






















































































































































































































































4.6 numerical example for horizontal heat exchanger

Figure 4.11 A family of fragility surfaces of SA( FL) and PGA

Figure 4.12 Mean fragility surface of SA( FL) and PGA
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4.6 numerical example for horizontal heat exchanger

Compared to conventional fragility curve in current seismic fragility analysis, features of

fragility surface are summarized as follows:

❧ Aleatory randomness in earthquake response spectra is properly captured

In the UHS, logarithmic spectral accelerations at any two frequencies are assumed

to be fully correlated. In seismic fragility analysis considering VGMPs, since the

correlation between lnSA( FL) and lnPGA is addressed, the aleatory randomness in

earthquake response spectra is properly captured. As shown Figure 4.13, given a PGA

value, SA( FL) can take a great number of values. Therefore, it would better predict

structural response of the heat exchanger induced by seismic hazard at Darlington

NGS site.
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Figure 4.13 Sections of mean fragility surface

❧ There exist multiple controlling failure modes

In current seismic fragility analysis, only a single controlling failure mode is con-

sidered in the analysis. In reality, however, multiple failure modes probably become

the controlling failure mode, induced by different earthquake excitations. In seismic

fragility analysis considering VGMPs, a great number of input GRS are defined as
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4.6 numerical example for horizontal heat exchanger

seismic input, covering a wide range of earthquake excitations. Therefore, it can take

account of multiple potential controlling failure modes in the analysis. For example, as

shown in Figure 4.13, given PGA=0.75g, conditional probability of failure increases

slowly when SA( FL)< 1.16g, while increases dramatically after SA( FL) exceeds 1.16g.

It implies there are more than one controlling failure mode occurring.

4.6.2.3 Summary

In this Section, two GMPs SA( FL) and PGA are used in the development of seismic fragility

surfaces of the heat exchanger. Due to the use of a great number of input GRS, the aleatory

randomness in earthquake response spectra is properly captured In addition, since response

spectrum analysis method is used in seismic demand analysis, the development of seismic

fragility surfaces is time efficient even though a great number of input GRS are used.

4.6.3 Development of Weighting Seismic Fragility Curves

4.6.3.1 Procedure

Figure 4.14 shows the section of seismic fragility surface with Q = 95% at PGA = 0.6g

(thick black curve). It can be seen that, given PGA = 0.6g, SA( FL) can take different

spectral values from 0.05g to 5g to account for its aleatory variability. Given PGA = 0.6g,

for input GRS going through a spectral value of SA( FL), one can determine the conditional

probability of failure from the thick black curve. The blue curve in the horizontal plane

describes mean annual rate density of SA( FL). Given PGA = 0.6g, based on mean annual

rate density, one can obtain the weights of input GRS corresponding to different spectral

acceleration values of SA( FL). To illustrate, take the input GRS in Section 4.6.2.2 as an

example. For this input GRS, SA( FL)=0.8g and PGA=0.6g, the conditional probability

of failure is obtained as 0.601 (see thick black curve). From mean annual rate density given

PGA = 0.6g (blue curve in horizontal plane), the annual rate of occurrence of input GRS

(magenta column under blue curve) is obtained as 0.009. The weight of the input GRS is

determined using equation (4.6.2). For input GRS with other spectral values of SA( FL), the

weights can be determined using an equation similar to (4.6.2). Similarly, changing PGA

values gives the weights of input GRS with different spectral values of SA( FL).
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Figure 4.14 An example of section of fragility surface and mean annual rate density

In this example, weighting seismic fragility curves in terms of PGA are determined. The

procedure to determine weighting curves is briefly summarized as follows:

1. Discretize spectral domain of SA( FL) and PGA into intervals:

(a) Truncate two-dimensional spectral domain at lower and upper bound values.

(b) Uniformly discretize spectral domain in logarithmic scale into intervals.

2. Determine numerical distribution of weighting seismic fragility:

(a) Calculate the weights of input GRS given a PGA value.

(b) Determine seismic fragility given the input GRS.

(c) Combine the weights and seismic fragility to obtain weighting seismic fragility

given the PGA value.

(d) Repeat Steps (a) to (c) to determine weighting seismic fragility given other PGA

values.

108



4.6 numerical example for horizontal heat exchanger

(e) Integrate weighting seismic fragility values to determine numerical distribution of

weighting seismic fragility curves.

As long as the intervals of spectral domain are sufficiently small, the weighting seismic

fragility curves can be well represented by the numerical distributions.

4.6.3.2 Weighting Seismic Fragility Curves

Discretization of Spectral Domain

In nuclear engineering practice, the GMP selected is usually truncated at lower and upper

bound values. As in EPRI-1022995 (EPRI, 2011), for severe core damage frequency (SCDF)

ranging from pF, L = 1×10−5 to pF, H = 5×10−5 ( F stands for frequency, and L and H stand

for “Low” and “High”), mean seismic hazard range of GMP is determined by

p
h, L

= 0.1× pF, L = 0.1×1×10−5 = 1×10−6,

p
h, H

= 20× pF, H = 20×5×10−5 = 1×10−3,
(4.6.12)

where h stands for “hazard”.

