  such t a n k s  should be made during t h e  seismic walkdown. 
e v a l u a t i o n  of piping and nozzles i s  only necessary when p o t e n t i a l l y  poor seismic 
d e t a i l s  are observed. 
walkdown. T h e  issues involved are:  

Such f a i l u r e s  w i l l  l i k e l y  lead 
I n  f a c t ,  a s i g n i f i c a n t  f r a c t i o n  o f  the  cases of seismic 

A check of seismic d e t a i l s  of piping and  t h e i r  
A SME 

Otherwise, th is  f a i l u r e  mode can be screened o u t  d u r i n g  t he  

1. Are heavy p i p e  valves or long piping runs b e i n g  supported t h r o u g h  t h e  
p i p i n g  nozzles off  of e i t h e r  the t a n k  s i d e  wal ls  or t h e  bottom p l a t e ,  
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2.  

or a r e  they independently supported? 
runs a r e  being supported o f f  the tank,  then t h e  a b i l i t y  of the nozzles 
and the tank s ide  wall or bottom p l a t e  t o  withstand the  imposed seismic 
induced i n e r t i a l  forces  should be checked. Methods out l ined  i n  Welding 
Research Bul le t in  107 ( 2 1 )  - may be used t o  compute loca l  s t r e s s e s  i n  t h e  
tank she1 1 ,  whereas the  s t rength  acceptance c r i t e r i a  f o r  vesse ls  
contained i n  Sect ion 6 can be used f o r  s t r e s s  capac i ty .  
valves  or long p i p i n g  runs are  independently supported as i s  t h e  normal 
case,  then f o r  SME l eve ls  u p  t o  0.59 these  i n e r t i a l  checks a t  p i p i n g  
attachment points  should general ly  be unnecessary based upon seismic 
experience and judgment. 

I f  heavy valves o r  l o n g  p i p i n g  

I f  heavy 

I s  t h e r e  s u f f i c i e n t  p i p i n g  f l e x i b i l i t y  t o  accommodate r e l a t i v e  seismic 
anchor movements (SAM) between where the p i p i n g  i s  supported from the 
t a n k  s h e l l  and where i t  i s  independently supported? Almost any type of 

f l e x i b i l i t y  loop in the  pipe between the tank and independent piping 
supports  should be s u f f i c i e n t  f o r  SME l e v e l s  u p  t o  0.59 so no 
eva lua t ion  should general ly  be necessary. However, i f  a s t r a i g h t  r u n  
of pipe e x i s t s  between where the pipe i s  independently r i g i d l y  
supported and the  tank s h e l l ,  the  p i p i n g  nozzle and tank s h e l l  should 
be evaluated f o r  t h e i r  a b i l i t y  t o  withstand the expected r e l a t i v e  SAM.  

H . 4  Discussion o f  Seismic Capacity 

For the  example tank,  the H C L P F  SME PGA capaci ty  of 0.299 was governed by 
overturning moment which i s  nearly,always the  case.  
t h a t  t h i s  HCLPF statement i s  condi t ional  on the  SME response spectrum anchored t o  
t h i s  SME PGA of 0.299 not being exceeded by a f u t u r e  ground motion a t  more than 
16% of the  na tura l  f requencies  w i t h i n  the  frequency range and d i r e c t i o n  of 
i n t e r e s t .  The overturning moment response and thus the  SME capaci ty  i s  pr imari ly  
governed by t h e  horizontal  impulsive response mode w i t h  an estimated frequency o f  
about 6 Hz. Thus, the  frequency range of i n t e r e s t  i s  about 5 t o  7 Hz. For a 
c i r c u l a r  tank,  t h e  d i r e c t i o n  o f  i n t e r e s t  i s  the  d i r e c t i o n  o f  l a r g e s t  horizontal  
ground motion. 
spectrum anchored t o  a PGA of 0.299 not being exceeded a t  more than 16% of the 
na tura l  f requencies  between 5.0 and 7.0 Hz i n  t h e  d i r e c t i o n  of l a r g e s t  hor izonta l  
ground mot ion. 

Again, i t  should be noted 

Thus, the H C L P F  statement is  condi t ional  on the SME response 
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W i t h i n  the  frequency range of 5.0 t o  7.0 Hz, the  SME 5% damped response spectrum 
used f o r  t h i s  example tank had a spec t ra l  amplif icat ion f a c t o r  of 2.12.  
Therefore,  the  SME 5% damped s p e c t r a l  acce le ra t ion  becomes (2.12) (0.299) = 

0.619. 
terms of i t s  PGA of 0.299, an improved HCLPF SME capaci ty  statement f o r  th i s  tank 
would be as  follows: 

Therefore,  r a t h e r  than def ining the HCLPF SME capaci ty  of th i s  tank i n  

"The HCLPF SME capaci ty  of t h i s  example tank i s  a 5% damped, 84% non- 
exceedance p r o b a b i l i t y  spec t ra l  acce le ra t ion  between 5.0 and 7.0 Hz of 

0.619 i n  the  d i r e c t i o n  of l a r g e s t  horizontal  ground motion." 

Again, i t  should be noted t h a t  t h i s  capaci ty  i s  a HCLPF capaci ty  and not the 
median capac i ty  which i s  expected t o  be more than twice as g r e a t .  
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Table H-2. 

Computation o f  Overturning Moment 
Capacity, MsC 

2.70 .575 102 32.2 

"SC k ip-C t - 
23.100 

21,90n 

20,800 



Materials: Shell 6 Chairs: SA240 - Type 304 SST 
Bolts :  A307 - 2 "  C 

Figure H-1. Examp le  T a n k  
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Figure H-2. Schematic Illustration of Tank Bottom Behavior 
Near Tensile Region o f  lank Shell 
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FLAT-BOTTOM VERTICAL WATER STORAGE TANK 

FRAGILITY METHOD 

BY 
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A U X I L I A R Y  CONTACTOR CHATTER I N  MOTOR CONTROL CENTER 

CDFM METHOD 
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A U X I L I A R Y  CONTACTOR CHATTER I N  MOTOR CONTROL CENTER 

F R A G I L I T Y  METHOD 
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D I E S E L  GENERATOR ROOM STARTING A I R  TANK SUPPORTS 

CDFM METHOD 
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DIESEL GENERATOR ROOM STARTING AIR TANK SUPPORTS 

FRAGILITY METHOD 
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COMPONENT COOLING HEAT EXCHANGER SUPPORTS 

CDFM METHOD 
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SUMMARY OF HCLPF CAPACITY CALCULATIONS FOR SELECTED COMPONENTS 
PERFORMED BY EQE INCORPORATED 

Component 1: F l a t  Bottom Storaqe Tank 

F a i l u r e  o f  t h e  v e r t i c a l  storage tank  i s  de f i ned  t o  be gross l o s s  o f  
f l u i d  contents .  T h i s  i s  assumed t o  occur when t h e  tank  s h e l l  buckles.  
H o r i z o n t a l  seismic l o a d  i n i t i a t e s  u p l i f t  o f  t h e  t a n k  s h e l l  f rom i t s  
foundat ion.  Th is  u p l i f t  i s  r e s i s t e d  by t h e  anchor b o l t s ,  t h e  tank  
bottom p l a t e ,  and t h e  tank  weight.  
c h a i r  d e t a i l ,  are pe rm i t ted  t o  y i e l d ,  so l o n g  as t h e i r  behavior  i s  
d u c t i l e ,  s ince  y i e l d i n g  does n o t  d i r e c t l y  r e s u l t  i n  l o s s  o f  f l u i d  
contents .  She1 1 compressive s t resses p r o g r e s s i v e l y  increase u n t i l  
buckling occurs. 

The anchor b o l t s ,  w i t h  t h e  mod i f i ed  

The f o l l o w i n g  HCLPF c a p a c i t i e s  have been obtained: 

F r a g i l i t y  Ana lys i s  Method: 0.26 g 

CDFM Method : 0.29 g 

Median Capaci ty : 0.54 g 

These est imates were n o t  r e v i s e d  i n  t h e  Second Round C a l c u l a t i o n s  
f o l l o w i n g  t h e  Study Group d iscuss ion.  

ComDonent 2: Motor Contro l  Center 

The cab ine t  has a fundamental frequency o f  6.5 Hz which i s  a t y p i c a l  
e l e c t r i c a l  cab ine t  frequency t h a t  r e s u l t s  i n  s i g n i f i c a n t  amp1 i f i c a t i o n  
o f  base mot ion i n p u t .  The f u n c t i o n a l  f a i l u r e  mode o f  t h e  motor c o n t r o l  
c e n t e r  i s  governed by c h a t t e r  o f  a u x i l i a r y  con tac to rs  on t h e  motor 
s t a r t e r s .  T h i s  may r e s u l t  i n  spur ious s i g n a l s  and may adverse ly  a f f e c t  
t h e  equipment c o n t r o l l e d  by t h e  motor s t a r t e r .  
d e r i v e d  us ing  r e l a y  and con tac to r  c h a t t e r  da ta  evaluated d u r i n g  t h e  

SSMRP program [Cover e t  a1 19851. 

The median f r a g i l i t y  was 

However, t h e  u n c e r t a i n t i e s  f o r  t h a t  

468nb/hcl p f c a l  
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fragility derivation were large due to the fact that some non-typical 
very sensitive devices were included in the data base. Therefore, 
Generic Equipment Ruggedness Spectra (GERS) [ANCO, 19871 were used to 
establish a lower bound capacity and the uncertainty on strength was 
derived from the acceleration capacity range between the median and GERS 
capacity. The HCLPF was then derived from the median capacity and the 
uncertainties in capacity, building response and equipment response. 
The deterministic HCLPF capacity was derived using the EPRI methodology 
and GERS. GERS were reduced by a factor of 1.3 in accordance with the 
EPRI Seismic Margin Criteria Methodology. In addition, operability 
during an earthquake is only a concern if there are interlock circuits. 
Therefore, the 0.87 reduction factor on GERS for interlock circuits, as 
stated in the GERS report [ANCO, 19871, was used to reduce the HCLPF 
capacity. 

An additional failure mode investigated was operability after the 
earthquake. 
this HCLPF capacity derivation. 
studied: ground level and high-up in the building. The following H C L P F  
capacities have been calculated for the MCC: 

ANCO GERS and other generic test data have been used for 
Two locations for the cabinet were 

Case Median Capacity HCLPF Capacity (9) 
(g 1 

Fragi 1 i ty Method CDFM Method 
In-Structure 

Function During 0.36 0.07 0.09 

Function After 1.16 0.21 0.26 

Ground Mounted 

Function During 1.58 0.39 0.47 

Function After 5.06 1.18 1.45 

These estimates were not revised in the Second Round Calculations. 

468nb/hcl pfcal 
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ComDonent 3: Startincr Air Receiver Tank 

The starting air receiver tank i s  a vertical, skirt supported 
cylindrical tank which is anchored to the building floor by three angles. 
welded to the tank skirt and bolted to the floor. 
is much weaker in bending than the anchor bolts. 
ductile i n  bending and the failure mode is low cycle fatigue. When 
fracture of the angle occurs, the air tank is assumed to fail through 
failure of the attached piping. 

The leg of the angle 
The angle leg is very 

A low cycle fatigue analysis was conducted to determine the ductility 
limit at failure, assuming 5 cycles of strong motion input. 
resulting failure ductility was used in the fragility analysis to 
determine the median acceleration capacity. 
computed f rom the median capacity and the derived uncertainties of the 
important variables that contribute to building response, equipment 
response, strength and ductility. 

The 

The HCLPF capacity was then 

In the EPRl deterministic analysis method, bending of the angle leg was 
also the governing failure mode. In this case the computed bending 
stress was compared to the ASME Component Support Code allowable stress 
for plate bending. In addition, a load factor of 0.8 to account for 
ductility was used to reduce the seismic load before comparison to the 
code allowable. 
criteria for ductile failure modes. 

This load factor is specified in the EPRI deterministic 

This tank is assumed to located high up in the building. 
nozzle loads were not specified, the analysis has not included any 
effect o f  nozzle loads. 
calculated: 

Since the 

The following HCLPF capacities have been 

Fragility Analysis Method: 0.44 g 

CDFM Method : 0.53 g 

Median Capacity : 1.55 g 

These estimates were not revised in the Second Round Calculations. 

468nb/hcl pfcal 
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Component 4: Horizontal Heat Exchanaer 

The failure mode governing the median capacity of the horizontal heat 
exchanger was combined tension and shear of the anchor bolts. Tension 
results from overturning o f  the heat exchanger in the lateral direction 
while shear results from inertial loads in both horizontal directions. 
When this anchorage failure occurs, the heat exchanger is assumed to 
fail through failure o f  the nozzles and attached piping. 
capacity was computed from this median capacity and the derived 
uncertainties in building response, equipment response and strength. 

The HCLPF 

The governing failure mode for the EPRI deterministic HCLPF capacity 
calculation was pure shear o f  the anchor bolts. 
governing failure mode results from the fact that dead weight resists 
the overturning and tensile stresses do no develop in the bolts at the 
HCLPF capacity level but do develop at the median capacity level. The 
difference in the calculated HCLPF is smal , however, for the two 
failure modes of the anchor bolts. 

This change in 

Two locations for this heat exchanger have been studied: ground mounted 
and high-up in the building. 
they have not been considered. The following HCLPF capacities have been 
cal cul ated: 

Since nozzle loads were not specified, 

Case Median Capacity HCLPF Capacity (9) 
( 9 )  

Fragility Method CDFM Method 
Ground Mounted 1.87 0.89 0.96 

In - St ruct ure 1.08 0.38 0.44 

These estimates were not revised in the Second Round Calculations. 

CornDonent 5: Reinforced Block Wall 

The block wall is represented as a vertical cantilever fixed at its 
base. Seismic capacity is controlled by out o f  plane bending moment at 
the base of the wall. The wall is capable of withstanding seismic 

468nb/hcl pfcal 
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excitation levels in excess of those causing initial yielding through 
ductile response. Failure occurs when the ductility demand reaches a 
maximum permissible value. 
to a deformation level at which the load carrying capacity begins to 
significantly degrade. 

This maximum allowable ductility corresponds 

The sample block wall ultimate strength and load-deflection relationship 
i s  determined following the recommendations o f  the ACI-SEASC Task 
Committee on Slender Walls. The capacities are estimated using two 
di fferent stiffness assumptions : equivalent el astic-pl astic 1 oad- 
deflection curve and secant stiffness. 
have been calculated for block wall: 

The following HCLPF capacities 

Fragility Analysis Method: 0.48 g 

CDFM Method : 0.48 g 

Median Capacity : 1.55 g 

In the Second Round Calculations, median damping of 10 % was used along 
with a median ductility of 3. The revised capacity estimates are: 

HCLPF Fragility Analysis Method: 0.63 g 

HCLPF CDFM Method : 0.63 g 

Median Capacity : 2.10 g 
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1.5708EtG0 
1.0472Et06 
7.2273E-01 
5.05jbE-01 
3.5542E-01 
4,3647E-01 
4.7208E-01 
4.54bX-01 
4.6341E-01 
4.6i77E-GI 
4.t993E-01 
4.6885E-01 
4 . t E i E - O t  
4. bE'J8E-QL 

-3.6240€+06 
-1 .?F97E+Gb 
-8. rJ612EtG5 
- 1.5852Et05 

3.1471Et05 
4.0285Et04 

-h. 522bEtCi 
-1,427CEt04 
-4. G159Et04 
-5.2791Et04 
-5.9032E+L14 
-5.59 i8Ei04 
-5.4356i t04 
-5.5138Et04 

-2.9633EtOt 
-1.74k5Et0b 
-7.5091iEt05 
-1.0332EtO5 

3.6991EtO5 
9.5485Et04 

4.093FEt04 
1.504iEt04 
2.40FOEt03 

-1.6025Et04 

-5,83?4E+0'! 
-7.1613Et02 

E. 44ijBEtU2 
h. 2465Et01 

4.69bOE-Gi -9.7483Et05 7.ab32Et05 1.333Git05 -5.5205EtO4 -4.i031E+00 
4,6660E-01 -9.7483Et05 i,8622E+05 1.3330Et05 -5.5?0!E+04 -9.5313E-01 

B-29 



R E S U L T S  O F  A N A L Y S I S  
____________________---_------------- 

13! D I R E C T  FCiPCES AT Tdtik bkSE: 

: 4 !  RESTORiHG KOHEtiT: _______--_-_____ 
FROW LONGITUDI#AL FORCES iN SHELL= 2.2888Et08 
FROH ANCHOR BOLTS TENSILE FORCES = 6.3613Et07 
FRDY BIjTTOW PLATE HOLDDHH FORCE = 9.7444EtG6 

B-30 



HAXIHUH LENG!H OF UPLIFTED BOTTOH PLfiTE= 1.5931E+Gl 
WlInilH UPLIFT DISPiACEflEMT = 2.9452E-01 
’ ‘  :!UH FIBRE STRESS IN BOTTOH PUT€ = 4.6734Et04 
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/- RAD I US = 2.4500Et02 

BOTTOtl PLATE THICKNESS = ,0000EtO0 
SHELL YOliNS'S HOD'JLUS = ?.BGOOEtO? 

SHELL THiCENESS = 3.7500E-01 f 
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ITER I 
------ 

1 
2 
3 
4 
5 
6 
7 
6 
9 

10 
11 
t i  
13 
i 4  
15 
16 
l?  
18 
19 
20 
2 i  
2: 
23 

8.950BEt04 
5.643FEt05 
6.4917Et05 
7,896OEt05 
9 .6334 i t05  
6.4751E45 
6 . 9 3 4 i t 0 5  
9.24i3Ev05 
9.4290i t05 
9.5261Et05 
9.4776E+85 
9.4532Et05 
9.4655EtbS 
7.47 16EtQ5 
9.4747Et05 
7.413?Et3S 
9 . 4 7 2 4 E W  
9.4!28E+05 
?.4?30Et05 
9.47?9E+05 
9.4??aE+05 
9,4?28Et05 
9.47ZBEt05 

-j,9953E+Ub 
-2.4157EtO6 
-1.2727EtGo 
-5.440 1 E t 0 5  
3.9652EtO4 

-2.9609Et05 
-1.4626Et05 
-5,675OEt04 
-1.1115EtG4 

1.26j6Etfi: 
-4.9506EtG3 
-1.84Q9Et03 
-2.9400Et02 
4.8469EtE 
9.6250Et01 

-?.8938E+i:ll 
-1.3750Et00 

4,6375Et01 
2.2563EtOl 
1.0625Et01 
4,6?50E+irG 

la j846E+04  

b.?500E-01 



R E S U L T S  O F  A N k L Y S I S  

( 2 )  D I W T  FDfiCES AT TANK BASE: 

( 4 )  hEST0F:iNE RORENT: 

FRO# LONGITUDINAL FORCES IN SHELL= ?.3743E+O8 
FAOH ANCHOR BOLTS TENSILE FORCES = 3, b297Et07 
FROR BOTTOH PLATE HDLDUWN FORCE = .0000E+00 
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f i f * f f f f f f f f f f f f f f f f f f f f f f t f f f f ~ f f i f f f f f f f f f f t f f f f f f f f f f f f f f i f f f f f f f f f f f f f f € i f f f f f f t f f f f f f f f f f ~ f f f f f f f f ~ t f ? f f ~ f f f f f f f f f f f t f ~ ~ f ~ ~ f ~  

~ ’ - ‘ f f f f f f ~ t f f f f f i f f f t f f f f f ~ f f f f f f f f ~ f f f f f t f f f i f f f f f f f f f f f f ? f 4 f f i f f f f f f f f ~ f f t f f f i f f f f t f f f ~ € f t i f f f f f f f f t f f f f t i f f i € f f f f f ~ f f f f ~ + f ~ ~ ~ f  
1 !+@NGRtlbi .STY 10-91-87 08:3S: 54 

T k N K  D b T k  

RADIUS = 2.4000Et02 
SHELL THICKNESS = 3.75OGE-01 
BETTOH PLATE THICKNESS = 2.50GOE-Gl 
SHELL YOUNG’S MODULUS = 2.8ii30E+G7 

________--_-__--- 

 PRECALCULATE^ D A T A  
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1 
2 
3 
4 
5 
6 
? 
a 
9 

10 
1 1  
12 
j 3  

14 
15 
It 
i i  
l?  
19 
20 
21 

2: 
77 
LL 

#EUTRAL M I S  PS PB 

B- 36 



f t f t i f t t t t t t i t f t t t t t t f t t t f t f ~ t t f t t f t t i f f t t t t t t t t t t t t t f t t t t f t t ~ t t t f t t t i t f f f t t t t f t f t f t f f f f t t t i t f f t t t t i t t f t t t t t t ~ t t f t t f t f t f t f f f f i ~ ~ t ~  

t’ - ‘ t f f t f t t f t t  ttttttftf  f f t f f f f f t t t f t f  f f t f t f t f f f  f t t f  f+f f f f t+f f  +tff  ff+f ff ff f f f  f+fff4f f f#f f+*f+ff f i f f f  +++€ftHtff*+l*Ytf H f + t f  *+ i f f*  
1 )+@NORflkL. STY10-01-87 08: X: 34 

(1) IiELiTRki %IS LOCITIOti: 

DEGREES AllD I ANS 
21. (3699 3.6774E-01 

( 4 )  RESTORING ROflENT: 
---------_______ 
FRDH LOtiGITUDINAL FORCES I#  SHELL= 2.3973Et08 
FROH ANCHOR BOLTS TENSILE FORCES = 2.7120Et07 
FROH BOTTOH PLATE HDLDGYk FORCE = 1,0994Et07 

TOTkL = 2.77B9EtG8 
_----____-- 

B-37 



HAiiMH LEtiETH OF UPLIFTECl BOTTOfl PLATE= 1.9353EtGl 
HAXIRUH U P L i F T  DISPLACEHENT = b.ill?BE-Gl 
HAXiHUfl F I B R E  STRESS i N  EOTiOt! PLI lTE = 7.191ZEtO4 

p - 4 4  

B-38 



T A N K  D A T A  

RADIUS = 2.4000E+O? 
SHELL THICKNESS = 3.7500E-01 ' 
BOTTDH PLATE THICKNESS = ?. 5000E-01 
SHELL YOUNB'S HODULUS = 2.86GGE+07/ 

---------------__ 

A N C H O R A G E  D A T A  
-_-----____-----__--------- 
NUHBER OF ANCHOR BOLTS = a /  
ANCHfR BOLT DikHETER = ?.OGOCE+00 f 
EXYGSED LENGTH OF BOLT = 2.7000E+Ol/ 
TOTbL LEtiGTH OF BOLT = 5.45OOi+Ol 
BOLT YOUNG'S flODULUS = 2.9000Et07' 

P R E C A L C U L A T E D  D A T A  

EFFECTIVE FLUID WEIGHT = l.XKiE+i)l 
TANh SHELL CRITICAL STRESS. 1.6201:E+04 
LIflii ON EDiT CAFiiCiTt' = I.OiOQE+GS/ 
NU VEFTiCAL BASE REACTION= -5. EbObE+04 

I T E R k T l O t i  P A R A ! l E T E R S  

B-39 



fiifiiitffiiiiiifiifif~fifiiiiifitiiiiiiifififiiitffififiiiiitiiiffiifiiiiiiifififfi~ii~iiiiiififfiiiiiiiii~tiiiifiiiiiiifi~fiiiti 

t f f f f f f f  f ffffftf f t f f f f f t f f f f  fffcfffffHf ff +ftff+ff ffff ffff ff ffffffff ffffffffffffff fffffff ftffffffffffffffffftf*f*f ff ftff fftf tfffff 
1 i+4NORHAL. STY 10-06-87 10: 45: 49 