Having obtained p
h, L

and p
h, H

, lower and upper bound values of GMP can be obtained

from interpolating mean seismic hazard curve with respect to p
h, L

and p
h, H

. Take mean

seismic hazard curve for SA( FL) (Figure 4.15) as an example. Taking p
h, L

and p
h, H

in equations (4.6.12), one can easily find recommended lower and upper bound values

sL = 0.11g and sU = 3.16g. In addition, one can also find sL = 0.06g and sU = 1.60g

for PGA. In this example, SA( FL) is uniformly discretized in logarithmic scale into 100

intervals between
[

0.10g, 5g
]

, and PGA is uniformly discretized in logarithmic scale into

100 intervals between
[

0.05g, 2.5g
]

. Having discretized the spectral domain, the GRS with

different combination of spectral values of VGMPs are defined as seismic input.

Weights of Input GRS

Given a PGA value, weights of input GRS with different spectral values of SA( FL) can be

calculated based on mean annual rate density of SA( FL)
∣
∣PGA. Based on Figure 4.8, taking

PGA = 0.6g for example, the annual rate of occurrence of SA( FL) in interval
[

0.10g, 5g
]

is
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Figure 4.15 Mean seismic hazard curve for SA( FL)
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given by

λ
(

sL 6 s2 6 sU

∣
∣ s1

)

≈
100
∑

I2 = 1

[

F ′
SA( FL)

∣
∣PGA

(

s
(I2)

2

∣
∣ s1 =0.6g

)

1s
(I2)

2

]

= 0.215. (4.6.13)

Therefore, given s1 =0.6g, the weight of input GRS with spectral value SA( FL)= s
(I2)

2 can

be determined by

w
(

s
(I2)

2
6 s2< s

(I2+1)

2

∣
∣ s1

)

=
λ
(

s
(I2)

2
6 s2

6 s
(I2+1)

2

∣
∣ s1

)

λ
(

sL
6 s2

6 sU

∣
∣ s1

) ≈
F ′
SA( FL)

∣
∣PGA

(

s
(I2)

2

∣
∣ s1 =0.6g

)

1s
(I2)

2

0.215
.

(4.6.14)

For example, given SA( FL)=0.8g and PGA=0.6g, the weight of the input GRS going

through these two spectral values is given by w
(

0.8g 6 s2
60.825g

∣
∣ s1 =0.6g

)

=0.042. Re-

peating for all PGA values gives the numerical distribution of weights of input GRS, as

shown in Figure 4.16.

Weighting Seismic Fragility

As in Section 4.6.2.2, given input GRS with spectral values SA( FL)= s
(I2)

2 and s1 =0.6g,

seismic fragility at confidence level Q=q, is given by

p
F, q

(

s
(I2)

2 , s1 =0.6g
)

= 8

{
ln[1/Rm(s

(I2)

2 , s1)] + βU(s
(I2)

2 , s1)8
−1(q)

βR(s
(I2)

2 , s1)

}

, (4.6.15)

where Rm

(

s
(I2)

2 , s1

)

is median ratio factor for the input GRS. βR(s
(I2)

2 , s1) and βU(s
(I2)

2 , s1)

are total logarithmic standard deviations of aleatory randomness and epistemic uncertainty,

respectively, for the input GRS.

Therefore, the weighting seismic fragility in terms of PGA, at s1 =0.6g, is determined

by

p̄
F, q
(s1 =0.6g) =

100
∑

I2 = 1

[

p
F, q

(

s
(I2)

2 , s1 =0.6g
)

·w
(

s
(I2)

2
6 s2< s

(I2+1)

2

∣
∣ s1

)
]

. (4.6.16)

111



4.6 numerical example for horizontal heat exchanger

For example, given Q = 95%, the weighting seismic fragility at s1 = 0.6g is given by

p̄
F, q
(s1 =0.6g) =

100
∑

I2 = 1

[

p
F, q

(

s
(I2)

2 , s1 =0.6g
)

·w
(

s
(I2)

2
6 s2 6 s

(I2+1)

2

∣
∣ s1 =0.6g

)
]

= 0.302,

(4.6.17)

where p
F, q

(

s
(I2)

2 , s1 =0.6g
)

can be determined from the section of fragility surface as shown

in Figure 4.14 (the thick black curve with Q = 95%).

Changing PGA value from lower bound 0.05g to upper bound 2.5g, and repeating above

procedure gives a set of numerical distributions of weighting seismic fragility, as shown in

Figure 4.17. When mean fragility surface is used, a mean weighting fragility curve can be

obtained and is shown in Figure 4.17.

Furthermore, HCLPF seismic capacity can be determined based on its definition and

is shown in Figure 4.18. It is noted that conditional probability of failure is plotted in

logarithmic scale. One can see that C̄ C
1% is very close to HCLPF seismic capacity ( C̄ HCLPF ).

It implies that, in the proposed method, C̄ C
1% also can be used to approximate C̄ HCLPF in

applications.

4.6.3.3 Comparison of Seismic Fragility Curves and HCLPF Seismic
Capacities

In this Section, seismic fragility curves of the heat exchanger are determined based on two

methods, i.e., current and weighting seismic fragility analysis methods. Both sets of fragility

curves are shown in Figure 4.19. Conventional seismic fragility curves of the heat exchanger

are obtained in Chapter 3.

Figure 4.19 shows that the weighting median seismic capacity of the heat exchanger

has 53.9% increase (from 0.636g PGA to 0.979g PGA). The HCLPF seismic capacities

based on two methods are calculated from 95% confidence seismic fragility curves, and

are shown in Figure 4.20. It can be seen that the weighting HCLPF seismic capacity

has 26.1% increase (from 0.349g PGA to 0.440g PGA). Both results indicate that current

seismic fragility analysis includes considerable conservatism in estimating median and

HCLPF seismic capacity. The conservatism primarily stems from the absence of correlation

between logarithmic spectral acceleration at longitudinal direction SA( FL) and PGA. For
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Figure 4.17 Weighting seismic fragility curves of heat exchanger
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Figure 4.19 Seismic fragility curves of heat exchanger based on two methods
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safety-related SSCs, incorporating correlations among logarithmic spectral accelerations

can more accurately estimate their HCLPF seismic capacities.

4.6.4 Mean Annual Frequency of Occurrence of Failure of Heat
Exchanger

In nuclear power plants, the failure of heat exchanger probably triggers an adverse conse-

quence such as core damage accident. Mean annual frequency of occurrence of the failure

of heat exchanger is calculated by equation (4.1.5), i.e.,

γ = −
∫ ∞

0
p̄

F, C
(s1)

dH(s1)

ds1

ds1. (4.6.18)

Numerical method is usually applied to quantify the integral in equation (4.6.18) as

γ = −
N1∑

I = 1

p̄
F, C
(s(I))1H(s(I)), (4.6.19)

where N1 is the number of intervals of SA( F1).

Recall that in Chapter 1, mean annual frequency of occurrence of the failure of heat

exchanger is given by

γ = −
∫ ∞

0
p

F, C
(s1)

dH(s1)

ds1

ds1 = −
N1∑

I = 1

p
F, C
(s(I))1H(s(I)). (4.6.20)

In this example, mean annual frequency of occurrence of the failure of heat exchanger

is calculated separately by equations (4.6.19) and (4.6.20). Site-specific UHS is defined as

RLE in the development of conventional (as opposed to weighting) mean seismic fragility

curve:

❧ Conventional mean fragility curve is used

Mean annual frequency of occurrence of the failure of heat exchanger is given by

γ = −
N1∑

I = 1

p
F, C
(s(I))1H(s(I)) = 1.534×10−5, (4.6.21)

where N1 =100 is the number of intervals of PGA between lower bound 0.05g and

upper bound 2.5g. H(s(I)) is mean seismic hazard with respect to spectral value s(I)

of PGA.
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❧ Weighting mean fragility curve is used

Weighting mean annual frequency of occurrence of the failure of heat exchanger is

given by

γ̄ = −
N1∑

I = 1

p̄
F, C
(s(I))1H(s(I)) = 6.074×10−6, (4.6.22)

where N1 =100 is the number of intervals of PGA.

It can be seen that the weighting mean annual frequency has 60.4% decrease compared

to that based on conventional mean fragility curve.
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4.7 Summary

In this Chapter, weighting seismic fragility analysis method is firstly proposed for developing

weighting seismic fragility curves and HCLPF seismic capacities of safety-related structures,

systems, and components (SSCs):

1. vector-valued Probabilistic Seismic Hazard Analysis (VPSHA) is performed for cap-

turing aleatory randomness in earthquake response spectra and considering ground

motion intensity effect;

2. seismic fragility analysis considering vector-valued GMPs (VGMPs) method is pro-

posed for calculating seismic fragility in terms of VGMPs;

3. weighting process is conducted for determining weighting seismic fragility and HCLPF

seismic capacity in terms of a single GMP such as PGA, based on Steps 1 and 2.

By usingVGMPS,more accurate seismic capacities of safety-related SSCs are obtained. They

are also readily incorporated into Seismic Probabilistic Risk Analysis and Seismic Margin

Assessment.

To better illustrate the procedure and demonstrate the advantages of weighting seismic

fragility analysis method, numerical example for a horizontal heat exchanger is performed:

❧ weighting HCLPF seismic capacity has 26.1% increase, comparing to conventional

HCLPF seismic capacity;

❧ weighting mean annual frequency of occurrence of the failure of heat exchanger has a

60.4% decrease, comparing to conventional mean annual frequency of occurrence.

The results show that the weighting seismic fragility analysis method can more accurately

estimate seismic capacity and mean annual frequency of the failure of heat exchanger.

Weighting seismic fragility analysis method should be performed for safety-related SSCs

so that more accurate seismic capacity estimates are achieved.
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5C H A P T E R

Weighting Seismic Fragility Analysis
for Components on Structures

For components mounted on primary structures, floor response spectra (FRS) are defined

as seismic input for calculating structural responses of components. Time history analyses

are widely used to calculate structural responses. To achieve accurate structural responses,

a number of sets of acceleration time histories spectrum-compatible with ground response

spectra are needed for generating FRS.As a result, time history analyses are computationally

expensive.