1 
2 
3 
4 
5 
6 
7 

9 
lii 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

a 

l15708E+00 -2.1701)i*OS 
1.0472Et00 -2,034OEtOb 
7.2273E-01 -1.4183Et06 
5.053AE-01 -9.9632Et05 
3.554?E-01 -7.0225Et05 
4.3647E-01 4.6145Et05 
3.9i90E-01 -i.B57bE+O5 
4.1!61E-Cil -6.2444Em 
4. ?714€-01 -B.4314€+@5 
4.3183E-01 -8.5234Et05 
4.3415E-01 -8.5690Et05 
4.3531E-01 -6.591BEt05 
4.373~-01 -a.5m4it05 
4.3444E-01 -8.574iE+05 
4.343jE-01 -B.5719Ei05 
4,343X-01 -6.5733Et05 
4. 5441E-01 -8.574CiEt05 
4.3439€-01 -8.5i37Et05 
4.344Oi-01 -6.57;8€+!)5 
4.3437E-Oi -6.573BEt05 
4.344Oi-01 -6.573X+05 
4.3439E-01 -6.573EtO5 

6.4212Et04 
2. Sl4tE*B5 
4. E?! iEt05 
b. Ob45Et05 
7.3109Et05 
b.4805E705 
6.8123Et05 
6. b3 IOEt05 
6.5522Et05 
b .  5153Et05 
6.4975EtG5 
A.4667Et05 
b.4951EtO5 
b. 4P53Et05 
b. 4404EtG5 
6.495BEt05 
A. 4955Et05 
b. 4957EtO5 
6.4956€+95 
6.4956EM 
6.495bEt05 
A. 4956Et05 

4.2979Em -2. Bb28E+G& 
7.4141Et04 -1.b985Et06 
1.0409E*05 -8.2452Et05 
1.351bEt05 -2.54ilEt05 
1.6893EtG5 1.9777EtG5 
1.487bEtO5 -ba4bB7Et04 
1.5767Et05 5.3149Et04 
1.5?4FE+05 -6,3569Et03 
1.5081Et05 -3.7096Et04 
1.4978Et05 -5.102BEt04 
1.4927Et05 -5,!690itG4 
1.4901Et05 -b .  129bEt04 
1.4914it05 -5, 959bEt04 
1.4920Et05 -5.8743EtO4 
1.4924EtO5 -5. E317Etii4 
1,4922Et05 -5. B530Et04 
1.4921Et05 -5. B63iEt04 
1.492iEtX -5.8584Et04 
1.4921Et05 -5.b61OEt04 
1.4922Et05 -5,859iEt04 
1,4?ZE+05 -5. BO03EtQ4 
1.4922Et05 -5. BA60EtO4 

B-40 

-2.804ZEtOb 
-1.6399EtOb 
-7. b592Et05 
-1.9bllEt05 

-6.0865Et03 

5.0249E+04 
2. !504E+04 
?.5723E+03 
7.13953Et02 
-2. A?t3E+03 
-9.9564Et02 
-1.4335Et02 

2.563?Et05 

1.1 175Et05 

2.BSO3EtO2 
6.9628Et01 
-3.A686EtGl 

1. bl Q 9 E W  
-9,8906Et00 
2.5i61Et00 
-3.1094Et00 
-2.968BE-01 



(1) NEUTRAL MIS LOCATION: 

DEGREES RA”UIAN5 
24.6870 4.3439i-01 

i 4 )  RESTORING HOHENT: 

FROH LONGITUDIHkL FORCES IN SHELL= 2.0193E+68 
FRDfl ANCHOR BOLTS TEWSILE FORCES = 4.2555EN7 
FROH BOTTOH PLllTE HOLDOWN FORCE = 1.0541Et07 

TOTAL = 2.5502EtOE 

B-41 



HAXIHUH LENGTH U i  UPLIFTED BUTTOfl PLATE= 1.5935Et01 
HAXIHUH WLIFT DISPLACEMENT = 3. ?b72E-01 
HAXIHUH FIBRE STRESS IN BOTTUH PLATE = 5.4033E+04 

B-42 



COMPONENT 2 

MOTOR CONTROL CENTER 

B-43 



I 
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7 SHEET N O  - 
NGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

QCLIZI= S - X q  BY f?DC DATE/O'/-67 
n- -  - 

JOB NO t I C -  Q /JOB 
I 

/qc c CHK D- MgC DATE l ; / - t 1F7  CLIENT L LiJ/-  SUBJECT 
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NGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

JOB NO g?z ’ E -  “Joe BY 

ELIENT /-u SUBJECT m c c  
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NGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 5- SHEET NO - 

B-48 



6 IGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

3 B  NO JOB H t c ~ p F  skid7 BY lepc DATE /?/(h 
ILIENT SUBJECT A I C C  CHK D LPDATE I D / $  l& 7 

SHEET NO 

B-49 



7 NGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO - 

JOB NO JOB (4 c L P F  Sk6 - (1 BY & D A T E f 4 4 L 7  

CLIENT SUBJECT LICC CHK'D M let. DATE /O/U /t7 

B-50 



G E E - M C C .  3 
121 1 I 8 6  

I 

l 

D 

I 

- 4  . 
Y 
-1 “ U 

U . 
0 

a 

: r  - 
U 
Y 
L n 

I 

t 

0 

/ 
f , I I I I I l l  1 I h  

I I IO a0 JO ?.PA 

~ n c w c m c v  ( * a )  

Figure 2 .  
for  MCC. 

Comparison o f  GERS w i t h  f a i l u r e  data: funct ion  during and a f t e r  

B-5 1 



. . 
. . 

. 
, . . 

.
.

.
_

 ,
.

 
.7

' -.'. . . ' - 
,::-:.--- 

! . . . .
 . 

. . . 
.. 

. 
.

.
.

.
.

 

.
I

.
.

 .. 
I

.
.

 
i

.
.

 
. . . 

..;_
 .. . 

I 
.

.
 !

.
 ... 

3
 

0
 

E
 

d c
 

r3 
d 0
 

- 

A
-

 
*;2 

$
8
 

d
o

 

I 
!

.
 

> 
.

.
 

I
,

 
I
 

,
.

 
I 

B
-52 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
, I  SHEET NO 

JOB NO JOB P C L P F  57- BY 12/3c O A T E d U 7  

CLIENT SUBJECT bl cc CHKD fb{ /Le DATE ' 3  i 4  :If 7 

B-53 



SHEET NO // ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 
c 

JOB NO JOB p c l p L  S'Acy  BY &. DATE Jdk2 
CLIENT SUBJECT AfI CC CHK D- 

B-54 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO /2- 

JOB NO JOB H C i P F  siha BY DATE / O / z h 7  

CLIENT SUBJECT /LA cc CHKD /: ' KCD,AJ'E ! J  ' J  27 

B-55 



SHEET NO /'3 ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

LL D A T E l d 7  JOB NO JOB W C L P - F  z - l z  - BY 

CLIENT SUBJECT 

J 

td cc  CHK D - PI IC $ATE I C > ~ L I I ~ ~  

B-56 



SHEET NO -& ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

B-57 



~ 

ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NOD%, 

JOB NO JOB B Y g X  DATE 
1 -  - ' j 1 1 ,  z7 CLIENT SUBJECT MCC CHKD . "DATE 

B-58 



ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

BY DATE /O JOB NO JOB U C i p F  <L& W s H E E T N o 3 7  
CLIENT SUBJECT / j i  cc CHK'D A I k t D A i E  lb /v /F7  

B-59 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO j z ,  

c 

d 
BY p p c  DATE 1°/de7 C ’ r y r  = / - - -  m 

JOB NO JOB 

CLIENT SUBJECT / A  fL CHK’D h’f 1 R DATE IDlu 7 

B-60 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

JOB NO JOB - 
CLIENT SUBJECT /b cc CHK D - PI K L  DATE /J/cc / E  7 

B-6 1 



SHEET NO /Q JGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

* 

B-62 



ENGINEERING. SHEET NO 7, PLANNING AND MANAGEMENT CONSULTANTS 

. \ . _ - .  . .. .. . 
. .  . - - .  .e... ' . . 

.. e .  * .  : /;. . .  '. .' ' . .  . . . -\ '- . 
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20 ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO - 

JOB NO JOB kCLP': z-* BY DATE /@/2/g7 
CLIENT SUBJECT h csc CHK D h/l Lk DATE /C? 7 
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ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO 2/ 

4 C C P F  = 

. 

B-65 



COMPONENT 3 

STARTING AIR RECEIVER TANK 

B-66 



B-67 



.. . 

.. . . 

'I I 

I 
I 

i.Y I 

- .  

i * .  

, . i ..  

I 

' !  

-j 

I 

, '  I 

I 

! 
I 
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SHEET NO A ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

JOB NO JOB U L  Lfr- BY f l o  c DATE ?/Lr/e7 
CLIENT SUBJECT A ;r c f 7 6 .  k CHKn / . I ;  DATE/"'; k~ I 
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ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 5- SHEET NO - 



. '  L 

B-7 1 



SHEET NO 7 ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

Q C L  P F 5 kd’, , I  BY /2 0 ~ -  D A T E a 7  

; 1 , ’ 6 / h  
JOB 

SUBJECT 4 I.,? ec’/L: J: I -  f p p  k CHK’D ”‘ ‘DATE 
r- 

JOB NO 

CLIENT 
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SHEET NO 
ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

JOB NO JOB H c L p p  5;;hd'/ By &ZL- D A T E W  

CLIENT SUBJECT A i r  R g ~ ~ , e r  Ta,aLi< CHKD I ,, '- +DATE 3 'b 'E I / ,  r 

B-73 



8% 
Fig. 1-9.1 

1986 E
dition 

A
PPE

N
D

IX
 I 
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I D  ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO - 

L 

B-76 



SHEET NO 
ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

f 0.32  @= 2-33 I 

B-77 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO &.-- 

JOB NO JOB H c L P F  S ~ L U ' ~  BY@( DATE-@& 

CLIENT SUBJECT k ; r  R e t i l J e r  T U ~ K  CHKD M K R  DATE ' ' 3  c.57 ) 

B-78 



I 
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ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO 

BY KflL D A T E 9 h u 4 )  
c 

JOB NO JOB U-ICL pF s , a ' y  
CLIENT SUBJECT ~ ; c  Pecer'vet- f o r k  CHK'D 

B-80 
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JS? ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO - 

B-82 



LZ63 5 3 . 0 7  8 %  ?-3 
Fs = -7 37/62 

B-83 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO 17 

B-84 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

SHEET NO /8 
JOB NO JOB I - lCLfF szdy BY .&, DATE 9/?/27 - 
CLIENT SUBJECT A Qec- , , ,e 1 -  . 7 P  ,i CHK D M C E  DATE ‘ 5  ‘ 5 1 ~ 7  
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SHEET NO -/.& NGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

B-86 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 

SHEET NO .%, 

JOB NO JOB / 4 C L P / Z  5h-  BY p06, DATE u 
CLIENT SUBJECT A ir p g a  / p e r  c a / -  A CHK D ~ ~ c D A T E ~ O / G / ~ ~  

B-87 
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COMPONENT 4 

HORIZONTAL HEAT EXCHANGER 

B-89 



B-90 



ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO ~ 2 

A 

B-91 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO 3 

JOB NO JOB H C - P F  S-r& BY . a c  
, .  r c 

LK c &2&,4,fiF CLIENT SUBJECT p J /i +- f&KDM k I\ DATE ' z  ?, 7-  
I 

B-92 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO - 

7ic 
L 
2s " 

- - -  7 

a 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEETNO cT 

JOB NO JOB l 4 C ; P F  sL-& BY e o c  DATE 9-26-e7 
CLIENT SUBJECT CHKD ' '('j k 2 DATE i 3 ,'q /F 7 

<I 

B-94 



ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO 

- a  

JOB NO JOB I i C L ? F  54-J BY gDc DATE7-&-e7  

,t ’ c 2 DATE I o /.c 17 7 CHK D CLIENT SUBJECT Id@-- Z , , / L L  ,- 
k 

B-95 



SHEET NO 7 ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

B-96 



B-97 



SHEET NO 
ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

- 
/ - / c i p F  5 4  0 & 2  D A T E 9 / 2 E 8 - ;  , 

/ I / i  - '2. 
; 

JOB NO JOB 

CLIENT SUBJECT f f c  c - t  Zx %--Y.yy CHKD &DATE 
C' 

B-98 



/ o  ENGINEERING. PLANNING AND MANAGEMENT CONSULTANTS 
SHEET NO - 

B-99 



SHEET NO I, 
BY 0 c D A T E 7 3 7  

ENGINEERING, PLANNING AND MANAGEMENT CONSULTANTS 

I-/CG)3F d-Jyj c ?  

. ,  
JOB NO JOB 

CLIENT SUBJECT /Jf f / f A :-,--?J -/ CHK D lvl - kX DATE13 / Z  7 7 
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MCAU F I: LES TANK: . HC2 

CONSISTENT SET UF UNITS: 

BASE UNITS: in a 1L 

m 1 1M 

5ec 5 1T 

DER I VED UN I TS : ft 1 12'in 

in 
lb 3 m'- 

2 
sec 

ft 
g a 32.2.- 

2 
sec 

UEFINE MEDIAN PROPERTIES O F  TANK: 

R : = 240 ' in Radius of'  tank 

Thickness of tank wall 

k! := 1.24 Shell imperfection factor - for buckling cap.  

Shell imperfection size - assumed equal to 
shell thickness (normal construction) 

t := 0.25'in Thickness of tank bottom 

Modulus o f  elasticity of tank steel 

Area of tank: holddown anchcar bolt for 
siffness calculations - u5e 2.50 far strenqth 

C - 6  



- - - 
b 

Y 

_. 

1 
1 

2 

Y 

1 

f 

3 

DL 

ER 

3 
W 

h 
W 

:= 27 ' in 

:= 54.5'in 

:= 37'ksi 

:= 63.7.k 

.- .- 63.7.k 

lb 
:= 62.4'- 

3 
ft 

:= 37'ft 

n := El 

i := 1 . .n 
2'rr 

:= ( i  - 1)'- 
i n 

2 
JOH := - 

3 

ampv := 1.89 

1npl := I . oo 

inp2 := 1.11 

inp3 := 1.1 

Modulus of elasticity of bolt steel 

Yield strength of bolt: use effective yield 
stress equal to averaqe of median yield and 
median ultimate (44 + 64)/2 = 54 ksi times 
the net bolt area = 2.53 5q in. This 
produces total capacity = 135 k .  

Height uf bolt from nut to bottom of tank 

Height of bolt from nut to embedment plate 

Tank median yield stress 

Dead weight of tank shell and roof 

Vertical earthquake force due to tank wall 
and roof calculated for a 1.Uq vertical 
acceleration. 

Density o f  water 

Height of water in tank 

Number of bolts 

Loop over all bolts to define angle from 
symmetric axis to each bolt: 

Ansle from symmetric axis to each bolt, i 

Ratio of vertical to hctrizontal earthquake 
c tl m p  o nen t s 

Vertical amplification for the fluid due to 
tank radial expansion (median at 7% 
dampina) 

Input scale factor for hiqher spectral 
amplification relative to median input at 7% 
damp i nq . 
Scale factor for peak earthquake 
horizontal input compared to average 
of two horizontal components 

Ductility increase factor which influences 
the vertical earthquake reduction in hold 
down forces 

c-7 



p := & ' h  
w w  

- 1  

2 

w := p 

r 

.I 

I := Ll. [t31 
L12J 

1 - . 4 ' i n p l ' i n p 3 ' a m p v ' V ~ H ' -  Water p r e s s u r e  a t  bclttom o f  t a n k  

E f f e c t i v e  p r e s s u r e  on  tank bclttclm 

Moment clf i n e r t i a  cef b o t t o m  p l a t e  p e r  l e n g t h  

P - P ' .4' 
n e t  DL EL! 

N e t  v e r t i c a l  f o r c e  d u e  t o  dead  
l o a d  and e a r t h q u a k e  f o r c e  
p o s i  t i v e  up 

M := 233800' i n p l  ' i n p 2 ' k  ' i n  N e t  o v e r t u r n i n g  moment d u e  t o  e a r t h q u a k e  
n e t  (233800 k + i n  fur 0.30~~ f o r  7% damping 

a v e r a g e  o f  two h o r i z o n t a l  c o m p o n e n t s )  

DETERMINE SHELL BUCKLING CAPACITY: 

Tank b u c k l i n g  c a p a c i t y  b a s e d  on  "Seismic D e s i g n  o f  S t o r a g e  Tanks"  by M .  J. 
N .  P r i e s t l e y z  J.  H. Wood and B. J.  Davidrson. B u l l e t i n  o f  t h e  N e w  Z e a l a n d  
N a t i o n a l  S o c i e t y  For E a r t h q u a k e  E n g i n e e r i n g ,  Vol .  19* No. 4, 
1986. 

f := 0 . 6 . E  C l a s s i c a l  " p e r f e c t  s h e l l "  buck  
c l  S 

BUCKLING IN MEMBRANE COMPRESSION (DIAMOND BUCKLING): 

u := 1 - p: 

f 
Y 

U ' f  

r := 

c l  

%I . 5  t 
+ 

1 - 

December 

i n g  stress 

I m p e r f e c t i o n  r e d u c t i o n  
f a c t o r  

F a c t  o r  t ti d e  t e r m  i n e  
THICK o r  THIN w a l l  

C-8 



:= f ' 

o Y - 3 
elastic T H I C K  wall elastic T H I N  wall 

p . R  
J := 

t ' f  
s cl 

No 1- ma 1 i z ed c i r c u m f  er ei7 t i a 1 w a 1 1 s t i- es5 

- 
4 := 

f := f 'C'(C .:: 1 )  + f '(C 
P cl cl 

Factoi- for wall thickness and 
pressure - not to exceed 1 .O 

:. 1 )  Stress limited by classical bucklinq 
stress 

.- 
[f.md Y 

f .- f 
m d md 7 [f.md Y -  

:::. f Diamond buckling capacity 
limited b y  yield stress 

ELASTIC PLkSTIC COL-LkPSE (ELEPHBNT FOOT HUCKLING): 

c-9 



I 

I 

-f := f ' K ' i t : :  <; 1 )  + f . (K ::. 1 )  L i m i t  e l e p h a n t  f o o t  b u c k l i n g  stress 
m e  cl c l  t o  c la s s i ca l  b u c k l i n g  stress 

M I  N I MUM HUCKL I NG STRESS : 

1 . : f  ] + f m e ' [ f  <: f 

m md [fmd m e  m e  md 
f := f 

T h i s  is t h e  
buck1 ing stress  t 
u s e d  : I 

f = 1 7 . 1 8 3 ' k s i  f = 171.061'MPa f = 119.325'MPa 
m m d  m e  

f := f 
5u m 

A l l o w a b l e  t a n k  buckling stress 

UEFINE FORCES AND MOMENTS AT TANK BOTTOM AT THE CENTER: 

j := 1 ..3 

H .- e + .Ol' ( j  - 1 )  .- 
NA st 

.I 

C o m p r e s s i v e  force due to cc1ntac.t b e t w e e n  tank she1 1 and 
base, p o s i t i v e  downward: 

t 

w h e r e  e.N& is a n q l e  to  n e u t r a l  a x i s  

c - I O  



Moment due to  coritact between tank: she1 1 and baser when r e s i s t s  earthquake 
over turn inq:  

2 
f ' H  ' t  

5* 5 
4 := 
5 1 - c 0 5  8 

j L j l  

Force  due t o  a s i n q l e  b o l t :  

M 
5 

J 

A ' f  
b su 

EU175t : = 
.I 

MctLi.ty bolt force t o  tie g r e a t e r  than 0 b u t  - e s s  than Py: 

1 22 := P2 ' p 2 j  > "'"3 ["j .: P 3 + P .p2,i > P 
j S Y Y Y 

c - I  1 



Force  d u e  to s u m  G f  a l l  b o l t s r  p c l s i t i v e  downward: 

Mclment d u e  t u  a l l  b o l t s ,  p c i s i t i v e  when re s i s t s  e a r t h q u a k e  o v e r t u r n i n g :  

c-12 



Total  h o l d  dclwn f o r c e  f r o m  wa%ei- f r o m  bcl t tom p l a t e r  p o s i t i v e  downward:  
( T h i s  equa t ion  assumes t h a t  t h e  the re  is no rc l ta t i c ln  a t  t h e  tank 
s h e l l / b o t t c o m  p l a t e  interface a5 t h e  p l a % e  p i c k s  up d u e  to r c i c k i n q .  1 

\ 
1 - 

1 - 

d e  .= -. P 
L 3 5rx 1 

.i 
i 

(3 
N A  

.I 

'3otal r e s i s t i n g  moment frclm water on b o t t o m  
' e a r t h q u a k e  o v e r t u r n i n q  : 

3 
M .= ' f  ' h  
L 3 SIX 1 

j 

P := r + P  + F '  - P  
NET 5 b L n e t  

i i 1 i 

NA 
.I 

p l a t e ,  p c l s i t i v e  when resists 

Ver t i c a 1 eq CI 1 1 i b r i urn eq ua t i on 
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8 
NA 

: = ri t M  + M  M 
b L 5 u 

J j j j 
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i := 1 
a - a  

CAP CAP 
i + l  i 

- p  a := a 
F I IV CAF NET r - P  

i i NET NET 
i + l  i 

4 - 8  
NA NA 

e :" 4 - P  Y = 0 . 47 1 
i + l  i 

F I N  NA NET P - P  F I r,J 
i i NET NET 

i + l  i 

Some p a r a m e t e r s :  

f = 1 7 . 1 8 3 ' k s i  

p = 135.1:: 

i n p l  = 1 

sa 

Y 

i n p 2  = 1 . 1 1  

inp3 = 1 . 1  

VOH = 0.667 

ampv = 1.89 

c-15 
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MCAO FILES VTANK . HI= 1 

CONS I STENT SET O F  UN I TS : 

BASE UNITS: in E 1L 

sec 1T 

DERIVED UNITS: ft E 12.ii-r 

ft 
q 9 32.2.- 

2 
set 

DEFINE MEDIAN PROPERTIES O F  TANK: 

R := 240.in Radius u f  tank 

P. := 1.24 

Thickness of tank wall 

Shell imperfection factor - fur buckling cap. 

Shell imperfection size - aseurned equal to 
s t i  e 1 1 t h i c k nes s ! nu r ma 1 c o ns t r uc t i ci n ) 

t := C1.25.in Thickness of tank bottom 

Modulus of elasticity of tank steel 

A := 2-14.in Area of tank ho lddown anchor bo 1 t for . .  - 

b stiffness calculations - use 2.50 for strenqth 

c-22 



h := 27.in 

h := 54.5'in 

f := 37,ksi 

1 

2 

Y 

r := 63.7 .k  
El l  

lb 
6 := 62.4'- 
W 3 

ft 

h := 37.ft 
W 

n := 8 

i := 1 . .n 

2 
VOH := - 

3 

ampv := 2.12 

inpl := 1.22.1.12 

inp2 := 1 .11  

inp3 := 1.0 

Mcldulus of elasticity of bolt steel 3-c. 

Yield strength of bolt: use effective yield 
stress equalto average 44 ksi times the net 
bolt area = 2.50 sq in. This prc~duces 
total capacity = 1 1 0  k .  

Height o f  b o l t  from n u t  tu bnttclm of tank 

Height of bolt from nut to embedment plate 

Tank median yield stress 

Dead weight of tank shell and roof 

Vertical earthquake force due to tank wall 
and r o o f  calculated for a 1.0g vertical 
acce 1 er at ion. 

Density o f  water 

Height of water in tank 

Number of bo 1 ts 

Loop over all bolts to define angle from 
symmetric axis to each bolt: 

Clngle f r o m  symmetric axis to each bolt, i 

Ratio of vertical to hori=ontal earthquake 
c D mp o nen t s 

Vertical amplification for the fluid due to 
tank radial e:.:pansion (median at 7% 
damp i ng 1 

Input scale factor foi- higher spectral 
amplification relative to median input at 7% 
damping . 
Scale factor for peak earthquake 
horizontal input compared to average 
of two horizontal components 

Ductility increase factor which influences 
the vertical earthquake reduction in hold 
down forces 
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I 

1 - .4. iiipl. inp3'ampv'VOH. - p := 6 . h  dl SJ w w  

w := p Effective pressure 017 tank bclttorn 

Water pressure at bottom of tanl:: 

I := Moment o f  inertia of bcltturn plate per length 

1 1 

1 

- 

- P ' .4.inp3.VOH.- Net vertical force due to dead 
9 "I load and earthquake force 

positive up 

r := -[r 
net DL ELI! 

M .- . - 233800. i np 1 . inpi!. k ' in Net overturning moment due to earthquake 
net (233800 k*in for 0.309 for 7% damping 

average of two hor izclntal components) 

DETERMINE SHELL BUCKLING CAPACITY: 

Tank buckling capacity based on "Seismic Design o f  Storage Tanks" by M. J. 
N. Priestley, J. H. Wood and E. J. Davidson9 Bulletin of the New Pealand 
National Society For Earthquake Engineering9 Vol. 19, No. 4, December 
1986. 

f := 0 . 6 . E  . k] Classical "perfect shell" buckling stress 
cl 5 

BUCKLING I rd MEMBRANE COMPRESS I ON ( DIAMOND BUCKL I NG ) : 

+ Imperfect i on r educ t i on 
f ac t 0 I- 

Factor to determine 
THICK or THIN wall 
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. (r .::: g )  + c r . f  . (r :, 2) 
cl 

elastic THIN wall 

o Y 

elastic THICK wall 

Ncii-mal ized circumferential wall stress 

f 
P 

f 
md 

f 
m d  

:= f .C'(C .::: 1 )  + f .(C :. 1 )  Stress limited by classical buckling 
cl cl stress 

:= f 
cl 

'f P 1 
f-l cl 

1 .::: f ] + fy ' [' 
' c f m d  Y m d  Y 

::* f := f 
md 

ELASTIC PLASTIC COLLAPSE (ELEPHANT FOOT BUCKLING): 

Diamond buckling capacity 
limited by yield stress 

250.  MPa 

s + l  
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f := f . b : ' . ( c . "  . ... .:" .. 1 )  + .f .(F; :. 1 )  L i m i t  e l e p h a n t  f o o t  b u c k l i n g  stress 
me c i  c i  t o  c lass ica l  b u c k l i n g  stress 

M I N I MUM BUCKL I NG STRESS : 

1 <:: f ] + fme ' [' .::: f 

m md ' [fmd m e  m e  md 
f := f 

R P ' R  
= 6 0 . 3 6 . M P a  - = 540 - T h i s  is t h e  

u s e d  : 5 s 
b u c k l i n g  stress t t 

f = 1 3 . 9 1 7 . k 5 i  f = 9 6 . 6 6 2 ' M P a  f = i i 8 . 7 0 3 . M P a  
m md m e  

f := f 
s ox m 

A l l o w a b l e  t a n k  b u c k l i n g  stress 

DEFINE FORCES AND MOMENTS AT T A N K  BOTTOM A T  THE CENTER: 

j := 1 ..3 

.- .- e + . O i . C j  - 1 )  e 
N A st 

j 

C o m p r e s s i v e  force d u e  t o  c c t n t a c t  b e t w e e n  t a n k  s h e l l  and  
b a s e r  posi t i v e  downward : 

t 
S 

P := 2 . f  . R '  . c o s  - sin rNA 
5 SU 1 - c o s r N A  ,j]' ["NA j 

j 

r 
5 

j where  6.NA is a n g l e  t u  n e u t r a l  a x i s  - 
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Moment due .to c o n t a c t  be tween  tank: she1 1 arid base.  when resists e a r t h q u a k e  
o v e r t LI r n i ng : 

F o r c e  due t o  a s i n g l e  b o l t :  

M 
5 

.j 

A . f  
b SIX 

c o n s t  : = 
j 1 - c o s  e 

Modify b o l t  f o r c e  t u  b e  q r e a t e r  t h a n  0 b u t  less t h a n  Fy: 

179.905 
ITEXXiZl 
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Force due to sum o f  all boltss positive downward: 

P 
b 

j - 
k 

’ 637.107 
I 63 1 -528 
626.352 

McBment due t o  all bolts, positive when resists earthquake over turn ing:  

C-28 



 tal hC,ld dcgwll f o r c e  f r o m  water f rom b o t t o m  p l a t e r  pClSitiVe downward: 
( T h i s  e q u a t i o n  as5c~rnes t h a t  t h e  
s h e l l / b o t t a m  p l a t e  i n t e r f a c e  as 

P 
L 

j 

4 . H  

3 - 2  
.- -. .- 

1 
- 

1 1' 

t h e r e  is IW r o t a t i o n  a t  t h e  t a n k  
t h e  p l a t e  p i c k s  up d u e  t o  r o c k i n g . )  

n 

e 
NA I j 

;"yeN* j] - cos(Y)' 

1 - c o s  H i.. il 

1 

4 

- 

dY 

T o t a l  r e s i s t i n g  moment f r o m  w a t e r  o n  b o t t o m  p l a t e ?  p o s i t i v e  when res i s t s  
e a r t h q u a k e  o v e r t u r n i n g :  

M 
L 

j 

P 
L 

5 - 

3 . 2  L S ax 

1 - h r  1 

n 

H 
NA I j 

M 
L 

.I 

P := p + P  + P  - P  Ver t i ca l  e q u i l i b r i u m  e q u a t i o n  
NET 5 b L n e t  

j j j j 
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H 
N A  

P 
NET 

J 

-44 e -48 
N A  

j 

M := M + M  + M  
CI b L 5 

j j j j 
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H 
rd f i  

M 
U 

j 

a 
C A P  

j 



i := I 
a - a  

CAP CAF 
i + l  i 

a := a - P  
F I N  CfW NET F' - F  

i i NET NET 
i + l  i 

e - e  
Nf3 NA 

i + l  i 
Y := - P  

F I N  NA NET P - P  
i i NET NET 

i+ l  i 

Some parameters : 

f = 1 3 . 9 1 9 . k s i  
s IX 

r = i 1 o . I: 
Y 

i n p l  = 1.366 

= (3 . 458 H FIN 

i17p2 = 1 . 1 1  

inp3 = 1 

VUH = (5.667 

ampv = 2.12 

c-31 

These are t h e  8 = .45 
s t ar t i ng 
va lues:  a .178.g 

st 



Jack R. Benjamin & Associates, InC. 
Consulting Engineers 
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Jack R. Benjamin & Associates. Inc. 
Consulting Engineers 

? . 

-- , . ,' . -  
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I 

Jack R. Benjamin 81 Associates, Inc. 
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riC&U FILES MCC . GND 

NOHwC;L DISTHIHUTIUN: 

b l  = .319381530 

b2 I -.356563782 

b3 = 1 .?a1477337 

b4 i -1.821255978 

b5 G 1.330274429 

p 9 -2316419 

exp [;I 
1 

t ( X )  3 

1 + P '  1x1  

INVERSE NORMGL DISTRIBUTION: 

cU f 2.515517 

c l  P .a02853 

c2 = .010328 

d l  5 1.432788 

d2 2 .109269 

d 3  3 .001308 
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HEAD I N  AND PLOT THE BASIC FLOOR RESPONSE SPECTRUM GERS: 

i := 12 . .40 

BGEF: := READ(BGER) Med i a n  GERS v a  1 ~ i e s  
1 -. 

Logar 1 thms o f  t h e  c o r r e s p o n d i n g  f r e q u e n c i e s  
@; 

L F R E  := READ(LFRE)  
1 

0 
s 1 : = csp 1 i n e  ( LFRE . HGEF: ) T h i s  f i t s  a c u b l c  s p l l n e  through t h e  GEFS valueE 

k := 1 ..600 

4 

,LFRErBGERr  I n  

READ I N  THE MEDIAN GROUND RESPONSE SPECTRUM NORMPlLIZED TO 1.OG: 

1 := ij ..40 

GRSP := READ(GRSP) 
1 

LFRG := READ 
1 

LFRG ) 

Median ground r e s p o n s e  spec trum v a l u e s  

Logar i thms  o f  t h e  c o r r e s p o n d i n g  f r e q u e n c i e s  

53 := c s p l i n e  LFRGsGRSP) 
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T h i s  .fuiictiOiT computes  1 i f  E i t h e r  t h e  Sa v a l u e  is g r e a t e r  t h a n  
t h e  GEKs. o t h e r w i s e  0 and sums t h e  v a l u e s  fiver a l l  n t r i a l s :  

c'GSPEC >. GF GERSF 
I: I: k 

TOTAL!c )  := K l  /'. 

n 
k 

N : = 1 0  

T h i s  c a l c u l a t i o n  t a k e  t h e  p r o b a b i l i t i e s  o f  f a i l u r e  and t h e  a s s o c i a t e d  peak 
ground a c c e l e r a t i o n  v a l u e s  and p e r f o r m s  a least s q u a r e s  f i t  i n . t h e  
l o g - p r o b a b i l i t y  domain t o  o b t a i n  t h e  " b e s t  f i t "  median and (3 v a l u e .  

S 
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a = 0.857 
med 

f i  = 0.271 

z 1 : = in tercept  ( :.: 1 r y l  ) + s l o p e (  :i 1 r y l  ' :.: 1 
j j 

ma:.:(yl) = 0.405 

min(y1) = -0.693 

ma:.: ( :.: 1 ) = 2. (354 

min(:.:l) = -1.96 

C-40 



&-- 

T h i s  is t he  5 % damped spectrum 

. I  

DETERMINE P O I N T S  ON F H f i G I L I T Y  CURVE BASED ON L A T I N  HYPERCUBE S I M U L A T I O N  
CONS I DER I N G  THE FOLLOW I NG 'JAR I ABLES 5E I NG UNCERTA I N : 

Equipment f requency: fi = (3.20 median = 6.5 hz 

T u t a l  o f  17 s imu l  

GERS : 

t ic lns re performed 

I1 [ [" - 1 r n d ( 1 )  
EF := 6.5 'exp 0.20' I N O R  

k 

I1 [ - 1 1 r n d ( 1 )  
GF := 1.2'ez:p (:).2?'INOR 

k . 

T h i s  creates; n equipment f r ~  
values  - n o t e  i t  is based ut 
a comb 1 ned var 1 ab I 1 1 t y  

T h i s  c r e a t e s  1-1 f a c t o r s  t o  
s c a l e  t h e  GERS capac i t y  
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p := 1 . . l o  

EF GF 

WHITE(EF) := EF 
k 

WRITE(GF) := GF 
k 

The program is transferred to DOS where the files are randomly mixed using 
proqram CkDMIX 

EF := READ(EF) 
k. 

GF := READ!GF) 
k 

GSPEC := exp I n  EF Ground spectrum v a l u e s  a t  
I.: [ k l l l  random frequencies 

GERSP : = interp 
I:: 

EF GF GSPEC 

GERs capacity values at 
r and u m f I- eq uenc i es 

GF ‘GEHSP 
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a . - -  - ex p p 1 ,j] 
j 

P := rmH 

.j 
best  

a 

Pea k g i- ct LI nd ac c e 1 e 1- a t i co 1-15 

F'robabi  1 i t.-i o f  f a i l u r e  v a l u e s  

B e s t  f i t  p r o b a b i l i t y  o f  f a i l u r e  V a l L l E S  

P 
P 

b e s t  

C-41 



BY DATE PROJECT 

CHKD. BY-DATE SUBJECT JOE NO. 

CL z c, 
Jack R. Benjamin 8 Associates, Inc. 
Consulting Engineers 

9 \ 
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BY DATE 

CHKD.BY DATE 

PROJECT PAGE I \  - OF 

SUBJECT JOB NO. 

p Y  - d  - 
*\ 

Jack R. Benjamin & Associates, inc. 
Consulting Engineers 
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13 PROJECT PAGE-OF BY DATE 
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PROJECT PAGE OF 
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PAGE.-OF 3 BY DATE PROJECT 

CHKD. BY-DATE SUBJECT JOB NO. 

Jack R. Benjamin 81 hsociates, Inc. 
Consulting Engineers 

p i 3 
’t.5 .A 
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I'lCRL, F I LES MCC; I F R A  

NUKMCiL D I ST'K I BUT I UN : 

b2 I -.356563782 

p P .2316413 

z ( : < )  E 
2.506628275 

I NVEKSE NOF:MfiL c) I STR I HUT I O N  : 
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READ I N  AND PLOT THE B A S I C  FLOOR RESPONSE SPECTRUM GERS: 

BGER := READ(BGER)  
i 

L F H E  := R E A D ( L F R E )  
i 

s 1 : = c s p 1 i i-ie ( LFRE BGEH ) T h i s  f i t s  a c u b i c  s p l i n e  .through t h e  GEHS v a l u e s  

I:: : = 1 . . 600 

I:: [- 1 ,LFRE,BGEH, I n  

HEAD I N  AND P L O T  THE H O R I Z O N T A L  FLOOR RESPONSE SPECTRUM: 

F L S P  := R E A D ( F L S P )  
.i 

L F R S  : = READ (LFHS) 
.I 

F 1 clc~ r I- esp CI n s e  s p e c  t r urn va 1 L i e s  

Loqar  i t h m s  o f  t h e  c o r r e s p o n d i n g  f requenc ies  

s2 : c s p  1 i ne ( L F R S  F'LSF' ) 



FiEAL) I N  THE H O R I Z O N T A L  F L O O R  K E S F O N S E  SFECTRUM A'JERAGED OVER 0.2f 
FREOUEFdC'f BArJD 

AFLSP : = F:EAD ( 4FLSF' 1 Average f 1cicii- respcinse spectrum .values 
.j 

54 := c s p l i n e ( L F R S . A F L S P j  

S A  ( :: ) : = i n t er p , LF HS , FLSP 1 17 

1 

REGD I'N THE M E D I A N  GROUND RESPONSE SPECTRUM N O R M A L I Z E D  T O  1. OG: 

M e d i a n  around response s p e c t r u m  v a l u e s  

LFF:G := F I E G D ( L F H G )  L o  q ai- i t t i  m s  co f t h e c D r r e s p D nd i i-19 f 1- eq uenc i E 5 
1 

53 := c s p l i n e ( L F H G , G R S P )  

exp i n t e r p  s 3 , L F R G , G R S F ,  117 I [  
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OETERM I NE PO I NTS ON FRAG I L I TY CURVE BASED ON LAT I N HYPERCUBE S I MULAT I UPJ 
C O r G  I DER I i'4G THE FDLLOW ING VAR I AHLES BEING UI'4CERTA I N : 

61-1 i 1 d i nq f r e q u e n c y  : 

Eq LI i p men t f r e q  u e n c  ..:; : 
Combined u n c e r  t a  i i n i  t y  : 

GERS : 

T o t a l  o f  n s i m u l a t i o n s  are p e r f o r m e d  

k := 1 . . n  

[ 
[* - 1 ; r n d ( 1 )  

B F  := 7.2 'e :cp  0.25' I N O R  
k 

CUNST := e x p (  ii-iterp(s3.LFHG,GHSPI l n ( 7 . 2 )  ) ! 
CONST = 1.89 

FF := 
k CONST 

I1 [ - 1 1 r n d ( 1 )  
EF := 6.Si'e,:p 0 . 3 2 ' I N O R  

k 

C-52 

g = (3 . 25 median  = 7.2 hr  

(2 = (:) , 20 median  = 6.5 h z  
G = 0.32 

12 = (3 . 27 median  = 1.2~ 

I T h i s  creates  n b u i l d i n g  frec; 
va 1 L i e 5  

T h i s  c c l n s t a n t  is t h e  qrocinr 
s p e c t r u m  amp1 if icat  i o n  a t  
t h e  b u i l d i n g  freqLiei lcy,  
7 .2hz  

T h i s  c r ea t e s  t i  f a c t o r s  tcl 
s c a l e  t h e  f l u o r  s p e c t r a  
f o r  d i f f e r e n t  b u i l d i n g  
t r e q u e n c  i es 

T h i s  creates  n equ ipmen t  f. 
v a l u e s  - n o t e  i t  is b a s e d  
a combined  v a r i a b i l i t y  f o r  
b u i l d i n g  and equ ipmen t  
f r e q u e n c i e s  

T h i s  creates n f a c t o r s  t G  
scale  t h e  GERS c a p a c i - t y  
f o r  t h e  v a r i a b i l i t y  i n  t h e  
G E R S  



p := 1 . 1 (2 

FF 

The f i r s t  t en  sets u f  samples before  randomly mixing 

EF GF 

WHITE(FF) := FF 
k 

WHITE(EF) := EF 
k 

WRITE(GF) := GF 
k 

T h e  program i s  transferred t o  D O S  where t h e  f i l e s  are randomly m i x e d  

FF := REfiD(FF) 
I: 

EF := READ(EF) 
k 

GF := REfiD ( G F )  
k 

FSPEC := interp In EF Floor spec tra l  va lues  a t  random 
k [ ,I1 frequencies  

GSPEC := interp Averaqe f l o o r  va lues  a t  random 
k f requenc i es 

GEHSP := interp GEHs capaci ty  va lues  a t  random f r e q .  
k 

c-53 



r 

FF EF GF FF SPEC FF 'FSPEC 

T h i s  f u i 7 c t i o n  camputes  1 if  e i t h e r  t h e  Sa v a l u e  is g r e a t e r  t h a n  
l.S*GEHS o r  if t h e  a v e r a q e  Sa v a l v e  i5 q r e a t e r  t h a n  l . i S + G E R S s  
o t h e r w i s e  (3 and 5 U m 5  t h e  v a l u e s  GVEi-  all n t r i a l s :  

'FSPEC 1.5.GF .GEHSP 3 . [c. F F ~ .  ASPEC 
k k I.( k 

GF 'GEKSP 

1 C GF 'GEKSP 
k k 

a := 0.11 

N : = 1 (2 

j := 0 ..N 

pqa := e x p  
.i 

%fai 1 

S p a c e s  a set o f  pga  v a l u e s  e v e n l y  
i n  t h e  lclq domain  

T h i s  c o m p u t e s  t h e  f r a c t i o n  o f  . f a i l u r e s  
(or f r a g i l i t y  c u r v e  v a l u e s )  a5 a 
f u n c t i o n  o f  t h e  pqa v a l u e s  

WRITE(PGk) := pqa  
j 

WHIIE!FGIL) := % f a i l  
j 
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'I'hia pi-c,qram t a k e  t h e  c a l c u l a t e d  prcobabi 1 i t i e s  c t f  f a i l u r e  and t h e  a s s u c i a t e d  
peak q r o u n d  a c c e l e r a t i o n  values- and perfctrms a least squares f i t  i n  t h e  
l a q - p i - o b a b i l i t y  domain t o  c lb ta in  t h e  " b e s t  f i t "  median and  rZ va lue .  

NORMAL o I STR I Etu-r I urd : 

b l  2 .313381530 

b2 E -.356563782 

b 3  a 1.781477937 

b4 -1.821255978 

b5 I 1.330274429 

p -2315413 

e x p  - 
z ( ;.: ) I [-:'I 

2.506628275 

1 
t ( I: ) 3 

1 + p '  I:.: I 

INVERSE rdommL D I STR I HUT I ON : 



N := 1 0  

t:1 := HEAD(FA1L) 
j 

Yl 

yl := 117 y l  
j [ j l  

:.:l := I N O R p J  
j 

intercept ( ~ 1  ? y l )  = -1.155 a : = e :.: p ( i 17 t el- c ep t ( :.: 1 y 1 ) ) 

c u r r  ( x l  ,yl 1 = (3.997 
med 



T a b u l a t e  pi-ubatii  1 it ies 

p := NCjR 

J 

r 
1 n 

a 
j 

a 
ITISd 

:= """I R 
P 
best 

.J 

t o  compai-e c a l c u l a t e d  and  t i e s t  fit v a l u e s :  

Pea I< q I- o Lli?d ac c E. 1 pi- ~i .t i o ns 

F' robabi  1 i t y  o f  failure v a l u e s  

B e s t  fit prc lbab i  1 i t y  u f  f a i  l u r e  v a l u e r ;  

c-57 
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\= = I* (J 

Jack R. Benjamin & Associates, Inc. 
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I-lLAL, F I LES SFECT . S I  M 

b 3  z 1.781477937 

b 4  3 -1.321255978 

b 5  3 1.330274429 

p E .2316419 

Z( : . . )  z 
2.506625275 

INVERSE NORMAL DISTRIBUTION 
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LFreq := 
i 

rn := 45 

j := (3  . . m  

XLFR := HErlDCXLFR) 
j 

XSA := HEAD(XSA) 
j 

Read i n  t h e  a v e r a g e d  3.5% damped spectrum 

s := cspline(XLFH,XSA) 

4 

I n  

1 

1 SA := i n t e r p  rs,XLFR,XSA,LFreq 
i L i 

I" ["" 1 3  L S A  := 
1 
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* I  
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7 

p := -4159 

p. : = . '735'7 

p. := 1.248 

p. : = 1 . '723 
P. := 1 .as7 

!I 

1 

2 

3 

4 

i := 0 . .4 

Logk := l o q r i ]  
i 
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MCAD FILES ACCUM . F 1I.J 

Ttiis prcaqram c a l c u l a t e s  t h e  r ~ a c t i o n s  of a t h r e e  s u p p o r t  c i r c u l a r  v e r t i c a l  
t a n k  where  t h e  t a n k  r o t a t e s  as a I - iq id  body and  t h e  l o c a t i o n  o f  t h e  
c o m p r e s s i v e  r e a c t i o n  m u s t  b e  o b t a i n e d  by t r i a l  and  e r r c u r .  The  l o a d i n g  
c c l n s i s t s  o f  a moment l o a d i n q  w i t h  a v e c t o r  o f  1 0  a t  a n  a n q l e  o f  A w i t h  t h e  
r e f e r e n c e  a x i s  and  a s e c o n d  moment o f  4 a t  90 d e g r e e s  tcb t h e  v e c t o r  c ~ f  10. 

T h i s  e s t a b l i s h e s  t h e  a n g l e  A a t  which  t h e  
b o l t  f o r c e s  w i l l  b e  c a l c u l a t e d  

i := 0 ..15 

A := 2 2 . 5 ' i ' d e q  
i 

M := 10 

'9 : = (1 

kr := 1.1 

r := 12 
1 

r := 14.25 
2 

kr is t h e  r e l a t i v e  s t i f f n e s s  o f  t h e  s u p p o r t  i n  c c ~ m p r e s s i o n  
t o  t h e  s u p p o r t  i n  t e n s i o n .  I t  is s t i f fe r  i n  c o m p r e s s i o n  
s i n c e  t h e  b o l t  d o e s  n o t  resist a n y  c o m p r e s s i o n  

$1 := S 5 ' d e g  

62 := 2 l S ' d e q  

$3 := 3 1 5 ' d e q  

range := r a n g e  .+ l 0 ' d e g  
2 1 

i := 0 ..n 

Note :  Do nclt c a l c u l a t e  a t  e x a c t l y  180 d e q r e  

r a n q e  - r a n g e  
2 1 

B := i-anqe + ' i  
i 1 i l  i- 1 
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:.: 2 : = 
i 

;<3 := 
i 

k 3 
i - 

k 1 
- i. 