In this Chapter, weighting seismic fragility analysis for components on structures is

presented. A direct spectra-to-spectra method instead of time history analyses is applied

to generate FRS for components, aiming to improve the efficiency in developing seismic

fragility surfaces. To illustrate the procedure of the proposed method, weighting seismic

fragility curves and High Confidence and Low Probability of Failure (HCLPF) seismic

capacities of a block wall on a service building are determined. The results show that

weighting median and HCLPF seismic capacities of the block wall have significant increase.

5.1 Introduction

ASCE 4-98 (ASCE, 1998) requires that FRS be generated by either time history analyses or a

direct spectra-to-spectra method, as illustrated in Figure 5.1.
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5.1 introduction

Figure 5.1 Two methods for generating FRS

Time history analyses have been widely used to generate FRS.The procedure of generating

FRS includes three steps:

1. Generation of time histories spectrum-compatible with ground response spectra

• Define the input ground response spectra (GRS) at the site of interest.

• Generate tri-directional time histories spectrum-compatible with the input GRS.

2. Structural dynamic analyses

• Employ finite element software to establish finite element model of the structure.

• Define tri-directional spectrum-compatible time histories as seismic input.

• Perform structural dynamic analyses to calculate structural responses.

3. Generation of FRS

• Define structural responses as seismic input where components are mounted.
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5.2 methodology

• Calculate spectral responses for a single degree-of-freedom (SDOF) oscillator

mounted on certain floor of the structure.

• Change natural frequency of the SDOF oscillator from 0.1 Hz to 100 Hz and repeat

dynamic analyses for the oscillator to obtain a raw FRS.

• Smooth and broaden the raw FRS to obtain FRS.

Engineers have recognized that the generation of spectrum-compatible time histories

is time-consuming. In addition, FRS generated by a single set of spectrum-compatible

time histories has large variability, thus a number of sets of time histories are required in

structural dynamic analyses. This makes the generation of FRS computationally expensive.

Spectra-to-spectra method does not need to generate spectrum-compatible time histo-

ries and to repeatedly perform structural dynamic analyses (see Figure 5.1); hence it can

efficiently generate FRS. However, the accuracy of FRS is a main concern in past decades. In

addition, spectra-to-spectra method only works when structures undergo elastic deforma-

tion. As a result, spectra-to-spectra method is not widely used in engineering practice.

5.2 Methodology

Generation of Floor Response Spectra

Recently, Jiang et al. (2015) proposed a new direct spectra-to-spectra method for generating

FRS. It is concluded that, compared to time history analyses, this direct spectra-to-spectra

method would generate FRS with high efficiency and sufficient accuracy. The mathematical

expressions of generating FRS are presented below:

❧ If components are mounted on SDOF structures

• For non-tuning case

The FRS of a SDOF oscillator of frequency F0 and damping ratio ζ0 mounted on a

SDOF structure of frequency F and damping ratio ζ is given by

SF( F0, ζ0) =
√

AF
2
0 ·S

2
A( F0, ζ0)+ AF

2 ·S
2
A( F, ζ ), (5.2.1)

in which SA( F0, ζ0) and SA( F, ζ ) are obtained from the input GRS. AF and AF0

are amplification factors due to ground and structural motions, respectively.
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5.2 methodology

• For perfect-tuning case

The FRS of a SDOF oscillator of frequency F0 and damping ratio ζ0 mounted on a

SDOF structure of frequency F0 and damping ratio ζ0 is given by

SF( F0, ζ0) = S
t
A( F0, ζ0), (5.2.2)

where S
t
A( F0, ζ0) is the t-response spectrum (Li et al., 2015).

❧ If components are mounted on multi-degree-of-freedom (MDOF) structures

• For non-tuning case

The FRS of the nth node in direction j under tri-directional earthquake excitations

is obtained from

S
n, j
( F0, ζ0) =

√
√
√
√

3
∑

I=1

[S
I

n, j
( F0, ζ0)]

2
, (5.2.3)

where S
I

n, j
( F0, ζ0) is the FRS of the nth node in direction j subjected to earthquake

excitation in direction I given by

S
I

n, j
( F0, ζ0) =

√
√
√
√

6N
∑

K=0

6N
∑

K=0

ρKK R I

n, j; K
R I

n, j;K
, (5.2.4)

where ρKK is the correlation coefficient between the contributions to the response

under an earthquake excitation in direction I by the Kth and Kth modes, and R I

n, j; K

is the maximum absolute acceleration contributed by the Kth mode given by

R I

n, j; K
= φ

n, j; K
Ŵ I

K

√

AF
2
0,K

·
[

S
I
A( F0, ζ0)

]

2 + AF
2
K ·

[

S
I
A( FK, ζK)

]

2 , (5.2.5)

where φ
n, j; K

and ŴI
K are modal information obtained from modal analysis.

• For perfect-tuning case

The maximum absolute acceleration contributed by the Kth mode is given by

R I

n, j; K
= φ

n, j; K
Ŵ I

K SA
t, I( F0, ζ0). (5.2.6)

Having obtained R I

n, j; K
, FRS can be determined by equations (5.2.3) and (5.2.4).

It can be seen that, given structural modal information and input GRS, FRS can be

directly obtained by analytical expressions. Safety-related structures in nuclear power
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5.3 block wall and primary structure

plants are designed to behave elastically under earthquake excitations; hence direct spectra-

to-spectra method is applicable in nuclear engineering practice.