1 
i 

?: 1 
i 

T h i s  step tests fur t h e  support  being 
in tension ur in c a m p r e s s i c ~ n  and sets 
the relative stiffness values 

t-1 + '- 2 1 

2 
i 

:.: 1 
i 

o e 2 ' Tl 
i 

C-85 



5 2 2 2 2 2 L 

a := r ' 6  + 1- ' 6  - I- ' 6  
i 2 2 L 3 3 1 1 

i i i 

2 2 2 2 
c := M + M  - 1- ' V  

:.: Y 1 z 

r- 1 

p2 := p1 . 
i i 

w := p i  
i i 



i L i J  

: = -c : 1- M 
x c a l  i 1  c a l  i 2  2 

i i 

8 :" e - 8  
d e l  c a l  i 

i i 

8 
8 ca l  

i i 

8 M 
d e l  y c a l  

M 
:.: c a 1 

~- 
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I1 rtre - i n t e r p ( s r t , 8 , x )  I:< 
cal 

8 
o p t  

k 

P1 
i 

cc05 Pi1 .= -’ Y 
NOH X l  

i i 

j := 1 

P1 P2 
i i - - 

P1 i 

NOR :c 1 i 
:= - . s in [Hi ]  x 

i 

e 
o p t  

k - .- - 264.013 
deq 

P3 c 
i i - - 

e 
i 

:.: 
NOH 

i 

Y 
NOH 

i 
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MCRU F I L E S  SAFU.SIM 

ORIGIN 0 

FI- e q  := 16 
hat 

A := 0.35 

17 := 193 

m := 45 

,j := 0 . . m  

XLFR := KEAD(HL-FH) 
j 

F r e q  = 5.176 
(1) 

199 
Fr  eq = 40.227 

4 



p.Freq := 

SA c 1 i n t e r p  ( y.Fr.eq Fy. I Freq 1 
SaeFy. := - 

ap ( 1:: ) : = iu7t;er.p s5 XL.FR XSA5 L 1, 

k 

I 
sp .  ( 1.: ) : = 1 i n t e r p  SaeFP. - 

L. 

FIJ. := 

1 := 0 . . a  

(j p.Freq 3 0 
1 

The p e a k e d  c u r v e  is Sa 

T h e  f l a t  c u r v e  is Sa/FjJ. 

Median  : = exp ( mean ( L S A  1 ) 

B e t a  := s t d c v ( L S A 1  

c-94 

Fmed ian : = e x p  (mean < LF.-req 1 1 

Fbeta := s t d e v ( L F r e q )  

Fmed ian  = 15.178 

F'beta = (5.35 



BY DATE 

C H K D . B Y  DATE 
PROJECT PAGE 23 - op 
SUBJECT JOB NO. 
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PAGE 24- OF 
JOB NO. 

DATE PROJECT BY 

CHKD. BY-DATE SUBJECT 

t )  

Consulting Engineers .- .,I 
Jack R. Benjamin 81 Associates, InC. 

. b'" 
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Jack R. Benjamin & Associates, Inc. 
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3 .  
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I . 

Jack R. Benjamin 81 Assoclates, Inc. 
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'j 
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MCAD F I LES SPECT . SI M 

t.IORMAL D I STR I B U T  I ON 

bl E .31933153!:) 

b2 3 -.356553732 

b3 5 1.731477937 

b 4  E -1.821255979 

b5 3 1 .330274429 

p E .2316419 

- c ( :.: ) 2 

2.506628275 

INVERSE NORMAL DISTRIBUTION 

INOR!p) 3 ! - 1 )  
co + c l . t ( p )  + c 2 ! ' t ( p )  " 1  

' I t ( p )  - - 1 

c - I  00 
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Fmediai-r = 15.351 

Fbeta = 0.358 
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CHKD. BY-DATE SUBJECT JOB NO. 

3 ;  

.&;*,If 

Jack R. Benjamin & Associates, inc. 3 ,  Consulting Engineers 1 
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PROJECT P A G E 3 7 0  F 

SUBJECT JOB NO. 
BY DATE 

CHKD. BY-DATE 
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Consulting Engineers 

' j 
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BY DATE PROJECT P A G E L O P  

CHKD. BY-DATE SUBJECT JOB NO. 
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NUKMAL U I S? R I BUT I O N  

b i  3 .319381530 

b 2  -.3565637&2 

b 3  1 . '78147'/93'i 

b4 E -1.821255478 

bS % 1.33(32?4429 

p 3 .231641Y 

e;ip [$] 
7 (,,) - ,. - 
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n := 19Y 

i : = 0 . . 17 

min(dir) = 2.014 

m a : c ( d i r )  = 11.582 

ma:.:(dir) = 7.085 

c-115 

Latin hvpercube simulation o f  
equipment frequency 

Calculate ductility from frequency 

Ductility is constrained to be 1 

Laiculate ductility factoi- 



7 

p := 1 ..rn 

cum := cum + freq 
P p-1 p-1 

cum 
P 

Cum : = - 
P n + 1 

2 spc ‘ I  
P 

F i n d  the m e d i a n  value: 

:.: : = 4 . (1) 

root  ( i n t e r p  ( 5 .  spc cum :.: ) - .5 % ;.: = 4.0’34 

k - i n d  t h e  + lir va lue:  

rc*o t ( i n t e r p  ( s . spc .. cum. :.: ) - 84 134 :.: ) = 5 

C-I 16 



tcurn := cum 

J .j 

t s p c  := spc 
j .I 

m := 117 - 2 
5 := 1 

c u m  := t c u m  
.I j + 1 

spc := spc 
.S j + 1 

r h i s  program t a k e  t h e  c a l c u l a t e d  p r o b a b i  1 i ties o f  f a i l u r e  and t h e  a s s o c i a t e d  
peak: Cii-uCtild a c r e l e r a t i n n  va luec ,  and p e r f  orins a l e a s t  s q u a r e s  f i t  i i i  t h e  
l o q - p r o b a b i l i t y  d o m a ~ n  t u  o b t a i n  t h e  "best  fit" median and P v a l u e .  

yl := spc 
.i .I 

C - I  17 



T a b u l a t e  prc lbabi  1 i t ies  t o  compare  ca1c :u l a t ed  antl best  't'i t valut?,:.s: 

Peal:: qi-ound a c c e l e r a t i o n s  
.J 

P r o b a b i l i t y  c1.f f a i l u r e  v a l u e s  

C-118 
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MCAD F I LES SF'ECT . S I t l  

NORMAL D I S T R  I BUT I O N  

bl Z ,319381530 

b2 I -.355563782 

b3 E 1.781477937 

b4 Z -1.521255978 

b5  1.330274429 

p 2 .2316419 

e x p  - 
z ( ;.: ) s [-:'I 

2.50662a2-75 

INVERSE NORMAL D I S T R I  BUT I O N  

1 2 
c o  + cl.t(p) + c2,t(p) 

t(p )  - 

"J 2 
1 + d l ' t ( p )  + d2't!p) + d3't(p) 

c-121 



Fi-eq := b 
hat, 

[ [' 1 l i q ; ( i ) ] ]  

Freq := Freq . exp 0 .  INOR 
i hat  

LFreq := I n  rFreq 1 
i 1 i J  

m := 45 

j := (5 . . m  

XLFR := READ(XLFR1 
.j 

X LFR 3 X S A 7  1 i-1 

SA := i n t r r p  r s 7 r ~ ~ ~ ~ 5 X ~ G 7 s L F I - e q  1 
i L i J  

c-I22 



Med i art : = e x p  ( m e a n  ( LS& ! 

Beta := stdev(LS4) 

C - I  23 
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21 
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'4 
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D A T E  PROJECT P A C F  OF 
BY 
CHKD. BY-DATE SUBJECT JOB NO. 

. - - __ _ - -  . _ _  . _ _  - -  

LA 

0 I . l O  
. _  

0.34- 
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BY DATE PROJECT PAGE OF 
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Consulting 'Engineers 

I 

0.30 

Jack R. Beniamin & Associates. inc. 

C-I 30 



7 
BY PROJECT PAGE LL OF 

SUBJECT JOB NO. 
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PAGE-OF 2, 
PROJECT 

SUBJECT JOB NO. 

!pT 
,A Jack R. Benjamin 81 kesoclates, Inc. 

Consulting Engineers 



MCAL, F I LES SPECT . SI M 3 
NORMAL D I STR I BUT I UN 

b2 I -.356563?82 

b 4  -1.821255378 

p % .2316419 

Z ( % / )  5 
2.506628275 

I NVEHSE NORMAL D I STK I BUT I ON 



T I  := 199 

i + r n d (  1 ) 
Freq := Freq 

i hat 

LFrrq := I n  [Freq -1 
1 L il 

111 : = 45 

XLFR := READ(XLFR) 
,i 

XSAS := READ(XSAS) 
j 

4 

I n  

1 SA := interp 
i 1 

LsA := rSA 3 
i L l  



PleciiAi-1 := expimeaniLSAj j 

Beta := stdeviLSA) 

M e d i a n  = 0.416 

B e t a  = 0.137 

F n i e d i a i i  = 32.888 

Fbeta  = 0.399 

C - I  36 
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BY DATE PROJECT 

CHKD. BY-DATE SUBJECT JOB NO. 

Jack R. Benjamin & Atsoclates, Inc. 
Conrultlng Engineers 

@ j 



BY D A T E  PROJECT PAGE 1' OF 

C H K D . B Y  DATE SUBJECT JOB NO. 



BY DATE PROJECT PAGE 1s' OF 

CHKD. BY-DATE SUBJECT JOE NO. 

. . . . .  , . . .  . .  . .  

. . . . . . . .  . . . . . .  

. . . . . . . . .  

. . . . . . . .  - 
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a$ 
i s 1  

a!id 



BY DATE PROJECT 

SUBJECT CHKD. BY-DATE 

PA G E - L . 0  F 

JOB NO. 
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PAGE - OF BY DATE PROJECT 

CUKD. BY-DATE SUBJECT JOB NO. 
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n := 199 

i := 0 ..n 

m i n ( d i r )  = (3.6'59 0 

ma: . : (d ir )  = 1.555 0 

WHITECDIH) := d i r  0 

WHITE(PTP) := p t p  0 

WHITE(PTPP) := p t p  0 

i 

1 

i 

H a n d c ~ m l ~  m i , :  b o t h  t h e  d i r e c t i o n  and t h e  t w c i  pea l - to -pea l  arrays EXIT  TO DO5 
a n d  run  CGOMIX 

dir- := K E A D ( D I F 0  

p t p  := HEGD(PTP) 

FJ t pp : = KEGD ( FTPP ) 

i 

i 

1 

c := 0 . .4 

C-I53 



P t P P  
i 

di i -  ' p t p  + . 4 ( j ' C ' -  
i i d i r  

i 
d i r  := 

i I + .40.c 

n l i n ( d i r )  = 0.459 

m a : c ( d i r )  = 1.835 

m : = 1 0  

,j := (3 . . m  

I: := 0 . . ( I n  - 1 )  

c u m  := c u m  + f r e q  
P P- 1 p-1 

c u m  
P 

c u m  := ~ 

P n + l  
1 

c u m  
P 

0 
.5 spc 1.9 

P 



, 

Fii-Id t h e  median va lue :  

:.: . - . - 1 . 0 

F i n d  t h e  + 1r va lue:  

r o u t ( in te r  p s sp c . c u m  :c 1 - .El4 1 34 :c ) = 1 

F i n d  t h e  - lcr v a l u e :  

i-cici t ( i n t  er p ( 5 9 5pc cum. >: ) - .15Ei66 . 2: ) = 0.779 

tcum := cum 
,i .j 

tspc  := spc 
.,i j 

m := m - 2  
5 := 1 

cum := tcum 
J . i + l  

spc := spc 
j ,i + 1 p rum 



T h i s  prosram taI::e t h e  c a l c u l a t e d  p r o b a b i l i t i e s  o f  f a i l u r e  and  t h e  a s s o c i a t e d  
peak  qrctcuid a c c e l e r a t i u i - 1  v a l u e s  artd p e r f n r m s  a l e a s t  squares f i t  i n  t h e  
l o g - p r o b a b i l i t y  d u m a i n  t o  o b t a i n  t h e  " b e s t  f i t "  median and (5 va lue .  

,:I := c u m  
j j 

yl := spc 
.i .I 

yl := I n  [Ylj]  
.i 

:.:l := I N O H P l , i ]  
j 

ma:.: ( yl ) = 0.529 

m i n ( y 1 )  = -0.51'7 

m i n ( r 1 )  = -0.539 

m a x ( : c l )  = 2.32'7 

m i n ( : . : l )  = -2.32'7 
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CI 
I 

:: 1 y 1 Z l  

ll! I- 

Tabulate probabilities to compare calculated and best fit v a l u e s :  

Peak p r  ctund acce 1 e)- at i D ns 

p := NOR k l . j ]  Probability of failure v a l u e s  
.i 

1 11 

d 

.! 

d 
med 

:= NOR 

d 

rs 
Best t i t  probability of failure values 
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-1 t i ls  prosrain ca lculates  the dis tr ibut ion on response for peak-to-peak and 
dii-ectic~n var iab i l i ty  when t h e  cumbii3atiGi-1 method is the SRSS 
i-c~ 1 e 

bl 3 .3133812130 

132 z -.3565637a2 

b3 3 1.781477737 

b4 3 -1.821255778 

t5 1.330274429 

p 3 .2316417 

e x p  - 
L(;:) 9 3 [-;'I 

2.50662a275 

1 
t ( :c ) I 

1 + p '  I>: I 

I NVtRSE NORMAL DI STH I BUT I ON 
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I '  

WRITE(U1H) := di i -  0 
i 

WRITE(PTP) := p'tp 0 
i 

WRITE(F'TPP) := p t p  
i 

R;tndunily m i : :  b o t h  the d i r e c t i o n  and  the t w o  peak-to-peak ari-dys E X I T  TO DOS 
and run CADMIX 

dit- := HEAD(D1K) 

p t p  := READ(PTP) 
i 

i 
p t p p  := tiEAD(F"1PP) 

i 

c := 0 ..4 

d i r  P t P  PtPP 
C C C 



d i i -  . 
C i  

2 
+ 

dir := 
i I 

m i n ( d i i - )  = 0.459 

freq := h i s t ( s p c s d i r )  

k := 0 . . ( m  - 1 )  

p := 1 . . rii 

cum := cum + f r e q  
P P-1 p-1 

c UfIl 

P 
cum := - 

P n + l  

-5 spc 1 .=i 
P 
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s := l s p l l n e ~ ~ p c s c L ~ r n ~  

F i nd t I? e med i ais v a 1 LI e : 

>: := 1.0 

F i n d  t h e  + 1u value: 

I- DO t ( i 11 t er p ( s spc cum :.: ) - -134 134 i: ) = 1 -2% 

tcum := cum 
.i .I 

tspc := spc 
3 J 

m := in - 2 
5 := 1 

.j := 0 . .in 

cum := tcum 
.1 j + - l  

spc := 5pc 
J .j + 1 

c Ll m sp c 

c urn 5FJC 
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This prclqrarn take the calculated probabilities o f  failure and the associated 
peak QrGund acceleration values and performs a least squares f i t  in the 
loq-probability domain to obtain the "best fit" median and (2 value. 

:c1 := cum 
.j .i 

yl := spc 
.i .i 

yl := In yl 
.i ,I 
.j 

slopeixl ,yl) = 0.235 I3 := slope(:.:l ryl) 

intercept(x1 ? y l )  = o.OOt3 a : = e:.: p ( i n t er c ep t ( :< 1 y 1 ) ) 

curr ( x 1 , y 1 ) = 0.999 
med 

z1 := intercept ( x i  r y l )  + slope(x1 .y1). :.:l 
.j J 

rn i 17 :.: 1 ) :.: 1 ma :c ( w 1 ) 
.i 
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IT- 
:.: 1 

Tabulate probabilities t o  compare calculated and best  f i t  values: 

a := Exp pi] 
p := NOH k l q j ]  

Peak Qrctund accelerations 
j 

Probability of failure values 
j 

P := NOR 

j 
best 

a 

In 
a 
. med 

fi 
Best fit probability of failure values 

P 
best 
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PlCAL, FILES PEAK - COM 

T t t i s  prugram c a l c u l a t e s  t h e  d i s t r i b u t i o n  for  t h e  maximum o f  two h o r i z o n t a l  
~ o m p o n e n t s  where o n l y  t h e  m a x i m u m  component v a r i a b i l i t y  is i n c l u d e d  

JORMAL DISTRIBUTION 

1 3 .319381530 

- ' E -.356563782 
3 3 1.781477937 

i 5 -1.821255978 

- -  
3 = 1.330274429 

p E .2316419 

( % )  E 
2.506628275 

INVERSE NORMAL DISTRIBUTION 

-0 % 2.515517 

- 1  = .802853 
1 2  E .010328 

;1 = 1.432788 
i2 .189269 

i3 3 .001308 
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1 2 
co + c l . t ( p )  + c 2 . t ( p )  

NOK(p) E (-1) - 
2 3 

1 + d l ' t ( p )  + d 2 ' t ( p )  + d 3 ' t ( p )  

I : = 199 

1 
i i r  := d i r  ' p i r  >. 11 + -. p i ) -  c: 11 T h i s  s t e p  m a k e s  all d i r e c t i o n  

v a l u e s  equal to or  g r e a t e r  
i t h a n  1 i i .e. peak c o m p o n e n t )  

i i i d i r  i 

n := 1 0  
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IJ := 1 ..m 

cum := cum + freq 
P P-1 P-1 

cum 
P 

cum := - 
P n + l  

5 := lspline(spcrcum) 

1 

cum 
P 

0 
.5 spc 1.5 

P 

Find the  median value: 

:.: : = 1 . () 

; o c ~ t ( i n t e r p ( s ~ s p c ~ c u m r x )  - .5,;.:) = 1.107 

c u m 

Find the - l u  va lue:  

-DO t I i n t er p 5 I s p  c ccim :.: ) - . 15866 :c ) = 1 .OY 1 
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7 

cum := cum 
j j 

-spc := spc 
j j 

I := in - 2 
5 := 1 

This proqram take the calculated probabilities o f  failure and the associated 
peak ground acceleration values and performs a least squares f i t  in the 
log-probability domain to obtain the "best fit" median and 13 value. 

./l := hpj] 
j 

,.:l := INOHIXlj] 
j 



X l  

T a b u l a t e  prctbabi  1 i t ies t G  compare  c a l c u l a t e d  and b e s t  f i t  values: 

:= exp cy',] 
:= N U H F l j ]  

j 

j 

Peak ground  a c c e l e r a t i o n s  

P r  ob ab i 1 i t y of f a  i 1 u r e va 1 u e s  
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P := NOR 

j 
b e s t  

a 

a 1 H e s t  f i t  prclbiibi 1 i t y  clf f a i l u r e  v a l u e s  

P 
P 

best  



MCAU F I LES D I RLPEAK . MCD 
Ttlis proqram calculates the diktribution for the maximum o f  two horizontal 
components where both the peak-to-peak and maximum component variabi 1 i ty 
are included 

NORMBL DISTRIBUTION 

21 3 .319381530 

22 -.356563782 

i3 I 1.781477937 

34 E -1.821255978 

35 I 1.330274429 

p E .2316419 

e:.:p [;] 
Z ( x )  

2.506628275 

INVERSE NURMGL DISTHIBUTIUN 

i1 I 1.432788 

12 Z ,189267 



r .. 

:= 1YY 

. 0 . . n . -A 

t p  := 1 .O 'exp  
i 

(3 . 20 . I NOR 

A i r  := 1 .O'e:.:p 
i 

i + r n d (  1 )  

n + 1 

- n + l  . 

i i n ( d i r )  = 1.001 

JHITECDIR) := d i r  0 

.)HITE(PTP) := p t p  0 
i 

i 

T h i s  s t e p  m a k e s  a l l  d i r e c t i o n  
v a l u e s  e q u a l  t u  o r  g r e a t e r  
t h a n  1 ( i  .e. peak  componen t )  

Randomly m i x  b o t h  t h e  d i r e c t i o n  and  t h e  two peak- to-peak  a r r a y s  EXIT TO DOS 
and  r u n  CADMIX 

J i r  := READ(D1K) 

~ t p  := READ(PTP) 
i 

i 
c := 0 . . 4  



J i r  := d i r  . p t p  
i i i 

zum := 0 
0 

-I := 1 . . m  

= u m  := cum + f req 
P P-1 P-1  

cum 
P 

xum := - 
P n + l  

E. := l s p l i n e . ( s p c r c u m )  

1 

cum 
P 

(3 
.5 s p c  1 .5 

P 
c u m  
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F i n d  t h e  median value:  

:.: : = 1 . 0 

F i n d  t h e  + 1u value:  

F i n d  t h e  - lir value:  

tcum := cum 
j j 

tspc := spc 
j j 

m := m - 2 
5 := 1 

j := 0 . . m  

c u m  := t c u m  
j j+l 

spc := spc 
j j+l cum 



This proqram take the calculated Probabilities of failure and the associated 
peak ground acceleration values and performs a least squares fit in the 
log-probability domain to obtain the "best fit" median and (3 value. 

:1 := INOH kl j] 
J 

5lC1pe(Xl,yl) = (1.233 P := slope(xlryl) 

i n t er c ep t ( >: 1 y 1 ) = 0.1 1 5 a : = ewp ( i 1-1 t e r c e p  t ( :c 1 , y 1 ) 1 
med 

corr(x1 ,yl) = 0.997 
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1 .? 
c 1  

? -  171 

I ? A  

L- 

c- r 

-ratLIiatc probabilities to compare calculated and best fit values: 

I-) := NOH 
best 

j 

a P 

Peak ground accelerations 

Probability of failure values 

Best fit probability of failure values 

e 

P 
best 
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An Approach to Comparing the CDFM and FA Methods 

by John W .  Reed 

An approach is presented to compare and reconcile the results from 
the HCLPF calculations using the CDFM and FA methods. 
performi ng a reconci 1 i at i on i s to i dent i fy where conservat i sm i s pl aced 
in the CDFM analysis and to obtain a measure o f  influence o f  each of the 
basic parameters relative to the conservatism in the HCLPF capacity. The 
approach is based on the procedure that J. W .  Reed used to obtain backfit 
CDFM results from the FA analysis, which is documented earlier in this 
appendix. 

The purpose for 

The approach is based on two fundamental results. First, the number 
o f  standard deviations, 7, between the value o f  a basic paramete r  (e .g . ,  
damping, response spectrum input, or member strength) used in the CDFM 
analysis and the corresponding median value (in a multiplicative sense, 
since the underlying distribution i s  assumed to be lognormal) is the same 
7 conservatism in the HCLPF capacity due to that basic parameter. 

Second, the following relationship is true when the HCLPF values 
from the CDFM and FA methods are the same: 

where: 

7i: Number of standard deviations between the basic parameter 
i and its median value (in a multiplicative sense, since 
the underlying distribution is lognormal). 

BCAPi: the logarithmic standard deviation of the final capacity 
due to the variability in basic parameter i. 
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pr, pu: The t o t a l  randomness and u n c e r t a i n t y  l o g a r i t h m i c  standard 
d e v i a t i o n s  f o r  t h e  f i n a l  capaci ty ,  r e s p e c t i v e l y .  

The procedure t o  r e c o n c i l i n g  t h e  r e s u l t s  from t h e  CDFM and FA 

methods c o n s i s t  o f  t h e  f o l l o w i n g  steps: 

1. I d e n t i f y  t h e  equat ion which r e l a t e s  t h e  bas ic  parameters t o  t h e  
f i n a l  capac i ty  o f  t h e  component. Note t h a t  i n  us ing  t h i s  
approach the  r e c o n c i l i a t i o n  can be performed o n l y  i f  t h e  same 
equat ion i s  used i n  both t h e  CDFM and FA c a l c u l a t i o n s .  

2. Using a Tay lo r  s e r i e s  expansion o f  t h e  f i n a l  c a p a c i t y  equation, 
and a second moment approximation, o b t a i n  t h e  median and 
l o g a r i t h m i c  standard d e v i a t i o n  values o f  t h e  f i n a l  c a p a c i t y  i n  
terms o f  t h e  s t a t i s t i c s  o f  t h e  bas ic  parameters ( i .e. ,  median 
and p ) .  

3 .  For each b a s i c  parameter value, CDFMi,  assumed i n  t h e  CDFM 
ana lys is ,  and t h e  corresponding s t a t i s t i c s  f o r  t h a t  b a s i c  
parameter obta ined i n  t h e  FA analys is ,  c a l c u l a t e  t h e  T i  values 
as f o l l o w s :  

r i  = 

4 .  From t h e  equat ion f o r  t h e  l o g a r i t h m i c  standard d e v i a t i o n  of t h e  

capaci ty ,  BCAP, i n  terms o f  t h e  bas ic  parameter s t a t i s t i c s ,  
c a l c u l a t e  BCAPi which i s  t h e  p i n  capac i ty  due t o  t h e  
v a r i a b i l i t y  i n  b a s i c  parameter i. This  s tep  can be performed 
i n  terms o f  t h e  combined bas ic  parameter v a r i a b i l i t y  o r  i n  
terms o f  t h e  separate randomness and u n c e r t a i n t y  p a r t s  ( i . e . ,  

pri and pui). The o n l y  c o n s t r a i n t  i s  t h a t  t h e  v a r i a b i l i t y  o f  
a l l  t h e  bas ic  parameters, e i t h e r  combined o r  separate, must be 

accounted f o r .  
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5. AS a check, CTiSCAPi should be essentially equal to 1.65 (Br 
and pu) as described above (see equation 1). In general the 
two parts will not be exactly equal because the second moment 
approach is only approximate. 

From these results, the 7i values indicate the level of conservatism 
assumed in the CDFM analysis for each of the basic parameters. The ratio 
YipCAPi/l.65(pr+pu) is the fraction of the total conservatism contributed 
by the ith parameter value used in the CDFM method. 

The calculations by R.  P. Kennedy for the Starting Air Tank are used 
as an example to demonstrate a reconciliation between the CDFM and FA 
approaches for calculating the HCLPF capacity (see Appendix A for 
Kennedy’s calculations). 
Starting Air Tank follows: 

The governing equation for the capacity of the 

28.8 Tu + 11.3 
38.2 AFH + 11.3 Fv 

(units: g) CAP = (3)  

where Tu = Angle capacity (units: kips) 
AFH = Horizontal response factor (uni tl ess) 
Fv = Combined vertical response factor (unitless) 

Note that the constants in the equation contain the appropriate 
units so that the capacity is given in terms o f  acceleration (i.e., 
gravity units). 
approach, the median and logarithmic standard deviation for capacity in 
terms of the basic parameters follow: 

Using a Taylor series expansion and th,e second moment 
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Median: 
28.8 Tu t 11.3 

38.2 AFH t 11.3 Fv 

Logar i thmic Standard Dev ia t ion  (squared): 

w 
CAP = (4) 

(5) 

v v 

2 -( 28: Tu ) 2P:u ( 3 8 * 2  v AFH 
- 28.8 Tu + 11.3 38.2 AFH t 11.3 Fv 

V' 
11.3 Fv 

V 
AFH + 11.3 Fv 

Using t h e  f r a g i l i t y  parameters obtained by Kennedy and t h e  above 
equat ions t h e  f i n a l  r e s u l t s  are summarized below f o r  t h e  f r a g i l i t y  

ana lys is .  

PC - 
Parameter Med i an P r  PU - 

3.34 - 0.16 0.16 
2.51 0.22 0.22 0.31 
0.32 0.53 0.19 0.56 

Tu 
AFH 
F V  

CAP 1.089 0.21 0.26 0.33 

Note t h a t  t h e  c a p a c i t y  values d i f f e r  s l i g h t l y  f rom Kennedy's r e s u l t s  
s ince  he obta ined t h e  c a p a c i t y  values by d i r e c t  s i m u l a t i o n  r a t h e r  than 
t h e  second moment method. 
approaches are shown be l  ow. 

The HCLPF c a p a c i t i e s  obta ined by t h e  two 

Method HCLPF 

- 1.65( 0.21tO. 26) CDFM 0.48 
FA 0.50 1.08e 

Since t h e  HCLPF values by t h e  two approaches d i f f e r  s l i g h t l y  t h e  &p 
value must be adjusted be fore  r e c o n c i l i n g  t h e  r e s u l t s  as f o l l o w s :  
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Table 1 g i v e s  t h e  r e s u l t s  of r e c o n c i l i n g  t h e  CDFM and FA approaches. 
The f i r s t  t h r e e  columns g i v e  t h e  bas i c  parameters and t h e  r e s u l t s  Kennedy 
ob ta ined  i n  h i s  analyses us ing  t h e  two approaches. 
ob ta ined  by t h e  SRSS combinat ion o f  t h e  
column g i v e s  l o g a r i t h m i c  standard d e v i a t i o n s  o f  t h e  f i n a l  c a p a c i t y  f rom 

each o f  t h e  b a s i c  parameters us ing  equat ion 5. Note t h a t  t h e  t h r e e  terms 

i n  t h e  parentheses o f  equat ion 5 represent  i n f l u e n c e  c o e f f i c i e n t s  f o r  t h e  
e f f e c t s  o f  t h e  bas i c  parameters on t h e  v a r i a b i l i t y  o f  t h e  S t a r t i n g  A i r  

Tank capac i t y .  Both Tu and AFH ( i . e . ,  t h e  angle c a p a c i t y  and h o r i z o n t a l  
earthquake e f f e c t ,  r e s p e c t i v e l y )  have p o t e n t i a l l y  s i g n i f i c a n t  i n f l u e n c e ,  
b u t  Fv ( i . e . ,  t h e  v e r t i c a l  earthquake e f f e c t )  has l i t t l e  i n f l u e n c e .  

The pc values a re  
and pu values. The f o u r t h  

The f i f t h  column g i ves  t h e  7 values, which a re  t h e  number o f  
s tandard d e v i a t i o n s  (a measure o f  conservatism) assumed i n  t h e  CDFM 

approach f o r  each o f  t h e  b a s i c  parameters. They come from t h e  s tandard 
r e l a t i o n s h i p  f o r  t h e  lognormal d i s t r i b u t i o n  which r e l a t e s  t h e  number o f  
s tandard d e v i a t i o n s  which a va lue i s  away from t h e  median ( i n  a 
m u l t i p l i c a t i v e  sense) knowing t h e  median and p (see equat ion 2 ) .  

The s i x t h  column g i v e s  t h e  Y ~ C A P  va lue corresponding t o  each b a s i c  
parameter u s i n g  t h e  r e s u l t s  f rom columns f o u r  and f i v e .  
l a s t  column g i v e s  t h e  p r o b a b i l i t y  l e v e l  (which i s  a measure o f  t h e  l e v e l  
o f  conservat ism) assumed f o r  each b a s i c  parameter used i n  t h e  CDFM 

approach. 

F i n a l l y ,  t h e  

Based on t h e  r e s u l t s  i n  column s i x ,  most o f  t h e  c o n t r i b u t i o n  t o  t h e  

Almost 

conservat ism i n  t h e  HCLPF c a p a c i t y  us ing  t h e  CDFM approach comes f rom 
t h e  angle capac i t y ,  Tu, and t h e  h o r i z o n t a l  response f a c t o r ,  AFH. 
none comes f rom t h e  v e r t i c a l  earthquake component. 
t o  be expected s ince  t h e  v e r t i c a l  component has l i t t l e  p o t e n t i a l  
i n f l u e n c e  on t h e  t a n k  capac i t y .  

Th i s  l a s t  r e s u l t  i s  
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From the probability level results i t  i s  seen t h a t  the horizontal 
and vertical earthquake component values used in the CDFM analysis are 
only s l ight ly  conservative (0.50 would be median) while a very large 
factor of conservatism was introduced i n  the angle capacity value. 
Finally, Table 1 shows t h a t  the &p value calculated ( i . e . ,  0.83) i s  
close t o  the target value of 0.81. 
since the second moment approach used is  approximate. 

This sl ight difference i s  expected 
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ricfilr FILES GSF'ECTE~~.  ct:::ti 

T h i s  prclgram r e a d s  i n  t h e  i-iatui-dl loga i - i  thms o f  t h e  median  i-cicl; ground  
r e s p o n s e  s p e c t r a  f o r  3%r 5 % r  and 7% and  10% damping and  t h e  
c o r r e s p o n d i n g  n a t u r a l  l o g a r i t h m s  o f  t h e  f r e q u e n c y  v a l u e s .  N o t e  t h a t  
t h e r e  are N+1 d a t a  v a l u e s  f o r  e a c h  a r r a y  r a n g i n g  f r o m  0 t o  N. Each 
s p e c t r u m  is f i t  w i t h  a c u b i c  s p l i n e .  

H O H I Z O N T f i L  D I R E C T I O N  

i := 0 . . N  

Read i n  f r e q u e n c y  v a  1 ues : 

XLFR3 := READ(XLFR3) 
i 

XLFHS := READ(XLFR5) 
i 

XLFH7 := HEAD(XLFR7) 
i 

XLFR10 := READ(XLFR10) 
i 

Read i n  s p e c t r a l  v a l u e s :  

XSA3 := READ(XSA3) 
i 

i 

i 

X S A 5  := R E A D ( X S A 5 )  

XSfi7 := REfiD(XSfi7) 

XSfi10 := R E f i D ( X S A 1 0 )  
i 

s3 : = csp 1 i n e  ( XLFK3 X S A 3 )  
55 := cspl ine(XLFRSrXSAS)  
s7 := ~ s p l i n e ( X L F R 7 ~ X S A 7 )  
s10 := cspl ine(XLFRlO,XSA10)  

FMEDRSFC.3% c o n t a i n s  t h e  I n s  o f  t h e  f r e q u e n c i e s  
c u r r e s p o n d i n q  t o  t h e  3% Sa v a l u e s  

FMEDHSPC.S% c o n t a i n s  t h e  Ins o f  t h e  f r e q u e n c i e s  
c o r r e s p o n d i n g  t o  t h e  5% Sa v a l u e s  

FMEDKSPC.7% c o n t a i n s  t h e  Ins o f  t h e  f r e q u e n c i e s  
c u r r e s p o n d i n g  t o  t h e  7% Sa v a l u e s  

FMEDRSPC.10% c o n t a i n s  t h e  I n s  o f  t h e  
f r e q u e n c i e s  c o r r e s p o n d i n g  t o  t h e  10% Sa v a l u e s  

MEDHSPC.B% contains the Ins o f  the 3% Sa v a l u e s  

MEDRSPC.5% c o n t a i n s  t h e  I n s  o f  t h e  5:: Sa v a l u e s  

MEljRSPC.7% c n n t a i n s  t h e  1 n s  a f  t h e  7% Sa v a l u e s  

MEDHSPC.10X c o n t a i n s  t h e  I n s  o f  t h e  10% Sa v a l u e s  
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k := 1 . . 1200 
Examp le 5% damped ground response spectrum 
scaled t u  l .Og pga 

10 

1 

FH3 := exp XLFHB 
j C j l  

FH7 := exp XLFR7 
j C j l  

FFlO := exp XLFRlO 
j C j l  

1 

SA10 := exp 
j 

k 

20 
- 



4- 

FR3 sot3 FK5 SA5 F R 7  S A 7  S A  1 (3 
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T h i s  p r c i q i - i i m  reads i n  the H O H I Z U N T C I L  f lc lc l i -  i -e~pc~l - i s r+  s p e c t r a  fcii- 2 % ?  
3.5%~ 4%5 5% and  7% d a m p i n q  and  t h e  c ~ i - i - ~ s p ~ ~ i - ~ d i n g  i T a . t L \ \ - a l  l u q a r i t h m s  
of t t i e  frequei-ic4 values. N o t e  tha t  ,there a re  N-1-1 d a t a  values fcti- each 
a r r a y  ranqinq from 0 t o  N. E a c h  spectruril  is fi t ;  w i t h  a cub ic  s p l i n e .  

H O H I Z O N T k L  D 1 H E C T I O t . I  

N := 45 

X L F H  := F : E A D ( X L F F I )  

XSk2 := R E k D ( X S G 2 )  

XSA35 : = REkD XSi435) 

x S A 4  := H E C I D ~ X S A 4 )  

XSA5 := H E A D ( X S A 5 )  

X S A 7  := R E A D ! X S A 7 )  

i 

i 

i 

i 

i 

i 

HLFR.DCiT  c o n t a i n s  t h e  I n s  o f  the frequencies 

H S A 2 . U A T  c o n t a i n s  t h e  2% Sa values 

HSA35.DAT contaii-rs the 3.5% Sa values 

H S A 4 . D A T  c o n t a i n s  the 4% Sa v a l u e s  

H S A 5 . D A T  r u n t a i n s  t h e  5% Sa v a l u e s  

HSA7.DAT c c ~ n t a i n s  t h e  7% Sa values 

s2  := c s p l i n e ( X L F R , X S A 2 )  
535 := c ~ p l i n e ( X L F H ~ X S f i 3 5 )  
54 := c s p l i n e ( X L F H , X S A 4 )  
55 := c s p l i n e ( X L F H , X S k S )  
57 := c s p l i n e ( X L F R , X S k ' ~ )  
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s 
MCGD FILES AFHSPECT.AVE 

T h i s  proqrani  r e a d s  i n  t h e  a v e r a q e d  HORIZONTAL f l o o r  r e s p o n s e  s p e c t r a  f o r  
2%. 3.5%. 4%. 5%. and 7% dampinq ( a n d  t h e  c n r r e s p o n d i n q  f l o o r  s p e c t r a )  
and  t h e  n a t u r a l  l o s a i - i t h m s  o f  t h e  f r e q u e n c y  v a l u e s .  Note t h a t  t h e r e  are  
N + L d a t a  v a l u e s  f o r  each a r r a y  ranqinq  f r o m  (5 t o  N. Each s p e c t r u m  1s 
f i t  w i t h  a c u b i c  s p l i n e .  

HORIZONTAL DIRECTIUN 

N := 45 

XLFR := REA 
i 

( XLFR) 

XSA2 := READ(XSA2) 

XSA35 := READ(XSA35) 

XSA4 := REGD(XSA4) 

XSA5 := READ(XSA5) 

XSA7 := READ(XSA7) 

i 

i 

i 

i 

i 

HLFR.DAT c o n t a i n s  t h e  I n s  of t h e  f r e q u e n c i e s  

HSA2.DAT c o n t a i n s  t h e  2% Sa v a l u e s  

HSA35.DAT c o n t a i n s  t h e  3.5% Sa v a l u e s  

HSA4.DAT c o n t a i n s  the 4% Sa v a l u e s  

HSA5.DAT c o n t a i n s  t h e  5% Sa v a l u e s  

HSA7.DAT c o n t a i n s  t h e  7% Sa v a l u e s  

kSA2 := READ(ASA2) ASA2.DAT c o n t a i n s  t h e  AVERAGED 2% Sa v a l u e s  

ASA35  := READ(ASA35! ASA35.DAT c o n t a i n s  t h e  AVERAGED 3.5% Sa v a l u e s  

4SA4 := READ(ASCS4) ASfi4.DAT c o n t a i n s  t h e  AVERAGED 4% Sa v a l u e s  

ASAS := READ(ASG5) kSGS.DAT c c l n t a i n s  t h e  AVERAGED 5% Sa v a l u e s  

ASA7 := READ(GSA7) GSG7.DAT c c t n t a i n s  t h e  AVERAGED 7% Sa v a l u e s  

i 

i 

i 

i 

i 

a v e ( k )  := i n t e r p  
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PlLAL, F I L E S  FSF'EOT'RA . CKV 

VERT I C A L  D I HECT I ON 

i := 0 ..N 

XLFR := R E A D i X L F R )  

XSAE! := R E A D ( X S f i 2 )  

XSk35 := R E A D ( X S A 3 5 )  

i 

i 

XSA4 := H E A D ( X S A 4 )  

XSAS := R E f i D ( X S A 5 )  

XSA7 := R E A D ( X S A ? )  

i 

i 

i 

VLFR.DAT ccii-itaii-rs t h o  li-15 o f  t h e  fi-eqLIEi3Cies 

VSA2.DAT cci i7tair i5 t h e  2% Sa va lues 

VSf i35 .DAT con ta ins  the 3.5% Sa va lues 

VSA4.DAT c c l i 1 t a i i - r ~  the 4% Sa va lues  

VSAS.DAT coi7tai i75 the  5% S a  va lues  

VSA7.DAT c o i - r t a i n s  the 7% Sa va lues  

s2 : = csp 1 i ne XLFR XSA2 ) 
535 := c s p l i n e ( X L F R Y X S A 3 S )  
54 := c s p l i n e ( X L F R Y X S A 4 )  
s5 : = csp 1 i re  ( X L F R  X S A 5  ) 
57 := c s p l i i - r r ( X L F H r X S A ? !  
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1 .O INTRODUCTION 

In this report High Confidence Low Probablllty of Failure, HCLPF's estimates 
based on the Conservatlve Determlnlstlc Fallure Marsin. CDFM method are - -  

for the following mechanical and electrical components: 

Refueling Water Storage Tank (Vertlcal Mounted Flat Bottom Tank) 
Located on the ground assuming no soil structure interaction. 

Diesel Startlng A l r  Tank (Vertlcal Clip Angle Mounted Tank) 
Located on an Auxlllary Building Upper Floor 

Generlc Motor Control Centers (Low Voltage) As Contained in the 
EPRI RP. No.-5223 pages D-34 to D-39 

(a) Located on the ground assumlng no sol1 structure 
interact? on 

(b) Located at an Auxiliary Bulldlng Upper Floor 

Component Coollng Heat Exchanger (Horlzontal HX on Two Saddles) 
Located on an Auxlliary Bulldlng Upper Floor 

Sample Block Wall 
Located on an Auxlllary Building Upper Floor 

for which descriptions were transmltted by LLNL letter dated 4 August 1987. 

For each of these five components, the llmitlng failure mode(s) are identlfied 
and initially the HCLPF seismic load capaclty computed uslng the procedures 
contalned i n  References 1 and 2 which are attached hereto as Appendix A. 
Subsequently HCLPF's were evaluated using the HCLPF estimating procedures 
recommended in Table 2.5 of the draft EPRI Margin Report (3) shown in Appendix 
B to this report. The use of the Appendix B procedure, only significantly 
effects the HCLPF estimation for component 3b. 

The seismic load capacity for each component I s  inltially expressed i n  terms 
o f  the limiting resultant seismic inertla load applied to the center of 
gravity of the components assuming the s,imultaneous application of two 
horizontal and one vertical components of earthquake. It i s  further assumed 
that resultant forces and moments developed from each directlon of earthquake 
are combined on a SRSS basls and thls resultant l s  combined absolutely wlth 
normal operating stresses to determine the limitlng capacities. 
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The seismic spectral capacities are converted to HCLPF's ex ressed In peak 
floor and peak ground acceleration values using the spectraF11 and 
information contained in Appendix C. 

In addltion to the HCLPF estimates presented herein best estimates (50 percent 
confidence and 50 percent probability o f  failure) of failure are presented in 
Sectlon 8.0 of this report. 

2.0 EVALUATION OF THE VERTICAL MOUNTED TANK 

2.1 Tank Geometry and Loading Data 

2.1.1 Tank Geometry 

The tank overall geometry I s  shown in Figure la. 
summarized as follows: 

Other geometric data are 

Anchor Bolts - 8-2*0 spaced at 45' (typ.), 4'-0 Long 

Anchor bolt Chairs - Details o f  the modifled anchor bolt chalrs are 
shown ln Flgure l b  

2 .1 .2  Hater-lals 

Tank Shell, head and lugs are A240-304 Stainless Steel 

Anchor bolts - ASTM A307 Ferretic Steel 

2.1.3 Design Data 

Operating pressure-0.25 psig 
Operatlng temperature - Ambient 
Design pressure-0.5 psig, 2" H20 vacuum 
Design temperature-200°F 
Weight-76,500 lb empty, 2,385,000 lbs fu11t21 
Capacity-375,600 gal. full, 336,000 gal. usable. 
Design Depth of Water, 37.0 ft. 

2.2 Tank Analysis 

The first activity in determining the CDFM for the ground supported tank is to 
identify the lower bound fallure mode(s) which are to be evaluated. 
experience in the design and evaluation of similar vertical tanks suggest the 
following two lower bound failure modes: 

Past 

[l] It is noted that the Spectra provided are median spectra from 
NUREG/CR-0098 while the CDFM in accordance with Refs. 1 and 2 uses 84 
percent NEP Spectra. 
in Appendix C will be considered as 04 percentile NEP spectra. 

For the purposes of this study the spectra provide 

121 The weight full appears low, however this weight was assumed in this 
calculation since it Is the same as the weight used by the panel 
throughout this study. 
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(1) 

(2) Compression (buckling) fallure of tank wall 

Tension failure of anchor bolt or anchor bolt chairs 

Followlng elther of these tu0 analytlcally determined failure modes, a 
separation between the bottom and walls of the tank would be expected whlch 
would result in gross leakage of the tank. 

The overturnlng moment for a nominal spectral acceleration of 1.09 using the 
weight and geometry data shown in Flgure la Is determined as follows: 

Overall Sei smic Loads : 

V1 

M1 

Wl 

Xl 

ws s 

x s  s 

Ws r 

X s  r 

= Base Shear 
= (MI + Wss + Wsr) 

= Base overturning 
= (W1X1 + w,, x 5 s  

= Effective impuls 
= 2217K 

Sa 

ve fluld weigh; 

= Distance from tank Base to centroid of effective impulsive 
fluld 

= 14.74 ft. 

= Weight of tank shell 
46.6k 

= Dlstance from tank base to centroid of tank shell 
= 19 ft. 

= Weight of tank roof 
= 17.1K 

= Distance from tank base to centroid of tank roof 
= 38 ft. 

Base Shear for a Nominal 1.09 Lateral Acceleration 

V1 = (2217 + 46.6 + 17.1) X 1.0 
= 2280 Kips 

Overturning moment for a Nominal 1-09 Lateral Acceleration 

H1 = (2217 (14.74) + 46.6(19) + 17.1(38)] X 1.0 x 12 In/ft 

= 410.582 K - in 

2.2.1 Evaluation of Anchor Bolt and Chalr Capaclties 

Bolt Capacity: 
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Actual yield strength capacity, Fy of 2" 18 A307 anchor bolts is determined 

Fy = Sy X AYf X Abt 

where: 
= Specified yield of materlal = 36 Ksi 
= Actual yield coefficient = 1.05 (assumed) i v f  

Ab t = Area of threaded bolt 

F y  = 36 Ksi x 1.05 x 2.5 in2 = 94.5 Klps 

Chair Capacity: 

In definlng this capaclty the bolt chair capacity calculations performed in 
Reference 4 have been considered. 
capacity of the anchor bolt chalrs to be 67.7 Kips each. 
the limiting value o f  67.7 K/bolt chajr can be increased by 10 percent t o  
account for anticipated actual material properties o f  austenitic steel 
compared to the specifled mlnimum yield properties. 

The Reference 4 Calculation show the 
However, I believe 

67.7 x 1-10 = 74.5 Klp/bolt 

Anchor capacities are therefore llmited by chairs behavior before modiftcatlon. 