Determination of Weighting Seismic Fragility

In seismic fragility analysis, the variability in seismic capacity due to response uncertainties

needs to be evaluated. By applying spectra-to-spectra method, one only needs to take differ-

ent values of pertinent response variables to generate FRS for capturing these variabilities.

It would significantly improve the efficiency for generating FRS while ensure the accuracy.

Defining FRS where components are mounted as seismic input, weighing seismic fragility

analysis in Chapter 4 is performed to determine weighting seismic fragility curves and

HCLPF seismic capacities of the components.

In the following, numerical example for a block wall on the second floor of a service

building is performed to illustrate the procedure and benefits of the proposed method.

5.3 Block Wall and Primary Structure

Assume the service building is located in Darlington nuclear generating station. Seismic

fragility curves and HCLPF seismic capacities of the block wall are developed based on

current and weighting seismic fragility analysis methods.

5.3.1 Block Wall Configuration

In NPPs, lightly reinforced non-load-bearing masonry block walls are often used as par-

tition or fire-barrier walls. The seismic capacity of such walls is generally governed by

out-of-plane bending.

Construction Details

Details of the block wall are shown in Figure 5.2 and the properties are listed in Table 5.1

(EPRI, 1991a). It is a lightly reinforced non-load-bearing masonry block wall constructed

using 8-inch masonry concrete units. The wall is assumed to be simply supported between

the floor and the ceiling level, so that it can be analyzed as an element simply supported at

top and bottom. This is a common assumption in design, because supporting elements do
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5.3 block wall and primary structure

Figure 5.2 Geometry information of block wall

not usually possess sufficient stiffness to transfer the wall moments to the supports. The wall

is fully-grouted and has a height L of 11 feet and a nominal depth of 8 inch (wall thickness t

is actually equal to 7.625 inch), with #4 bars at 16 inch spacing located at mid-depth of the

wall. The wall weight W is estimated to be 83.5 pounds per square foot (psf or lb/ft
2
) of the

wall surface.

Table 5.1 Deterministic Properties of Block Wall

Property Value

Block wall

Wall height L 11 ft

Wall thickness t 7.625 in

Slenderness ratio 17.3

Extent of grouting fully-grouted

Wall weight W 83.5 psf of wall surface

Reinforce steel #4 bars at 16 in spacing
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5.3 block wall and primary structure

Dynamic Behaviour

Since the primary loads imposed on the block wall are due to seismic ground motions, the

seismic capacity of such block walls is usually governed by the out-of-plane bending failure

mode. The maximum deformation or drift limit and structural integrity of the wall should

be ensured so that the operability of safety-related systems is not compromised.

Previous test results showed that these walls exhibit substantial nonlinear drift capability

under cyclic loading and that the effective frequency of the wall will be lowered due to the

drift (Hamid et al., 1989). However, severe pinching phenomenon of the hysteretic loop of

this type of centrally-reinforced walls was observed under cyclic loading (see Figure 5.3);

as a result, negligible inelastic energy absorption capability can be assumed, i.e., Fµ=1.0.
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Figure 5.3 Hysteretic loop of centrally-reinforced masonry wall

Strength Variables

The basic variables for structural capacity analysis of the block wall are given in Table 5.2.

The nominal compressive strength of the masonry and the nominal yield strength of the

reinforce steel are given in Appendix R of EPRI-NP-6041-SL (1991a). It is noted that these

two values are not defined at the 95% confidence level, but taken as the minimum strength.
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Table 5.2 Material Capacity Properties

Property Nominal Median βU

Masonry concrete

Compressive strength 1950 psi 2678 psi 0.05

Tensile strength 163 psi

Reinforce steel

Yield strength 40 ksi 55.65 ksi 0.08

5.3.2 Primary Structure Configuration

A service building as shown in Figure 5.4 is taken as the primary structure. Commercial

finite element analysis software STARDYNE is used to establish the three-dimensional finite

element model of the building. The superstructure of the building consists of steel frames

and concrete floor slabs, and the basement is constructed using concrete. The elevation of

each floor and the dimensions of the building are shown in Figure 5.4. Some information

of the finite element model is listed in Table 5.3. A modal analysis is performed to obtain

modal frequencies, modal participation factors, and modal shapes of the model.

Assume the block wall is located at the second floor of the building, as shown in Figure

5.4. Table 5.4 enumerates modal information of the significant modes where the block

wall is located (Node 1). The participation factors and modal shapes in Table 5.4 are for

direction 2 shown in Figure 5.4.

5.4 Current Seismic Fragility Analysis

In this section, current seismic fragility analysis is applied to determine conventional seismic

fragility curves and HCLPF seismic capacity of the block wall.

5.4.1 Review Level Earthquake

Assume the service building is located at Darlington nuclear generating station (NGS).