Subsequent to the Reference 4 analysis, the bolt chairs on the tank were 
modifted to lncrease their capacltles to 120 Kips each as determine by 
Kennedy(5). 
capacitles of 94.5 Klps each now control anchorage deslgn o f  the tank. 

This increase in bolt chair capaclty now means the bolt 

Overturning Moment Capacity of Bolts Based on Assumed Distrtbution Shown In 
Figure 2. 

MU = Fy bolt (lever arm to N.A.) 

= 94.5 k x ( 2  x 46.3 + 2 X 216 + 
2 x 385.7 + 1 x 456) 

M U  

MU = 94.5 x (92.6 + 432 + 771.4 + 456) 

= 94.5 x 1752 in 

= 165,564 K - in 
MU 

2.2.2 Buckling Capacity of Shell Due to overturning Earthquake Moment 

Using the simple equation from Rourk(6) Table 35 (16), the critical buckling 
moment for the tank l s  determined. 

HCR = .72 x 27.000 x 240 X (3/8)2 
0.91 

MCR = 720,989 K - in 
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Obviously the overturning capacity is significantly larger than the bolt 
overturning capacity. 

2.2.3 Overturning Moment Mobilized by Weight of Fluid 

The moment mobilized to overcome dead weight of tank and liquid contents acts 
to counter the seismic overturning moment. 
moment is limited by the plastic moment capacity and membrane action of the 
base plate carrying the weight of water which lifts off the base as shown in 
Figure 3. 

In the limit, this dead weight 

The elastic sectlon modulus, 2 of the 1/4" base plate: 

2 = bh2/6 = 12' x (1/4)2/6 = 0.125 in3/ft of plate 
S, = 30 K s i ;  Su = 75 K s i ;  for SA 240 Type 304SS. from Tables 1-2.2 
.I and 1-3.2: ASME Section 111, Div. 1 

Elastic moment capacity of base plate: 

Me = ZSy = .125 x 30 = 3.75 k-in/ft of plate 

Plastic moment capacity of Plate 

Mp = 7.5 x 3.75 = 5.63 k-in/ft of plate 

Plastlc Moment Capaclty of Uniformly load fixed end beams: 

Mp = 1/24 w12 

w = pressure weight of water 
where: 

w = 62.4 lb/ft3 37.0 ft = 2308.8 lbs/ft2 

w = 2308.8/12 = 192.4 lbs/in/ft. o f  wall 

M = ~ 1 x 1  

5.63 k-in = .192 x l 2  

12 = 29.32 in2 

1 = 5.42 in 

Te = Holdown per inch of wall: 

Te = 192/12 x 5.42 = 86.7 Lbs/in of wall 

Assume the membrane action of the plate increases the tensil 
tank wall by 100 percent. 

Te = 173.4 lb/in o f  wall 
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Total Tension in Tank Wall 

173.4 x 480 in x u = 261.48 Kips 

Assume Centroid of seml-circle is 2/5 from centerline 

240 x 2/5 = 96 + 216 = 312 in 

261.4 x 312" = 81557 K-In 

(0.85 x 261.4) x (216 - 96) = 26663 K-in 

Total restoring dead weight moment 

81557 + 26663 = 108220 K-in 

Total O.T. moment capacity of the tank is the moment capacity of the bolts 
plus the stablizing effect o f  the weight of the fluid in the lift off regfon 
of the shell. 

165,564 + 108220 = 273784 K-in 

(273784/410582) x 1.Og = 0.6679 lateral load capacfty 

2.2.4 Determine Fundamental Impulse Frequency 

Fundamental Impulse Frequency: ( 4, 

The horizontal impulsive response fundamental frequency is estimated using the 
Haroun & Housner ( H  & H) method given in Ref. 7. 
used since they are available for a variety of h/R valves. 

The H & H coefficfents are 

The H & H frequency coefficients are developed for steel tanks of constant 
thickness fllled wlth water. For a tank of varylng thickness, the frequency 
coefficient can be selected usfng an average thickness. A reasonable estfmate 
of the effective tank thickness is 3/16" since thfs thickness is used over the 
top 60% of the tank shell where deformations and hydrodynamic pressures are 
the greatest. 

h = Shell thickness 
= 3/16" 

H = Fluid Height 
= 37' - 0 
= 444" 

R = Tank radius 
= 20'4)'' 
= 240" 

d = Shell densjty 
= 490 lb~/ft3 

1728( 386.4) 
= 0.000734 lb-sec2/in4 
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E = Shell modulus of elasttcity 
= 28 x 106 psi 

H = - 444 - 
R 240 

= 1.85 

- h = 0.1875 = 0.00078 
R 2 40 

WfH l/(d/E) = 0.08 (Flg. 5 of Ref. 7) 

Circular natural frequency: 

Of = 0.08 

2nf = 35.2 = Wf 

f = 5.6 HZ 

2.2.5 HCLPF Capacity of Tank 

Given a fundamental Impulse frequence of 5.6 Hz for the tank and an assumed 
damping of 7 percent and neglecting sloshlng gives an amplication factor to 
the ground from the spectrum glven in Appendix C. 

0.88/.38 = 2.31 

0.667/2.31 = .29g pga based on elastic response 

and 

Given that yleldlng in the bolt chairs would provide a small amount of 
addltional global ductllity In the resonant reglon o f  the tank, assume elastic 
response demand would be reduced by 10 percent. 

Thts results ln 

0.299 + 0.039 = -329 pga HCLPF 
for the Appendix C spectra. 

If the NUREG/CR 0098 Median Spectra for 1 percent damping is used in place of 
the Appendix B spectra and the tank is assumed ground mounted 

0.667/1.85 = 0.36 pga HCLPF 

3.0 EVALUATION. OF VERTICAL ANGLE CLIP MOUNTED TANK 

Given a vertIcal tank arrangement as shown in Flgure 4. 
appears that the limiting seismfc capacity of the tank will be In the cllp 
angle anchorage of the tank's mounting ring. 

By inspection it 

3.1 Determine Maximum Uplift Force on An Anchor 
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Given the total weight of tank and mounting ring of tank shown in Figure 4 is 
920 lbs. The distance to the c.g. of the tank from the base is 41.5 in. 
Total overturning seismic moment for a nominal 1.09 lateral load is 

920 x 41 - 5  = 38180 in-lbs. 

less the restraining force of dead weight of the tank. 
vertical upward component of the earthquake is 2/3 of horizontal only 1/3 x 
920 = 307 lbs. acting down at the center of the tank would be available to 
off set the lateral overturning moment. 

Glven that the 

Taking moments about the assumed neutral axis of the tank which is taken as 
2.4 inches from the edge of the mounting rings and neglecting the two inner 
clip angle supports as shown in Figure 4. 

Maximum Tension in Clip Angle 

[sal80 - (307 x 10.1)] / 22.6 
(38180 - 3101) / 22.6 = 1552 1bS 

for a nominal 1.09 lateral load. 

3.2 Determine the Clip Anqle Anchor Capacity 

Given a A-36 angle and 3/4" diameter bolt hole as shown in Figure 5, since the 
angle leg is welded on three sides, it can be assumed that vertlcal leg i s  
fixed. 

Maximum Moment in the Angle at the Bolt Hole 

M = - TL 
2 

= 1552[ 1 -625) 
2 

= 1261 1bS 

Angle Section Modulus 

2 = 2.25 (0.2512 = 0.0234 in3 
6 

S = 1261 =: 53889 PSI 
0.0234 

The equivalent elastic moment stress capacity would be computed as follows: 

Se = SF x Fy x AYC 

where: 

SF = shape factor = 1.5 
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Fy = Specified Minimum Yield = 36 Ksi 

AYC = Actual Yield Coefficient = 1.05 

Se = 1.5 x 36000 x 1.05 = 56-7 K s I  

Given that the maximum computed stress in the angle i s  53889 psi from a net 
uplift of 1552 lbs for an earthquake lateral acceleration of 1.Og. 
the seismic capacity of the clip angle i s  56.7/53.9 = 1.059. 

Therefore 

3.3 Determine Fundamental Frequency of Air Tank 

I = - w (124 - 11.6254) = 1942.3 in4 
4 

E = 29,000,000 psi 

Total weight of tank and support collar = 920 lbs. 
Unit wieght w = 921/91 = 10.11 lbs/in 

Assume Distributed Mass 

From Ref. 6 - Table 36 (3) 

f = l  12.4 E Ig 
- 2a J wL4 

f = 1/6.28 12.4 x 29000000 x 1942.3 x 386 = 99.3 Hz 
10.11 x 914 

Estimate Stiffness Consldering Only Clip Angle as Support Restraint 

I = Ad2 = 0.5 x 122 x 3 = 216 in4 

This results in a factor of approxlmately 9 decrease in stqffness and 
therefore approxlmately 3 in frequency. However, frequency still should be 
above 30 H z .  

Therefore there should be no amplification of floor acceleration as a function 
of frequency. 

3.4 Estimate o f  HCLPF Capacity of the Air Tank 

The tank as evaluated considers only one horizontal component of earthquake. 
For rotationally symmetric components the second horizontal component would 
not change the component's earthquake capacity. For rectangular components in 
the limit the lateral capacity would be reduced in the ratio of 1/1.41. For 
thls component which i s  only slightly rotationally unsymmetric considering the 
location of the clip angles in Figure 4 use a ratio of 1/1.2. The lateral 
load capacity of the tank i s  1.05/1.2 = 0.889 pfa HCLPF using the 
amplification in going from ground to floor acceleration for the Appendix C 
spectrum yields. 

0.88 x .18/.38 = 0.42 pga HCLPF 
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Yielding in the small clip angles would not add slgniflcantly to inelastic 
response tank. 

4.0 EVALUATION OF GENERIC MOTOR CONTROL CENTER 

To make this evaluation the GERS curve for MCC functloning during the E.Q. 
shown in Figure 1 page D-38 of the EPRI NP-5223 Report as shown in Appendix D 
was compared to the Appendix C spectra for 5 percent damping. The GERS shows 
a spectra acceleration value of 1,5g. The RRS from Appendix C shows a peak 
spectra acceleration of 2.2g for 5 percent damping. 
factor from Table 2.5 from Appendix B; 2.2 x 0.8 = 1.769. 
for the Appendix C spectrum: 

Uslng the 0.8 demand 
The resultant HCLPF 

1.5/1.76 x .38 = 0.329 pfa HCLPF 

0.32 x .18/.38 = .15g pga HCLPF 

for the NUREG/0098 median spectrum at 5 percent damplng 

1.W2.1 = .71g pga 

5.0 EVALUATION OF HORIZONTAL HX 

Given the horizontal heat exchanger shown In Figure 6, it i s  assumed the shear 
load on the bolts at the fixed saddle wlll control the selsmic load capacity 
of the HX. Given a total weight o f  23.5 Kips and a nominal lateral load 
coefftcient of 1.Og applied to the cg. of the HX the bolt shear reactlon in 
the longitudinal direction would be 23.512 Kips or 11.75 Kips/bolt and in the 
transverse dlrection 23.5/4 or 5.88K/bolt Kips load in each bolt. 

The component shear stress i n  each bolt i s  determined: 

Longitudlnal = 11.75/0.601 = 19.55 Ksi; Transverse = 5.88/0.601 = 9.78 
Ksi 

Allowable bolt stress from ASME Section 111-NF-1986 for Servlce Level D 

F v  5 .42 Su < .6 Sy 

where: 
Su = Specified Minimum Ultimate Strength = 60 K s l  

Sy 
Fv = 0.42 x 60 = 25.2 Ksi allowable . 

Fv = 0.6 x 36 = 21.6 Ksi allowable (controls) 

Resultant Shear Stress in Bolt for nominal 1.09 lateral load 

= Specified Mlnimum Yield Strength = (not defined) assume 36 
Ksi 

f, = \1(21.21)2 + (9.78)2 =/GXG- 
Resultant Shear Stress: 

fv = 23.36 Ksi 
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It should be noted that the current LRFD AXSC Specification limlts the 
allowable shear stress in the A307 bolt based on the nominal area 0.601 in2 
to 16.1 Ksi for factored loads and the AISC N690 AISC Specification limits 
shear on nominal A307 bolt areas to 14.0 Ksi for a large earthquake loading. 
Since the allowable values from the AISC specification are slgniflcantly lower 
than the ASME, the ASME code value i s  used without any adjustment for actual 
versus spec l f led  mlnlmum proper t les .  

Resultant Applled Selsmic Load: 

21.6/23.36 X 1.09 = 0.9259 

5.1 Compute Llmltinq Lonqltudlnal Frequency of the Tank 

f = 1/2n ,/IT WT = 23.50 KIPS 
Mass = 23. 5k/386-in/sec2= 0.0608 K-sec2/in 

weight = 23.50 K Horizontal Stiffness, - one saddle i s  slotted 
and free to slide, the other saddle i s  similar 
to a pin connectlon; therefore the stiffness is 
the same as a load at the end of a cantilever 
beam 

Saddle Prop. 

1 /2n f =  

5.2 Compi 

AS 

iY 
= 6.625 In2 K = 3EI/13 
= 66 In4 KHorz = 3(30,000 ksi) (66ln4)/ 

= 13.12 i n  (1 3 .12in)3 

= 2630 K/ln 

2630 k/i n/O .0608 k . sec2/i n = 33.3 HZ 

tation f HCLPF for the Horizontal HX 

Given that the HX has frequency response above 33 Hz for the 7 percent damping 
and the spectrum contained in Appendix C i s  applicable: 

0.939 pfa HCLPF 

0.93 x .18/.38 = .44g pga HCLPF 

Since shear failures tend to be non ductile, lt i s  assumed that the component 
responds elastically. 

6.0 EVALUATION OF BLOCK WALL 

Assume a 12" thick reinforced concrete block wall 10 feet high can be analyzed 
as a one way vertical cantilever slab. 
bar @ 16" center to center lofated in the center of the block with fy = 60 ksi 
Assume compressive strength fc = 3000 psi for Type S mortar. 

Wall 1s reinforced by one layer of #5 
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From Table 4.3 o f  ACI 531-79 for 12" x 16'' block 

W = 1 1 1  psf assuming grouted core 
fm = 1700 psi masonry compressive strength 
Em = 1000 fm = 1700,000 PSI, AS = 0.31 X 12/16 = 0.233 in2/ft 
Kd= 1.5in; d = 11.625/2 = 5.8 in; jd = 5 - 0 5  in 
1 = 10 ft. 

6.1 Compute Bendinq Moment for a Nominal 1.Oq Lateral Load and Resultant 
Concrete and Steel Stresses 

M 

M 

Tensile Stress in Reinforcement due to bendlng 

= 

= 

1/2 w12 = 1/2 x 111 x lo2 x 12 in/ft = 66600 in -lbs/ft 

Asfsjd = 0.233 x 5.05 fs = 66600 in-lbs 

f S = 56.60 K s ~  
fs all = 60 Ksl 
f /f sa 1 1 = .94 

Compressive Stress in concrete due to bendlng 

C a M / j d  = 66600/5.05 = 13188 1bS 
fC = 13188/(12 x 1 . 5 ) ~  733 PSI 

fc/fcal 1 = .60 
fcall. 3 0.72 x 1700 = 1224 psi 

Tensile Stress in reinforcement controls design 

Note: ACI 531-79 Coupled with SRP 3.8.4 Appendix A would give a slightly 
larger value for fc all. 

6.2 Compute Frequency of Wall 

Uncracked Moment o f  Inertia 

I = 1/12 X 16 X (11.625)' - 1/12 X 11.8 X (8.63)3 

I = 1.33 X 1571 - 632 

= 2089 - 632 = 1457 

I = 1457A.33 = 1095 in3/ft of wall 

Em = 1,700,000 

From Ref. 6. 

f = 3.52/2 w 

= 3.52/6.285[1700000 x 1095 x 38619.25 lbs/in x (120)4 in4] 
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= 3.52/6.28 6 G  = 10.8 HzI7] 

6.3 Computation o f  HCLPF for Block Wall 
Acceleratjon at c.g. of wall 

1.0/.94 = 1.06 

Spectral Ampllflcatlon for 10.8 Hz from Appendix C spectrum 

.75/.38 = 1.97 

Use 0.8 x spectral demand to account for inelastic response 0.8 x 1.97 = 
1.58 

1.06/1.58 = 0.679 pfa HCLPF 

0.67 x .18/.38 = 0.329 pga HCLPF 

Note: In reinforced concrete shear walls changes in stiffness by a 
factor o f  15 or more have been observed from first cracking t o  
failure. 
to occur in the block wall, the frequency would be reduced to 
= 3.0 Hz. A t  thls frequency f o r  the.Append1x C Spectrum, the 
spectral amplification would be reduced to 1.0 and the 
effective pga HCLPF would be increased 0.32 x 1.97 = 0.63 g 

If thls same shift in stiffness before f Q ilure were 

7.0 ESTIMATION OF BEST ESTIMATE RATHER THAN HCLPF Pga's 

In performing this evaluatlon, a computer program FRAGIL was used. This 
program is designed to take estimates of selsmic capacltles (HCLPF or 
otherwise) and apply estimated variability on both failure probability as well 
as confidence as shown in Table 1 to determine the probability o f  failure at 
the 95, 50 and 5 percent probability and at the 95, 50, and 5 percent 
confidence levels. 
failure and confidence were estlmated as coefficients of variation on both 
failure and confidence.. The results of these esttmates are shown in Figures 
7-13 of this report. However, in no case were the median estimates permitted 
to exceed 1.25 x the calculated lateral load capacity at the center of gravity 
of the equipment. 

In this evaluation varlability as to probability o f  

8.0 RESULTS AND CONCLUSION 

8.1 HCLPF Estimation 

The followlng is a summary o f  the HCLPF determined ln this evaluation. 

(11 Note this is based on uncracked sectlon actual frequency at or near 
failure could be based on at least a partially cracked section. This 
calculatlon results in a conservatlve HCLPF estimate. 



8.1.1 Vertical Flat  Bottom Tank 

Spectra Given  N U R E G A R  0098 
i n  Appendix C 
0.329 pga 0.369 pga 

Median Ground Spectra 

8.1.2 Vertical C l i p  Angle Mounted Tank 

Floor Spectra Given 
i n  Appendix C 

0.889 pfa 
0.429 pga 

8.1.3 Generic Motor Control Center (Operating Dur ing  EQ. )  

a )  Mounted on Floor 
Floor Spectra Given 
i n  Appendix C 
0.329 p f a  
0.159 pga 

b)  Mounted on Ground 

NUREG/CR 0098 Medfan Ground Spectra 
-719 Pga 

8.1.4 Horizontal  H X  on Two Saddles 

Floor Spectra 
Given i n  Appendix C 

0.939 pfa 
0.449 pga 

8.1.5 Block Wall 

Floor Spectra 
Given i n  Appendix C 

0.679 p f a  
0.329 pgar2] 

8.2 Best Estimate (50 Percent Probability) Peak Ground Acceleration 
Evaluation of Failure a t  t he  50 Percent Confidence Levels 

The following i s  a summary o f  the best estimate seismic peak ground 
acceleraion required t o  cause component f a i l u r e .  

1 2 1  See discussion i n  Section 6.3 concerning the change i n  wall s t i f fness  and  
i t s  effect  on HCLPF estimation. 
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8.2.1 Vertical Flat Bottom Tank 

Floor Spectra Glven N U R E G A R  0098 
in Appendix C 
(Figure 7) (Figure 8) 

Median Ground Spectra 

1.25 x .667 = 0.839 1.25 x 0.667 = 0.839 
50% = 1.109 50% = 1.209 
Use 0.839 for median Use 0.839 for median 

8.2.2 Vertlcal Cllp Angle Mounted Tank 

Floor Spectra Gjven 
in Appendix C (Figure 9) 

1.25 X .88 = 1.109 
50% = 2.69 
Use 1.109 for median 

8.2.3 Generic Motor Control Center (Operating During E.Q.) 

Floor Spectra Given NUREG/CR 0098 
in Appendi'x C 
(Figure 10) (Figure 1 1 )  

Median Ground Spectra 

1.25 x 1.5g = 1.889 
50% = 4.09 50% = 2.79 

1.25 x 1.5 = 1.88g 

Use 1.889 for median Use 1.889 for medlan 

It should be 
consider the 
this report a 

noted that in developlng the median estimate of failure, I do not 
GERS (Function during) curve shown in Figure 2 to Appendix D of 
,s a best estlmate of functlonal failure. Rather the curve shown 

a shown. For this reason, I do 
estlmate o f  fallure on thls 
this report is higher than what 
ng) curve only. 

is a lower bound estimate based on the test da 
not believe it is appropriate to base a median 
curve. Hence the median estimate contained in 
would be expected using the GERS (Function du r  

8.2.4 Horizontal HX on Two Saddles 

Floor Spectra Given 
in Appendix C (Figure 12) 

1.25 x 0.925 = 1.159 
50% = 1.959 
Use 1.159 for median 

8.2.5 6lock Wall 

Floor Spectra Given 
in Appendix C (Figure 13) 

1.25 x 1.04 = 1.309 
50% = 2.109 
Use 1.309 for median 
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Figure la--Vertical F l a t  Bottom Tank Geometry 
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Figure lb--Modified Bolt  Chair for  F l a t  Bottom Tanks 
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Figure 3--Schematic I l lus tra t ion  of Tank Bottom Behavior 
Near Tensile Lift-off Region of Tank Shel l  
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Figure 4--General Arrangement of A i r  Tank 
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Figure  5--Clip Angle Detail 
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Figure 6--General Arrangement of Horizontal Heat Exchanger 
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Figure 7--HCLPF FRRGILITY CURVES FOR 9 5 ~ ,  58x ClND 52 CONFIDENCE LEVELS 
COM onent: Vertical Flat B o t t m  Tank H C L b  8 3 2  g COU: Fai lure=U870 Conf idence=0,10 
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Figure 9--HCLPF FRCIGILITY CURVES FOR 95x 50x ClND 51/: CONFIDENCE LEVELS 
Corn onent: Vertical Cl ip  ingle kounted Tank HCLKF~ ,42 COU: Fai lure=0,87 Conf idence=8,35 
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Figure 10-HCLPF FRClGILITY CURVES FOR 95% 5flX ClND 51,: CONFIDENCE LEVELS 
Con onent: Generic M o t o r  C o n t r o i  Center - -Mounted on Floor 
HCL%F= ,32 g COU : Fai l u r d  I 75 Conf idencer0 I 35 
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Figure 11-HCLPF FRAGILITY CURVES FOR 9% 58x AND 52 CONFIDENCE LEVELS 
Corn onen t : Generic Motor Con t r d  C e n  ter--Moun ted on Ground 
H C L b  171 g COU: Fai lure=8, 88 Conf idence=0,10 
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Figure 13-HCLPF FRRGILITY CURVES FOR 95x, 50x RND 5 x  CONFIDENCE LEVELS 
Corn m n t :  Block Wall 
HCL#F= ,25 g COV: Failure=lI25 Conf idence=(a, 35 
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Appendtx A 

Background on Development of CDfM Method 
for Determlnatton of HCLPf's 
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The systems analyses performed to develop the Boolean expression should be 
fully documented. This documentation should include the analysis techniques 
and tools used, the method used to "prune" the fault trees and the 
justification, and a description of the basic events (their failure modes) 
that make up the Boolean expression 

4.8 Step 8 - Margin Evaluation of components and P l a n t  

Steps 7 and 8 are performed concurrently and with close interaction between 
the system and fragility analysts. 

The components that require margin evaluation, called the "screened in" 
components, have been identified during the plant review and the two plant 
walkdowns. Design details and actual existing conditions have been recorded 
(as far as practical). 
The objectives of the analysis in Step 8 are: 

o To estimate the HCLPF of these components 

o To estimate the HCLPF of the plant. 