Figure 5.5 gives UHS with mean annual frequency of exceedance of 1×10−4 for this site.
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Figure 5.4 Finite element model of service building

Spectral acceleration at F = 50 Hz is taken as PGA. Since Darlington NGS is located in

eastern North America, the plant screening level can be taken as 0.3g PGA. Scale the UHS

to meet the screening level and then define the scaled UHS as Review Level Earthquake

(RLE). Take this RLE as input GRS in two horizontal directions. The input GRS in vertical

direction can be determined using V/H ratios (AMEC, 2009). The service building is

subjected to tri-directional excitations simultaneously.

5.4.2 Seismic Demand Analysis

Elastic Frequency

Prior to reaching the code-specified nominal moment strength, the wall will behave ap-

proximately as an elastic structure under applied seismic loading. For simplicity, the wall is

treated as a simply supported uniform beam with span L. Free vibration analysis gives the
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Table 5.3 Information of Finite Element Model

Node Lumped Mass
Beam Shell

Element Section Element Section

Number 1351 120 1740 31 830 8

Table 5.4 Mode Information at Node 1

Mode Frequency Participation Modal Shape Contribution

(Hz) factor factor

2 2.676 -7.143 -0.05082 0.38

20 5.838 -2.945 -0.02603 0.08

21 5.918 2.943 0.06409 0.19

31 7.212 -8.883 -0.01942 0.17

103 22.95 -100.8 -0.00088 -0.09

106 23.96 -337.3 0.00024 -0.08

fundamental frequency of the beam by

F = 1

2π
· π

2

L2

√

Em Ie

m̄
= π

2L2

√

Em Ie g

W
. (5.4.1)

According to Clause 1.8.2.2.1 of TMS 402-11/ACI 530-11/ASCE 5-11 (2011), the elastic

modulus Em of concrete masonry unit is determined by

Em = 900 Fm
′ = 900×1950 = 1.755×106 psi. (5.4.2)

Denote the applied out-of-plane moment as Ma and the cracking moment as Mcr. For

walls with Ma>Mcr, the moment of inertia should be represented by the effective moment

of inertia Ie. Equation (1-1) in Clause 1.13.1.4.2 of TMS 402-11/ACI 530-11/ASCE 5-11

(2011) determines Ie as

Ie = In

(Mcr

Ma

)3
+ Icr

[

1 −
(Mcr

Ma

)3]

6 In, (5.4.3)
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Figure 5.5 RLE at Darlington NGS site

where In is the net moment of inertia of the cross section, and Icr is the moment of inertia

of cracked cross section (Icr is conservatively assumed to apply over the entire height of the

wall).

Equation (9-9) in Clause 9.5.2.3 of ACI 318-08 (2008) determines the cracking moment

as

Mcr =
F

t
Ig

y
t

, (5.4.4)

where F
t

is the maximum tensile strength of the concrete, and y
t

is the distance from the

neutral axis to the extreme face of the prismatic member.

For this case, the neutral axis is in the middle of the transverse section and y
t
= t/2, as

shown in the Figure 5.6. Since the reinforcements are located in the middle of the transverse

section of the block wall or on the neutral axis, the reinforcements do not withstand tensile

stress when the concrete is uncracked.

The gross moment of inertia Ig about the neutral axis of unit wall section is given by

Ig = Bt3

12
= 1.0×7.6253

12
= 36.94

in4

in
. (5.4.5)
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Figure 5.6 Bending of centrally-reinforced unit width uncracked block wall

Hence the cracking moment Mcr is

Mcr =
F

t
Ig

t/2
= 0.163×36.94

3.812
= 1.58

kip · in

in
. (5.4.6)

For fully-grouted 8-in masonry unit with grout spacing of 16 in, Table 3a of TEK 14-01B

(2007) gives the value of the net moment of inertia of the cross section

In = 378.6
in4

ft
= 31.55

in4

in
. (5.4.7)

Clause 3.3.5.5 of TMS 402-11/ACI 530-11/ASCE 5-11 (2011) gives simplified formulas

for determining Icr for non-load-bearing fully-grouted wall sections.

Since the #4 rebars with 0.5-in diameter are placed at 16-in spacing, the steel area per

unit width is

As = 1

16
·π

(
1

2
Ds

)2
= 1

16
×3.14×

(
1

2
×0.5

)2
= 0.0123

in2

in
. (5.4.8)

The modulus ratio n of steel and masonry is

n = Es

Em

= 29.0×106

1.755×106
= 16.52, (5.4.9)

in which Es =29.0×106 psi is the elastic modulus of steel, Em =1.755×106 psi is the elastic

modulus of concrete masonry given by equation (5.4.2). Since the block wall is non-load-

bearing, i.e., Pu =0, the depth c of compressive fiber in section is given by equation (3-32)
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of TMS 402-11/ACI 530-11/ASCE 5-11 (2011)

c =
As Fy

0.64 Fm
′ B

= 0.0123×40

0.64×1.95×1
= 0.39 in, (5.4.10)

where Fy =40 ksi is the nominal yield strength of the reinforce steel, Fm
′ =1.95 ksi is the

nominal compressive strength of the grouted masonry concrete. Icr is the moment of inertia

of cracked cross section given by equation (3-31) of TMS 402-11/ACI 530-11/ASCE 5-11

(2011)

Icr = n As(D−c)2 + Bc3

3

= 16.52×0.0123×(3.812−0.39)2 + 1×0.393

3
= 2.40

in4

in
, (5.4.11)

in which D= t/2=7.625/2=3.812 in is the depth from the compressive surface to the

centerline of steel.

Commentary 3.3.5.4 of TMS 402-11/ACI 530-11/ASCE 5-11 (2011) gives the depth a

and the moment strength Mu of an equivalent compression stress block as

a =
As Fy + 1

φ
Pu

0.80 Fm
′ B

, Mu =
(

1
φ

Pu + As Fy

)(

D− 1
2 a

)

. (5.4.12)

Since Pu =0, the strength reduction factor φ=0.9 is not used in determining the moment

strength. These equations reduce to

a =
As Fy

0.80 Fm
′ B

, (5.4.13)

Mu = As Fy

(

D− 1
2 a

)

. (5.4.14)

Hence,

a = 0.0123×40

0.80×1.95×1
= 0.315 in, (5.4.15)

Ma = Mu = 0.0123×40×
(

3.812 − 0.315

2

)

= 1.798
kip-in

in
. (5.4.16)

The effective moment of inertia Ie is determined using equation (5.4.3)

Ie = In

(Mcr

Ma

)3
+ Icr

[

1 −
(Mcr

Ma

)3]
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= 31.55
( 1.58

1.798

)3
+ 2.40

[

1 −
( 1.58

1.798

)3]

= 22.15 631.55
in4

in
. (5.4.17)

The elastic frequency F is then given by equation (5.4.1)

F = π

2L2

√

Em Ie g

W
= 3.14

2×112 ×12

√

1.755×106 ×22.15×386.4

83.5
= 14.51 Hz. (5.4.18)

Floor Response Spectra

The direct seismic input to this block wall is in terms of the FRS in one of the horizontal

directions. For the block wall, the median damping is 6% and the one-minus-standard-

deviation (−1σ ) damping is 4%. For the service building, the median damping is 5% and

−1σ damping is 3%. In order to capture damping variabilities of the block wall and service

building, the direct spectra-to-spectra method is used to generate three FRS, as shown in

Figure 5.7.
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Figure 5.7 FRS regarding three sets of damping ratios
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Seismic Demand

As in Table 5.4, the fundamental frequency of primary structure is 2.676 Hz. Since it is less

than 5 Hz, ground motion incoherence does not need to be considered (EPRI-TR-103959,

EPRI, 1994). Therefore, the median elastic demand SD of the block wall can be obtained

from the FRS SF given in Figure 5.7.

As the wall drifts inelastically under earthquake, seismic demand of the wall changes due

to two phenomena: (1) the frequency of the wall is lowered due to the inelastic drift, and

its value depends on the level of inelastic drift; (2) the damping is increased in accordance

with the inelastic drifts. Seismic demand to the wall with lowered frequency and increased

damping needs to be checked within the entire permissible inelastic range. Since both

seismic capacity and demand are functions of the permissible drift, somewhere between

the elastic bound and the inelastic bound, the capacity/demand ratio will produce the

maximum strength factor (or margin) that is to be applied to the selected ground motion

parameter.

One approach to determining such nonlinear demand is the equivalent linear elastic pro-

cedure given in Section 3 of EPRI-TR-103959 (1994). This procedure aims at approximating

the average reduced stiffness (or frequency) and average increased damping, which occur

during the nonlinear response cycles, by using the secant stiffness as the minimum effective

stiffness. By applying this procedure, the nonlinear demand can be directly obtained from

using the elastic design spectra.

Equation (R-20) in Appendix R of EPRI-NP-6041-SL (1991a) determines the secant

frequency as

Fsec = 1

2π

√

1.5 SC

1u

. (5.4.19)

where SC is structural capacity of the block given the ultimate nonlinear displacement 1u

at the mid-span of the wall.

Because of the distinct hysteretic behavior of centrally reinforced masonry wall under

cyclic loading (see Figure 5.3), the formulation in the equivalent linear elastic procedure for

shear-wall-type structures is not readily applicable. Time history analyses of similar block
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wall models using very severely pinched hysteretic loops, similar to those in Figure 5.3,

shows that the seismic demand to such walls could be accurately approximated by treating

them as pseudo-elastic with effective frequency F
eff

and effective damping β
eff

(equation

(R-21) of EPRI-NP-6041-SL, 1991a)

F
eff

= Fsec, β
eff

= 6%. (5.4.20)

Due to the severely pinched hysteretic loop, the effective frequency F
eff

drops down to the

secant frequency Fsec and the effective damping is small (about 6%). Thus, the effective

nonlinear demand is given by

SD = SF( Fsec, 6%), (5.4.21)

which can be obtained from the FRS given in Figure 5.7.

5.4.3 Structural Capacity Analysis

For a lightly-reinforced non-load-bearing block wall, there is no factored axial load acting

on the wall (Pu =0), and no factored load from tributary floor or roof areas (Pu F =0). In

the wall analysis, a unit section width B=1 in is used.

"Best-Estimate" Moment Strength

The theoretical ultimate moment strength according to the established principles is cal-

culated first. To achieve the “best-estimate” moment strength, a factor accounting for the

conservatism of the calculated strength against the actual strength measured in test usually

needs to be applied.