For each HCLPF evaluation, two alternative approaches are presented. 

4.8.1 Capacity of Components 

The concept of HCLPF is similar to the traditional notion of using code- 
minimum strengths and code-maximum loads in structural design codes. The 
specification of these minimums and maximums was done by code committees using 
past performance data, results of analysis and research, and collective expert 
judgments. They implicitly or explicitly recognize the uncertainties in loads 
and strengths. The capacity of a component calculated using these specifica- 
tions was considered to be conservatively low. The HCLPF value calculated 
using the procedures described in this report has similar attributes: it is 
conservative, and it recognizes the uncertainties based on the Panel's 
judgment. 

There are two candidate approaches for calculating the HCLPF value of 
components: the Conservative Deterministic Failure Margin (CDFM) method 
proposed by Kennedy (Ref.7) and the fragility-analysis method. In the CDFM 
method, a set of deterministic rules (e.g., ground response spectra, damping, 
material strength, and ductility) is prescribed; the capacity of the component 
determined using these rules gives a HCLPF value that may be more conservative 
than necessary. In the fragility-analysis method, the median . ground 
acceleration capacity A,,, and the logarithmic standard deviations BR and BU for 
which there is less than a five percent probability of failure with 95 percent 
confidence. The randomness and uncertainty in the median capacity are assumed 
to be lognormally distributed. In the trial plant reviews, both these methods 
may require that seismic response analyses separate from the design analyses 
be performed. The fragility analyst must review the structural models used in 
the plant design to confirm the adequacy of these models and the 
appropriateness of scaling the responses. If scaling is not appropriate, the 
response analysis becomes a major effort in seismic margin reviews. In the 
CDFM method, values for a number of parameters (e.g., system ductility, 
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damping, and response s p e c t r a )  need t o  be se l ec t ed .  I n  the  f r a g i l i t y - a n a l y s i s  
method median va lues  6~ and BU need t o  ber es t imated  by the  f r a g i l i t y  
a n a l y s t .  There have no t  been enough s t u d i e s  done to compare the HCLPF 
estimated using these two candidate  methods f o r  d i f f e r e n t  components. 
Addi t iona l  comparison s t u d i e s  s h o u l d  be conducted to  i d e n t i f y  s i t u a t i o n s  where 
both methods would y i e l d  comparable r e s u l t s  and those  where t h e  r e s u l t s  would 
widely d i f f e r .  A review of such r e s u l t s  would also lead to a " c a l i b r a t i o n "  of 
t h e  parameter va lues  o f  e i t h e r  o r  both methods so t h a t  t he  two methods g i v e  
e s s e n t i a l l y  i d e n t i c a l  c a p a c i t y  es t imates .  The f i n a l  g o a l  of such s t u d i e s  
would be t o  provide a set  of  d e t e r m i n i s t i c  r u l e s  i n  the  CDE'M method f o r  
c a l c u l a t i n g  t h e  HCLPF o f  screened i n  components. U n t i l  such research is done, 
it is recommended t h a t  both t h e  candida te  methods be used to c a l c u l a t e  t h e  
HCLPF of components i n  t r i a l  p l a n t  reviews. The t r i a l  p l a n t  reviews should be 
viewed as providing f u r t h e r  b a s i s  and guidance on r e sea rch  towards c a l i b r a t i o n  
of t h e  t w o  candida te  methods. 

4.8.1.1 Conservat ive De te rmin i s t i c  F a i l u r e  Margin (CDE'M) Method 

I n  t h i s  method a f a i l u r e  margin is computed us ing  conse rva t ive  material and 
r e sponse parameters bu t tak ing  cr ed it f o r  cons e r va t i v e  l y  def ined  f a i lu re  
c a p a c i t y  and i n e l a s t i c  energy absorp t ion  c a p a b i l i t y  of s t ruc tures  and 
components. The fo l lowing  parameter values  have been proposed (Ref. 7) and 
might  be more conse rva t ive  than necessary: 

Load Comb ina  t ion : 

Ground Response Spectrum: 

Damping : 

S t r  u c  t u r  a1 Model : 

Soil-S t r u c t u r e  I n t e r a c t i o n :  

Mater i a l  S t r eng t h  : 

S t a t  i c  Capacity Equat ions  : 

System D u c t i l i t y :  
( I n e l a s t i c  Energy 
Absorption) 

Floor  Spec t ra  Generat ion:  

N o r m a l  + E a r t h q u a k e  Review Level  

84% Non-Exceedence P r o b a b i l i t y  S i t e - S p e c i f i c  
Spec t r  um 

Depending on t h e  ear thquake review l e v e l ,  
t h e  fol lowing are the  conse rva t ive  estimates 
of t h e  median va lues :  

S t r  u c t u  re : 7% 
Piping : 5 %  
Cable t r a y s :  15% 

Best-estimate - median 

Envelope eqected parameter v a r i a t i o n  

95% exceedance actual  s t r e n g t h  

84% exceedance by t e s t  data or code equat ion  

Conserva t ive ly  selected to be between 1 . 0  
and 1.5. For shear w a l l  s t ructures ,  s h o u l d  
not  be less than  1.3. 

Median damping value f o r  equipment 

Frequency s h i f t i n g  of f loor s p e c t r a  rather 
than peak broadening.  
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For s t ructure/equipment  q u a l i f i e d  by a n a l y s i s ,  t h e  response of t he  equipment 
is c a l c u l a t e d  using t h e  above s t ruc tu ra l  and equipment response parameters.  
Potential fa i lure  modes of t h e  equipment are i d e n t i f i e d .  The s t a t i c  i n e l a s t i c  
caDac i t i e s  of the s t ructure/equipment  are es t imated .  I f  t h e  c a p a c i t y  of t h e  
s t ructure/equipment  exceeds the  c a l c u l a t e d  response for t h e  load combination 
( N o r m a l  + E a r t h q u a k e  Review L e v e l ) ,  it is assumed t h a t  t he  component has >a. 
HCLPF value exceeding t h e  ear thquake review l e v e l  peak ground acce le ra t ion ;  
For equipment qua l i f ied  by t e s t ,  t he  f l o o r  spectrum f o r  median equipment 
damping is generated us ing  t h e  above conserva t ive  s t r u c t u r a l  and/or equipment 
response parameters.  If t h e  floor spectral va lues  throughout  t he  equipment 
frequency range of i n t e r e s t  are less than g e n e r i c  equipment ruggedness 
spectrum (GERS) f o r  t h e  equipment ( R e f .  181, it is assumed t h a t  t h e  equipment 
has  a HCLPF exceeding t h e  ear thquake review l e v e l  PGA. So f a r ,  GERS has been 
developed for seven classes of equipment (i.e. motor-operated va lves  I motor 
c o n t r o l  c e n t e r s ,  swi t chgea r ,  b a t t e r i e s  and b a t t e r y  racks, i n v e r t e r s ,  b a t t e r y  
cha rge r s ,  and r e l a y s ) .  For o the r  equipment? one should use  the  h i g h e s t  
s p e c t r a l  value f o r  which similar equipment has been q u a l i f i e d  as t h e  capac i ty .  

The GERS w i l l  be lower than the  lowest observed f a i l u r e  l e v e l  f o r  t h e  
equipment ( i .e. ,  the GERS is t h e  h i g h e s t  l e v e l  for which the  equipment d i d  no t  
f a i l ) .  For equipment mounted on f l o o r s  a t  higher  e l e v a t i o n s  i n  the  structure,  
t h e  conservatisms i n  f l o o r  s p e c t r a  genera t ion  and the  conservat isms i n  
s t r u c t u r a l  parameters  ( i .e. ,  damping and system d u c t i l i t y )  y i e l d  HCLPF va lues  
t h a t  are cons iderably  less than the  median c a p a c i t i e s .  However, f o r  equipment 
on grade t h a t  do no t  i nc lude  s i g n i f i c a n t  response conservat ism,  u s e  of  GERS or 
experience da t a  may n o t  guarantee  t h a t  t he re  i s  no " c l i f f "  i n  t h e  capac i ty  
beyond the  value of  HCLPF ( i . e . ?  t h e  component may f a i l  suddenly when the  peak 
ground a c c e l e r a t i o n  exceeds the  RCLPF va lue ,  i n s t e a d  o f  a g radua l  i nc rease  i n  
the  p r o b a b i l i t y  of f a i l u r e  i n c r e a s e s ) .  To avoid t h i s  problem, it is 
recommended t h a t  t h e  c a p a c i t y  determined by exper ience  d a t a  f o r  grade leve l  
equipment be reduced by a f a c t o r .  Th i s  f a c t o r  may be determined during t h e  
t r i a l  p l a n t  reviews. 

By a jud ic ious  s e l e c t i o n  of t he  va lues  of d i f f e r e n t  parameters?  t h e  CDFM 
method aims t o  produce a conse rva t ive  estimate of  t h e  component's HCLPF. 
However, t h e  CDFM method is less conse rva t ive  than t h e  procedures  given i n  t h e  
Standard Review Plan  (Ref. 9 ) .  The load  combination s p e c i f i e d  is more l i be ra l  
compared to  the SRP requi rements ,  i .e.,  no OBE load  combination and no LOCA + 
review earthquake load combination i n  t h e  CDFM method. The ground response 
spectrum is a 84% nonexceedence p r o b a b i l i t y  s i t e - s p e c i f  i c  spectrum and is 
expected to  be less conse rva t ive  than  t h e  R.G. 1 .60 spectrum. S i m i l a r l y ,  t h e  
Camping va lues  proposed for the seismic margin review are more l i b e r a l  than 
those s p e c i f i e d  i n  t n e  Standard Review Plan. 

The basis for the  s e l e c t i o n  of va lues  of d i f f e r e n t  parameters  i n  the  CDFM 
methods and how they  c o n t r i b u t e  t o  t h e  high confidence i n  t h e  capac i ty  t h a t  
a s s u r e s  a l o w  p r o b a b i l i t y  of f a i l u r e  s h o u l d  be s tud ied .  For example, t he  u s e  
of 84% nonexceedence-probability s i t e - s p e c i f i c  spectrum and conse rva t ive  
e s t ima tes  of the median damping are expected t o  r e s u l t  i n  a computed capac i ty  
ind ica t ing  a l o w  p r o b a b i l i t y  of f a i l u r e .  The use of  material  s t r e n g t h  a t  95% 
exceedance value and 8 4 %  exceedance value fo r  s t a t i c  c a p a c i t y  p r e d i c t i o n  
equat ions  is expected t o  c o n t r i b u t e  to  t h e  high confidence s t a t emen t  about t h e  
capac i t y  . However, t h i s  approach cannot be used to determine the  
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con t r ibu t ions  of d i f f e r e n t  parameters because the seismic capac i ty  of a 
component is a nonlinear func t ion  of these parameters;  the  impact on capac i ty  
of any value of a s i n g l e  parameter depends n o t  only on the s ign i f i cance  of the 
parameter on the median capac i ty  but  a l s o  on the r e l a t i v e  v a r i a b i l i t i e s  ( i .e. ,  
randomness and u n c e r t a i n t i e s )  of a l l  the parameters. The CDFM method 
discussed here may be even more conservat ive than necessary.  Un t i l  f u r t h e r  
research  on c a l i b r a t i o n  is performed (discussed e a r l i e r ) ,  the degree 
conservatism cannot be quan t i f i ed .  

4.8.1.2 Fragi l i ty-Analysis  Method 

One method of descr ib ing  the  f r a g i l i t y  of a component is to  express it i n  
terms of three parameters (Ref. 19): median capac i ty  pfn, logar i thmic  s tandard  
dev ia t ions  B,, and 0 represent ing ,  r e spec t ive ly ,  rdndomness i n  the  capac i ty  
and uncer ta in ty  i n  t\e median value. ( F r a g i l i t y  Handbook, R e f .  1 9 )  Rather  
than est imat ing the  median capac i ty  as a product of an o v e r a l l  median s a f e t y  
factor t i m e s  the  SSE pga for t h e  p l a n t  (where the  o v e r a l l  s a f e t y  f a c t o r  is a 
product  of a number of f a c t o r s  represent ing the  conservatisms a t  d i f f e r e n t  
s t a g e s  of ana lys i s  and d e s i g n ) ,  the  median capac i ty  is eva lua ted  using median 
s t r u c t u r a l  and equipment response parameters,  median m a t e r i a l  p r o p e r t i e s ,  and 
d u c t i l i t y  f a c t o r s ,  median s t a t i c  capac i ty  p r e d i c t i o n s ,  and r e a l i s t i c  
s t r u c t u r a l  modeling and method of ana lys i s .  I f  the f r a g i l i t y  a n a l y s t  is 
convinced t h a t  t h e  s c a l i n g  of response is appropr i a t e ,  t he  median s e i s m i c  
c apac i ty  may be est imated as the  product of t h e  o v e r a l l  median s a f e t y  factor 
and t h e  SSE Ma.  

The  median response of the  structure/equipment for the earthquake review 
l e v e l  (REL) is ca l cu la t ed .  The median capac i ty  of t h e  s t ructure/equipment  is 
est imated a s  t h e  median s ta t ic  capac i ty  mul t ip l ied  by the median i n e l a s t i c  
energy absorption capac i ty  f a c t o r .  The median ground a c c e l e r a t i o n  capac i ty  of 
t he  s t ructure/element  is approximately est imated as: 

Median N o r m a l  Design 
Capacity - Load ResDonse 
Median Response caused by REL 

T h i s  is v a l i d  because the  normal loads have l o w  v a r i a b i l i t y  and the normal 
des ign  loads a r e  conserva t ive ly  se l ec t ed .  

I n  l i e u  of e x p l i c i t l y  determined 8, and B U ,  t h e  HCLPF value for the  s t r u c t u r e /  
equipment may be conserva t ive ly  est imated by assuming 8, + 8, = 0.08 and the  
lognormal model: ( R e f .  1 0  and 12) 

HCLPF 0.25 l+,, 

If t h e  HCLPF value ca l cu la t ed  as above does not  exceed t h e  earthquake review 
l e v e l ,  t h e  ana lys t  may r e v i s e  the  capac i ty  by e s t ima t ing  6, and 8, using 
p l an t - spec i f i c  da t a  and PRA methods (i.e. , seismic f r a g i l i t i e s ) .  Another 
op t ion ,  if t h i s  proves to be too conserva t ive ,  is to r e v i s e  the median- 
capac i ty  es t imate  by performing f u r t h e r  s t u d i e s  such  as non l inea r ,  i n e l a s t i c  
s t a t i c ,  o r  time h i s t o r y  dynamic analyses .  
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This section i s  a n  excerpt from 
E P R I  Report NP-4101 -SR 

Section 2 

VARIOUS TYPES OF REPORTED SEISMIC MARGINS AND THEIR USES 

R. P.  Kennedy" 

INTRODUCTION 
Nuclear power plant s t ructures  and safety-related systems have been generally 
designed conservatively for a safe shutdown earthquake ( S S E )  and more cons2rvative 
f o r  a smaller ope ra t ing  basis earthquake ( O B E ) .  
servatism of the design c r i t e r i a ,  e i t he r  the SSE or the OBE will control the 
design. 
control the design. 

Depending upon the re la t ive  con- 

For plants w i t h  SSE levels less  than O.Zg, often non-seismic loadings 

In recent years,  i nc reas ing  knowledge i n  t h e  geoscience f i e l d  has l e d  t o  a b e t t e r  

understanding t h a t ,  although highly unlikely,  i t  i s  possible fo r  the nuclear power 
plant t o  be subjected t o  earthquake ground motion greater  than the ground motion 
for which the plant was designed. For  t h i s  reason, i n t e re s t  has developed in 
demonstrating t h a t  nuclear plant s t ructures  and safety-related systems can safely 
w i t h s t a n d  earthquake ground motion larger  than the i r  design earthquake ground 
motions (SSE and O B E )  . W i t h i n  th i s  paper, t h i s  larger-than-design earthquake 
ground  motion will  be called the seismic margin earthquake (SME) t o  dist inguish i t  
from the design earthquakes. Therefore, f o r  
the SME the goal i s  not t o  design the plant.  The goal i s  t o  determine the perforrr 
ance of already-designed s t ructures ,  components, and systems when subjected t o  t h e  
SME. Different and generally more l ibera l  c r i t e r i a  should be used when evaluating 

The plant has already been designed. 

the performance o f  s t ructures ,  components and systems f o r  the SME t h a n  were used i 
design. Ret rof i t ,  and redesign, should only be contemplated i f  one cannot show a 
seismic margin greater than unity for the SME u s i n g  these more l ibera l  c r i t e r i a .  
I n  other words,  the SME i s  not a design earthquake. I t  i s  not a replacement fo r  
the SSE and generally has nothing t o  do w i t h  design. 
check earthquake. 

The SME i s  a performance- 

*Senior Consultant, Structural Mechanics Associates, Newport Beach, California 
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VARIOUS TYPES OF SEISMIC MARGIN 

Existing l i t e ra ture  contains a wide variety of highly dissimilar c r i t e r i a  fo r  deter- 
m i n i n g  seismic margin. 
seismic margin is being reported. Seismic margins reported i n  t h e  l i t e r a tu re  can 
generally be divided into the following four categories: 

Therefore, one must be careful t o  d i s t i n g u i s h  what type of 

1. Desian Seismic Maruin ( D M )  - The seismic margin computed using 
US NRC Reg. Guides (R.G.), Standard Review Plans ( S R P ) ,  Design 
Code Capacities and load combinations. 

2. Code (Elastic-Comouted) Seismic Marqin (CM) - Margin computed 
using possibly less stringent structural  response parameters 
(such as damping) and less  stringent load combination (normal 
p l u s  seismic) b u t  assuming essentially e l a s t i c  behavior and 
capacities defined by code. 

3 .  Conservative Deterministic Seismic Margin Against Failure (CDFM)- 
A failure margin computed using conservative material and res- 
ponse parameters b u t  taking credit  f o r  conservatively defined 
fa i lure  capacity and  ine las t ic  energy absorption capability o f  
structures and components. 

centered estimate of seismic margin w h i c h  a l s o  displays uncer- 
ta in t ies  in the estimate. 

4. Probabilist ic Seismic Margin Aaainst Failure .(PM) - Median- 

Both the Design Margin ( O M )  and the Code Margin. (CM) represent traditionall! 
computed margins. 
However, in most cases,  such margins a r e  very conservative and are n o t  a good 
measure of the fa i lure  capacity. 
determine the OM or CM. 

As such, they are prescriptive and essent ia l ly  non-controversial . 

For some SME problems, i t  m i g h t  be adequate t o  
Some examples of  when the DM or CM m i g h t  be adequate are: 

a .  Where the SSE design response spectrum was a Housner spectrum, 
one m i g h t  be required t o  demonstrate margin fo r  a R.G.  1.60 
spectrum. 

b. Where the SSE was 0.129,  one m i g h t  be required t o  demonstrate 
margin fo r  an SME o f  0.149. 

B o t h  of these examples do n o t  require one t o  p u s h  oneself t o  demonstrate substan- 
t i a l  margin. In  my experience, the DM or CM approaches are generally adequate t o  
demonstrate margin f o r  a SME less t h a n  about  0.159 o r  a SME l ess  t h a n  about 1.2 
times the SSE. For more severe SME problems, i t  i s  generally necessary t o  con- 
sider fa i lure  margins. 

The Conservative Deterministic Failure Margin (CDFM) i s  more controversial than 
ei ther  the OM or CW. Actual fa i lure  capacities are highly uncerxin.  A CDFM does 
n o t  display the uncertainty. However, i t  does represent a reasonably conservative, 
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b u t  real is t ic ,  measure of the failure capacity o f  the structure or component. The 
Probabilistic Failure Marqin (PFM) fully displays the uncertainty in failure capa- 
c i t y  and represents the most complete and best descriptor of the failure margin. 
However, there will always be great uncertainty a b o u t  uncertainty. Secondly, the 
PFM attempts t o  remove a l l  o r  nearly a l l  conszrvatism. As such, the PFY will tend 
t o  be more judgmental and controversial than  the CDFM. 

Irrespective of which o f  the above f o u r  types o f  seismic margin (SM)  i s  being 
computed, this margin is generally obtained by one o f  the following equations: 

c'DNS SM2 = - 
%ME 

where C represents the capacity, DSME represents the demand (loading) from the SME, 
and DNS represents the non-seismic demand (laoding) from a l l  non-seismic loads i n  

the load combination. In my o p i n i o n ,  Equation ( 2 )  provides a better description o f  
the seismic margin than does Equat ion (1). As an example, assume: C = 100; 

For this example, SM1 = 1.25 and SM2 = 2.00. The seismic DSME 
margin SM2 represents the multiplier by which the SME can be factored before 
reaching capacity C while the margin SM1 does n o t  truly provide a seismic margin 
b u t  provides a margin f o r  the entire load combination. 
often be much larger than the margin SM1 for structures o r  components i n  which 
seismic i s  not  the dominant loading. In these cases, SM1 is  misleadingly low. 

= 20; DNs = 60. 

The seismic margin SM2 will 

CANDIDATE CRITERIA FOR VARIOUS SEISMIC MARGINS 

Table 2-1 presents some recornended cr i te r ia  for  use i n  estimating each of the dif-  
ferent types of seismic margin f o r  structures. Essentially each of the determinis- 
t i c  seismic margins ( O M ,  CM, and CDFM) uses conservatively biased cr i ter ia .  Gener- 
a l ly ,  i t  i s  suggested that parameters be set  a t  about e i ther  the 84% or 95% exceed- 
ance probabi 1 i t y  o r  non-exceedance probabi 1 i ty  (NEP) 1 eve1 s depending upon the 
degree of conservatism desired. For normally distributed parameters, the 84% NE? 
and the84% exceedance probability values correspond t o  plus and minus one standard 
deviation from the mean. This level of conservatism i s  considered t o  represent a 
reasonable degree-of-conservatism f o r  individual structural response parameters. 
Some capacity parameters should probably be more conservatively selected. The 95% 
exceedance probability corresponds t o  minus 1.65 standard deviations from the mean 
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for normally distributed parameters. 
city data except for extreme outliers which a r e  likely $0 be suspect data. 

Such a value envelopes essentially all capa- 

The probabilistic failure margin (PFM) approach uses median-centered estimates with 
uncertainty bands for each parameter. It is suggested that these uncertainty bands 
should encompass about the central 90% of all possible parameter values. Thus, the 
uncertainty bands should encompass from about the 5% to the 95% NEP range with 
extreme outliers again being ignored. 

TABLE 2-1 

CANDIDATE SEISMIC MARGIN CRITERIA FOR STRUCTURES 

(Example for Reinforced Concrete Structure) 

STATIC 
wu1n 
WAtIONS 

I I 1 
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CONSERVATISH OF COMPUTED RESPONSE 

Deterministic computed responses for  a SME obtained using the parameters suggested 
i n  Table 2-1 and discussed in the previous sections will clearly be conservative 
when compared t o  median response results o f  a probabilistic margin review. 
one would have h i g h  confidence that there i s  greater than a 84% p r o b a b i l i t y  t h a t  
actual responses t o  the SME would n o t  exceed this deterministic computed response. 
Comparison of  deterministic computed responses w i t h  probabilistic responses 
reported in several seismic PUS indicate t h a t  the median response factor o f  
safety for these deterministic computed responses range from a low of  about  1.4 for 
a s t i f f  concrete structure on rock t o  a h i g h  of about  3.0 for structures w i t h  sig- 
nificant SSI effects. 

I n  fact, 

MATERIAL STRENGTH 

For design, one generally uses conservatively biased design material strengths. 
For instance, concrete m i g h t  have a des ign  compressive strength of 3000 p s i  and one 
would have h i g h  confidence t h a t  this strength would be achieved or exceeded w i t h i n  
28 days after placement of the concrete. For seismic margin reviews t o  a SHE, one 
should use conservatively biased actual material strengths which in the case of 
concrete take i n t o  account that concrete strength continues t o  increase w i t h  time 
beyond 28 days after placement. Material strengths used i n  deterministic seismic 
margin reviews f o r  the SME should be sufficiently conservative t h a t  there is very 
l i t t l e  likelihood t h a t  actual strengths are less than those used in the margin 
review (approximately 95% .exceedance probability strengths achieve this goal ) . For 
a PFM review, median material strengths plus the probable range of strengths should 
be used. 

For a typical 3000 psi concrete design strength, one would likely expect t n a t  the 
90% bounds on actual strengths af ter  two years would range from about  3400 psi t o  
5000 psi w i t h  a median of about 4200 psi. This full range should be considered in 
a PFM review while a deterministic margin review could use a conservative strength 
of 3400 psi i n  lieu of the design strength of 3000 psi. 

.- 

STATIC STRENGTH OR CAPACITY EQUATIONS 

Code equations f o r  s ta t ic  strength o r  capacity are generally very conservatively 
biased. In cases where one i s  attempting t o  predict a failure margin (either CDFH 
o r  PFM) and when failure tes t  da t a  exists t o  demonstrate excessive conservatism in 
code equations f o r  s ta t ic  strength o r  capacity, one should use actual failure tes t  
data in lieu of code equations t o  predict seismic margins f o r  the SME. 
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INELASTIC ENERGY ABSORPTION CAPACITY 

Nearly a l l  structures and components e x h i b i t  a t  least  some ductility ( i . e . ,  abil i ty 
t o  strain beyond the elastic l i m i t )  before failure. 
content and oscillatory nature of earthquake ground motion,  this ductility i s  highly 
beneficial i n  increasing the seismic margin against failure for structures and 
components. The inelastic energy absorption, 
a t  which a certain system ductility u i s  reached t o  t h e  earthquake level for  which 
failure would be predicted by linear e las t ic  analysis. The additional seismic 
margin due t o  this inelastic energy absorption factor F; should be considered i n  
any failure margin review. Ignoring this effect w i l l  lead t o  unrealistically low 
estimates o f  the failure margin. 
structures and equipment in pas t  earthquake experience w i t h  capacities predicted by 
e las t ic  analyses w i t h o u t  considering the F factor. 

Because of the limited energy 

, represents the r a t i o  of  the SME 
FLL 

I t  is impossible t o  correlate performance o f  

u 

In a probabilistic failure margin (PFM) review, one should estimate the probable 
range on Fu. 
Demand/Capacfty ratios throughout  the structure ( i  .e., inelastic response i s  con- 
centrated in localized r e g i o n s ) ,  one m i g h t  estimate the probable range f o r  F 
1.3 t o  3.0. This entire range should be used i n  a PFM review. For  a conservative 
deterministic failure margin (CDFM) review, a conservative lower bound estimate on 
FU should be used. For this shear wall structure, such a conservative lower bound 
on Fy m i g h t  be 1.3. Actually, a l l  b u t  the most br i t t l e  structures and components 
will exhibit Fu values o f  a t  least  1.3 so t h a t  values less than 1.3 should seldom 
be used for F i n  a failure margin review. 

For instance, for  a shear wall structure w i t h  highly non-uniform 

t o  be u 

U 

CONSERVATISM OF COMPUTED CAPACITY 

In a CDFM review, the capacity should be computed sufficiently conservatively so 
that i f  the computed response actually occurs, one has h i g h  confidence t h a t  the 
probability of failure i s  negligible. 
severe unknown construction errur exists o r  i f  the actual seismic response signifi- 
cantly exceeds the computed seismic response. 
guidelines i n  Table 2-1 and described i n  the previous sections for  CDFM reviews are  
expected t o  achieve t h i s  goal. 

I n  other words, f a i l u r e  w i l l  occur if a 

Capacities computed following the 

Based upon comparison of  capacities computed by the guidelines o f  Table2-1 fo r  CDFFi 
reviews w i t h  median probabilistic computed capacities reported i n  several seismic 
PRAs, i t  i s  estimated t h a t  the median probable capacities (502 probability of 
failure) typically l i e  between 1.4 and 3.0 times the CDFM computed lower bound 
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capac i t ies .  
before fa i lures  would be expected. 

Responses would have t o  be increased by factors  of about 1.4 t o  3 . 0  

COMPARISON OF VARIOUS SEISMIC MARGINS 

Probabi l i s t ic  Failure margins (PFM) a re  typ ica l ly  displayed by f r a g i l i t y  curves 
such as tha t  shown i n  F i g u r e  2-1 f o r  a typical 0.15g SSE designed s t i f f  shear wall 
structure founded on rock. These f r a g i l i t y  curves i l l u s t r a t e  t ha t  one has h i g h  

confidence o f  low probabi l i ty  of f a i lu re  f o r  an SME less than 0.39 (i .e. ,  2 times 
the SSE) and has high confidence tha t  the SME associated w i t h  a 50% probabi l i ty  o f  
f a i l u r e  lies between 0.59 and 1.69 w i t h  a median value o f  0.99. Discussion on the 
development o f  such f r a g i l i t y  curves is contained i n  References 1 and 2. 

For t h i s  same structure, t h e  SME associated w i t h  t h e  Code Margin (CM) was only 
0.16g and the SME associated w i t h  a Conservative Deterministic Failure Margin (CDM) 
was 0.329. Note that  the CDFM value for the SME agrees c losely w i t h  the high 
confidence o f  low probabili ty of f a i l u r e  value o f  0.39 obtained f r o m  a PFM review. 
Th i s  close agrement  between t h e  CDFM value and t h e  h i g h  confidence, low proba- 
b i l i t y  o f  fa i lure  value from a PFM review has been observed i n  a number of cases 
f o r  which both margin reviews have been conducted. 
cri teria i n  Table 2-1 can probably be used t o  de te rminis t ica l ly  es tab l i sh  ttie lower 
bound on PFM f r a g i l i t y  curves. 

In other  words, the CDFM 

In f a c t ,  one m i g h t  p rescr ip t ive ly  define 

CDFM = 952 confidence of less than 5% probabi l i ty  of f a i l u r e  ( 3 )  

!Jse of Equation (3 )  would provide a simpler and probably more consis tent  method of 
obtaining the h i g h  confidence ( = 9 5 % ) ,  low probabi l i ty  ( e  5%)  point  on f r a g i l i t y  
curves than the separation of var iables  method described i n  References 1 and 2. 
Th i s  point  on the f r a g i l i t y  curve would be de terminis t ica l ly  determined using the 
CDFM c r i t e r i a  i n  Table 2-1. However, further val idat ion of Equation (3) is  needed. 

A review of f r a g i l i t y  curves presented i n  several seismic PRAs (Zion, Indian Point 
2, Indian P o i n t  3 ,  Limerick, Millstone,  Midland, and Seabrook) generally indicate  
a fac tor  of 2.5 t o  6.0 between t h e  median (502 f a i l u r e )  f r a g i l i t y  value and the 
h i g h  confidence ( = 95%), low probabi l i ty  ( < 5%) point  on the f r a g i l i t y  curve. 
Thus ,  margins def ined  by the CDFN c r i t e r i a  would s t i l l  contain substant ia l  conser- 
vatism below median f r a g i l i t i e s .  
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level, the i n p u t  t o  floor-mounted equipment should also be defined a t  the 84% NEP 
level. Use of  84% NEP f l o o r  spectra as i n p u t  t o  equipment would provide the same 
level of response conservatism f o r  equipment as exists for the structure. Unfor- 
tunately, the generation o f  84% NEP floor spectra would require probabilistic 
structural response analyses which  are more costly and have seldom been performed. 

If 84% NEP floor spectra were generated and used in a margin study, one would have 
t o  multiply such spectra by a scale factor for equipment qualified by testing. 
CDFM procedure defined i n  Table 2-1 introduces considerable conservatism in est i -  
mating the capacity o f  equipment qualified by analysis for a given floor spectrum. 
This factor of conservatism from the median failure capacity is  estimated t o  range 
from about 1.5 t o  more than 3 for equipment qualified by analysis. 
duce a similar conservatism for equipment qualified by testing would require a 
scale factor of abou t  2. In other words, f o r  a CDFM review the f l o o r  response 
spectrum t o  be used f o r  comparison w i t h  equipment qualification test response 
spectrum (TRS) should be: 

The 

Thus, t o  i n t r o -  

TRS = 2*(84% NEP Floor Response Spectrum) ( 4 )  

Again, i t  should be noted t h a t  w i t h i n  the current state-of-art one would n o t  
generally generate 84% NEP f loor  spectra for a seismic margin review. 
one would likely use conservative broadened f l o o r  spectra generated using conser- 
vative deterministic structural response parameters sfmi lar  t o  those described in 
Table 2-1. These conservative broadened floor spectra can be used directly t o  
determine a CDFM for equipment qualified by testing. 
fled by analysis some conservatism should be removed i n  a CDFM review. This 
reduction in conservatism can be accomplished by: 

Instead, 

However, for equipment quali- 

1. Using median or slightly greater than median damping values for 
computing equipment response. 

2. Perfon frequency shifting o f  f l o o r  spectra rather than frequency 
broadening t o  account for frequency uncertainty. 

For a seismic margin review of equipment mounted on structures, one should gener- 
ally use 5: t o  15% damped f l o o r  spectra as  i n p u t  t o  the equipment t o  partially 
compensate fo r  the conservatism introduced i n  the generation of these spectra. 

USE OF THE CONCEPT OF SEISMIC-INDUCED SCENARIOS IN SEISMIC MARGIN STUDIES 

I t  i s  unnecessary t o  demonstrate seismic margin f o r  a l l  structures, components, and 
systems subjected t o  an SME. Instead, one should concentrate on the more likely 
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This  appendix i .s  an excerpt from 
E P R I  Report NP-6041 

Appendix B 

Summary o f  CDFM Method Description From EPRI Report 
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Table 2-5. 

SUmARY OF CONSERVATIVE DETERMINISTIC FAILURE WARGIN APPROACH 

Load Combination: 

Ground Response Spectrum: 

Danrping: 

Structural Model : 

Soi l -St ructure- In teract ion:  

Mater ia l  Strength: 

S t a t i c  Capacity Equations: 

I n e l  as t i c Energy Absorpt Ion: 
(duc t i  1 i ty)  

In-Structure (F loor)  Spectra 
Generation: 

Normal + SUE 

Conservatively speci f ied (p re fe rab ly  84% Non- 
Exceedance Probab i l i t y  S i te-Speci f ic  Spectrum, i f  
Available) 

Conservative estimate o f  medlan danping 

Best Estimate (Median) + Uncertainty Variation i n  
Frequency 

Best Estimate (Median) + Parameter Va r ia t l on  

Code Specified minimum s t rength  or 95% exceedance 
actual strength if t e s t  data are avai lab le.  

Code u l t imate  strength (ACI), maximre strength 
(AISC) ,  Service Level 0 (ASME), or f unc t i ona l  
l tm i t s .  I f  t e s t  data are a v a i l a b l e  t o  demonstrate 
excessive conserva t iw  o f  code equations, then use 
84% exceedance of t e s t  data for capaci ty  equation. 

For non -b r i t t l e  f a i l u r e  modes and 
l l n e a r  analysis, use 80% of computed seismic 
s t ress i n  capacity evaluat ion t o  account f o r  duc- 
t i l i t y  benefi ts, or perform nonl inear  analys is  and 
go t o  95% exceedance d u c t i l i t y  leve ls .  

Use frequency s h i f t i n g  r a t h e r  than peak brmdenlng 
t o  account for uncer ta in ty  p l u s  use median dmp- 
lng. 

- 
Source: (4) 
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Appendix C 

Floor Spectra 
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FLOOR SPECTRA 

Attached are selected horizontal and vertical floor spectra at 2%, 4%, 
and 7% damping. They have been "debroadened", with some associated 
simp1 ifications, from the broadened Maine Yankee turbine/service 
building spectra at EL 61' -On,  E-W and vertical directions. A 
description of the dynamic model is contained on pp. 111 to 134 of 
Cygna's report (Appendix C of the prior transmittal). 
damping was used in the dynamic analysis. 
o f  time-histories matching the median NUREG/CR-0098 spectra scaled to 
0.189 horizontal PGA and 0.129 vertical PGA. 

7% structure 
Ground motion input consisted 

Unbroadened floor spectra at the desired equipment frequencies are not 
contained in the Dresden SEP report (only 0.5% damping). Broadened 
horizontal spectra at 2%, 3%, and 7% dampings are available. Also, 
vertical spectra are not contained. The Maine Yankee spectra were 
selected as the basis for the "debroadened" spectra for the following 
reasons : 

rn Vertical spectra are available. 
The fundamental horizontal frequency is comparable (7.5 
Hz vs. 5 Hz) 

rn In-structure spectral accelerations at the peaks and high 
frequencies are about the same as for the Dresden spectra 
at upper elevations, for nearly equivalent ground input. 

While some information is lost towards the higher frequencies in the 
debroadening, the same problem would exist with the broadened Dresden 
spectra. 
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6enerlc Selsmlc Ruggedness o f  Power Plant 
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1 .O INTRODUCTIOS 

A Generic Equioment Ruggeaness SpecTrm ( G E R S )  for Mctor Control Centers (low 

vo l tage)  i s  presented and discussed i n  ;he following sections. 

2 . 3  E Q U I P Y E N T  D E S C R I P T I O N  

The equipment class covered by the SERS presented here is Low Voltage Motor Control 
Centers [MCC) which are steel enclosures containing various sizes of motor starters 

(contactors and control relays), circuit breakers, auxiliary relays, discGnnect 

switches, control or distribution transformers, and panelboards. Tney may also 

have indicator lamps and meters. Cable or conduit entry can be from the bottom, 
top, o r  side. Units are low voltage rated at 600 VAC o r  250 VOC. Typical low- 

voltage NEMA nominal enclosure section sizes are 20 inches wide, 14 to 20 inches 

deep, and 90 inches high. They are fabricated of 1 4  gage c r  heavier steel sheets, 

framed with angles, and suoportea on channels at the bottom. The base channels are 

either intecral with the MCC frame or are external members connected by internal 

bolts t o  the MCC frame. Hultiple HCC sections may be grouped together to make 
widths to 120 inches or greater. The units must be anchored at the base to a sup- 

porting Structure. The vajidation of anchorage adequacy requires an independent 
evaluation. This equipment class covers virtually all low voltage MCCs used in 
pcwer plants for critical motor control. The checklist given in Section 5 can be 
used tcj screen for outliers. 

3.0 TEST DAT4 BASE 

The data base includes basic equipment descriptive information, test methods/ 

description, ana test data covering a wide range of MCC for fifteen separate tests. 

The earliest test in the data base was conducted in 1 9 7 4 .  Forty vertical MCC sec- 
tions with weights ranging from 200 tG 900 pounds (per section) from ten manuiaz- 
turers which represent the range of m i t s  found in ectual pcwer plants are included 

in the data base. The units tested involved both single- and mu?ti-section MCC 

units (up to six sections). Two o f  the tests included valid data; however, they do 
not meet the class inclusion rules. One o f  these tests ha3 a top brace attachment 
(i.e., not entirely base-mounted), and the other MCC unit has housed in a non- 
typical (larger) enclosure. All units were mounted ,within NEMA-type metal enclo- 
sures with either welded or bolted anchorage. 
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Twelve tests were performed with random, independent, biaxial input motions. One 

test used random, independent, triaxial input motion, while two additional tests 

utilized single-axis sine-beat inputs. The test results span the entire range o f  

possible success and failure. Failure modes are relay chatter and minor structural 
base damage. In one test series involving four MCC sections, the eqriipmenr fragi- 

lity limits were sought. In some cases, the tests were performed on MCCs in which 
artificially aged components had been installed, while in others, the components 

were new. Typical parameters which are monitored during testing include con:act 

chatter and coil dropout. Tests are typically performed in a deenergized state and 

then repeated with the circuits energized. Hi-pot tests, under- and over-voltage 

relay functionality, and circuit breaker functionality are checked before and after 

the tests. 

In general, the functionality o f  MCCs is limited by auxiliary relay and motor 

starter auxiliary contact chatter in the deenergited state. Thus, the issue of MCC 

function during a dynamic event is governed by the ruggedness o f  the relays pre- 

sent. I t  should be noted that all MCC units, dynamically tested, functioned in 

post-test operation, including those units that sustained minor base damage. 

4.0 GENERIC EQUIPMENT RUGGEONESS SPECTRUM 

Figure 1 compares the GERS to the horizontal Test Response Spectra (TRS) 

(standardized to 5% damping) for all of the thirteen TRS used to construct the 
GERS. Both the energized and the deenergized data from successful are compared in 

Figure 1 .  For this equipment class, dual GERS are proposed. The "function after" 

GERS accommodates the test data of several manufacturers over the frequency range 

of 1 to 33 Hz. A l s o  the "function after" GERS accommodates the tesrs where minor 

structural damage (not affecting function) occurred. The "function during" GERS 

conservatively accommodates the low bound of data base TRS for which relay chatter 
was noted in a wide spectrum of cabinet and relay o r  starter types as shewn in 

Figure 2. The vertical TRS in all tests on which the GERS is based was approxima- 

tely equal to the horizontal input motion. Thus, the GERS presented is valid f o r  

concurrent vertical and horizontal motion. 

5 .O CHECKLIST 

To apply this GERS to Motor Control Centers, the following criteria must be 

verified. 
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The MCC must be 3 low voltage unit with 3 floor-mounted NEMA-type 
enclosure with an average weight per verticai section that does not 
exceed 800 pounds (review of manufacturer's submittals is 
sufficient). 

The MCC must De base anchored and the installed anchorage must be 
evaluated (units which uti!ize a top brace attachment as part of the 
unit anchorage require a secarate evaluation in order to justify the 
"flinction after" GERS limit; however, the "function during" GERS may 
be used directly with such units). 

The base anchorage must utilize the MCC base channels for attachment. 
Base anchorage details that induce significant bending of sheet are 
not acceptable. 

Cutouts in cabinet sheathing are less than 6-in. wide and 12-in. 
high in the lower half of the cabinet height. 

All door latches or screwdriver operated door fasteners must be 
secured. 

In order to utilize the "function during" GERS certain relays with 
low ruggedness must be exc!uded. Aii relays must have a GERS greater 
than 4.5 g within the ampljfied spectral region. 

AGxiliary contacts o f  ContJCtorS require a separate evaluation if they 
are used for interlocks or csntrol signals. The "function during" 
GERS spectral levels must De factored by -kCl to be applied to the 
auxiliary contacts of contactors. 0.67 
I f  the "function during" GERS limits for MCCs are exceeded by cer- 
tain plant floor response spectra, a separate relay evaluation is 
required which accounts for specific relay ruggedness, relay loca- 
tion within an enclosure, and enclosure amplification. 
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Figure 2. 
f o r  MCC.  

Comparison of  GERS w i t h  failure da ta :  function d u r i n g  and a f t e r  
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Table 1 

Comparison of HCLPF Capacity Computations for Representative Components 
(First Round Calculations) 

Component 

HCLPF Capacity (9) 

CDFM FA (SI 

Median 
Capacity 

Failure Mode CommentslRemarkslAssumpt ions 

Flat Bottom Storage Tank 
(At Grade) 

RPK 
MKWSH 
JWR 
JDS 

7 Auxiliary Contactor Chatter 
o (Function during GERS lock-in cn 

circuit potential) 

a) Cabinet at Grade 

RPK 
MKFVRDC 
JWR 
JDS 

b) Cabinet High-up 
(Function during GERS lock-in 
circuit potential) 

RPK 
MKR/RDC 
JWR 
JDS 

0.29 0.31 0.67 Combination of shell buckling 
0.29 0.26 0.54 and anchor bolt yields 
- --- 0.27 0.53 

&+e- - --- 1.13 Yield of anchor bolts 
o. 32 

0.54 0.59 
0.47 0.39 - --- 0.48 
0.71 - --- 

1.26 
1.58 
1.20 
1.88 

Contactor Chatter 
Contactor Chatter 
Conlactor Chatter 
Contactor Chatter 

0.10 0.1 1 0.30 Contactor Chatter 
0.09 0.07 0.36 Contactor Chatter - --- 0.1 1 0.43 Contactor Chatter 
0.12 - --- 0.43 Contactor Chatter 

(used .87 knock-down factor) 

(used .87 knock-down factor) 

RPK 
MKWRDCPSH 

JWR 
JDS 

Did calculations by CDFM (by EPRI methodology) first, then FA. 
Did calculations by FA first, then CDFM (by EPRl methodology). 
Tabulated values are from HCLPF Capacity calculations using input spectra as 84% NEP maximum horizontal direction. 
Did calculations by CDFM (by deterministic approach). 



Table 2 

Comparison of HCLPF Capacity Computations for Representative Components 
(Second Round Calculations) 

Component 

HCLPF 

(SI 

Median 
Capacity Capacity 

(9) Failure Mode Comments/Rem arks/Assumptions 

Flat Bottom Storage Tank 
(At Grade) 

RPK 0.29 
MKFWSH 0.29 
JWR 0.28 
JDS 0.32 

Y 
o\ 

Auxiliary Contactor Chatter 
(Function during GERS lockin 
circuit potential) 

a) Cabinet at Grade 

RPK 
MKR/RDC 
JWR 
JDS 

b) Cabinet High-up 
(Fundion during GERS lodein 
circuit potential) 

RPK 
MKWRDC 
JWR 
JDS 

0.54 
0.47 
0.48 
0.71 

0.1 1 
0.09 
0.1 1 
0.15 

0.67 Combination of shell buckling 
0.54 and anchor boll yields 
0.55 
0.83 Yield of anchor bolts -dL Yf.@fl-*- I 

+ L e  pte.*Q ,fJ.,?..- d L  4u;t- 

1.26 
1.58 
1.20 
1.88 

0.30 
0.36 
0.43 
1.88' 

Contactor Chatter 
Contactor Chatter 
Contactor Chatter 
Contactor Chatter 

Contactor Chatter 
Contactor Chatter 
Contactor Chatter 
Contactor Chatter 

(used .87 knock-down factor) 

(used .87 knock-down factor) 

See calculations (Appendix A) for further explanation. 



Table 2 (Continued) 

Comparlson of HCLPF Capacity COmpUtallOnS for Representatlve Components 
(Second Round Calculatlons) 

Component 

HCLPF Median 
Capacity Capacity 

(9) (9) Failure Mode CommentslRemarkslAssumptions 

Starting Air Tank 
(tligh-up) 

FIPK 
MKmDC 
JWR 
JDS 

Heat Exchanger (High-up) 
(Bolted to Rigid Support Frame) 

FIPK 7 Cn 
N M K m  

JWR 

JDS 

Block Wall (High-up) 

FPK 
MWVPSH 
JWR 
JDS 

0.48 
0.53 
0.43 
0.42 

0.40 

0.44 
0.39 

0.44 

0.62 
0.63 
0.52 
0.31 

1.07 
1.55 
1.40 
1.10 

1.18 

1.08 
1 .oo 

1.15 

1.94 
2.10 
1.96 
1.30 

Plastic Bending of Mounting Angles 
Plastic Bending of Mounting Angles 
Plastic Bending of Mounting Angles 
Plastic Bending of Mounting Angles 

Anchor Bolt Shear Failure; 
failure through the threads 
Anchor Bolt Shear 8 Tension Failure 
Anchor Bolt Shear Failure; 
failure through the threads 
Anchor Bolt Shear Failure 
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