For median strength Fy =55.65 ksi, the ultimate moment strength Mu
′ of the centrally

reinforced block wall is determined using equations (5.4.13) and (5.4.14) as

a =
As Fy

0.80 Fm
′ B

= 0.0123×55.65

0.80×2.68×1.0
= 0.320 in, (5.4.22)

Mu
′ = As Fy

(

D− 1
2 a

)

= 0.0123×55.65×
(

3.812−1
2×0.320

)

= 2.500
kip · in

in
. (5.4.23)

In fragility analysis, all factors affecting the median strength must be identified and

evaluated, including possible errors in materials, design, and construction. The factors
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relevant to materials mainly involve the possible strength variabilities, which are given in

Table 5.2. The factor on design considers the potential equation error in predicting the

moment strength. The factor regarding construction for the block-wall accounts for mainly

the error in rebar placement over the wall section.

Error in Equation

In order to uncover the conservatism in the calculated strength, test results of measured

strength for similar masonry wall members are needed. However, the availability of such

test results is quite limited in public domain.

One source that may be used is the report by Hamid et al. (1989), in which full-scale

reinforced concrete block masonry walls were tested under out-of-plane monotonic and

cyclic loads. Based on testing of some prisms that were built along with the walls and tensile

testing of reinforcement, the compressive strength Fm
′ , modulus of rupture F

t
, elastic

modulus Em, and steel yield strength Fy were recorded. The calculated moment strengths of

the walls were determined using the mean material properties and the strength calculation

procedure given in the Appendix of the report. The ratio of measured peak strength to

calculated strength of 12 similar masonry walls is listed in Table 5.5, with a median of 1.145

and a logarithmic standard deviation of 0.105.

Table 5.5 Ratio of Measured Peak Test to Calculated Strength of Twelfth Masonry Walls

Test 1 2 3 4 5 6 7 8 9 10 11 12

Mu (Test)

Mu (Calculated)
1.14 1.19 1.19 1.02 1.16 1.01 1.16 0.83 1.06 1.19 1.15 1.09

However, under cyclic loadings at large displacements, the average “elasto-perfectly-

plastic” moment capacity tends to be somewhat less than the peak test capacity (Figure 5.8).

In addition, the maximum moment capacity reached in subsequent loading cycles might

be somewhat less than the previously recorded peak value. Thus, using the peak capacity

as the ultimate moment capacity is overly optimistic. As a slightly conservative estimation,

the average test capacity will be taken as 90% of the peak test capacity, which results in a

median equation factor of Feqn
′ =1.145×0.90=1.031.
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Figure 5.8 Typical force-displacement relationship

Noting that the above factor represents the conservatism in the calculated moment

strength in the report by Hamid et al.(1989), obtained using mean (approximately me-

dian) material strengths. A conversion must be made to obtain the factor that can be

applied to TMS 402-11/ACI 530-11/ASCE 5-11 (2011).

Based on the sample calculation procedure given in Appendix A of the report by Hamid et

al.(1989), the ultimate moment strength of this example masonry wall can be recalculated

as Mu
′′

a =
As Fy

0.85 Fm
′ B

= 0.0123×55.65

0.85×2.68×1
= 0.300 in, (5.4.24)

Mu
′′ = As Fy

(

D−1
2 a

)

= 0.0123×55.65
(

3.812− 1
2×0.300

)

= 2.507
kip · in

in
, (5.4.25)

where the only difference is that the equivalent block stress depth a in masonry block given

by equation (5.4.24) is assumed to be 0.85 of the total compressive depth c as opposed to

0.80 used in equation (5.4.12).

By multiplying the median equation factor Feqn
′ =1.031 to the ultimate moment strength

Mu
′′ , the “best-estimate” moment strength is obtained as

Mu = Feqn
′ ·Mu

′′ = 1.031×2.507 = 2.584
kip · in

in
. (5.4.26)
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The equation factor that should be applied to TMS 402-11/ACI 530-11/ASCE 5-11 (2011) is

then

Feqn = Mu

Mu
′ = 2.584

2.500
= 1.034.

Hence, the equation factor for the example wall fragility analysis is

Median: Feqn = 1.034,

Logarithmic standard deviation: βeqn = 0.105.
(5.4.27)

Error in Rebar Placement

Error in rebar placement in construction can be large and must be considered. From careful

inspection, it is estimated that the standard deviation on depth D for a single bar is about 0.5

in. Assuming that the moment capacity over a section is governed by 4 bars, the standard

deviation of D for 4 bars is 0.5/
√

4=0.25 in. For a nominal 8-in thick wall, the moment

strength due to reduction of one standard deviation of D is

Mu
′ = As Fy

(

D−0.25− 1
2 a

)

(5.4.28)

= 0.0123×55.65
(

3.812−0.25− 1
2 ×0.320

)

= 2.329
kip · in

in
, (5.4.29)

which is 93.2%of Mu without considering this error, and the logarithmic standard deviation

is

β
rb

= ln
Mu

Mu
′ = ln

2.500

2.329
= 0.071.

However, any strength reduction due to rebar placement can be assumed to be already

lumped into the equation factor Feqn and is not explicitly considered. Only the variability

in the rebar placement factor needs to be provided. This results in a factor accounting for

error in rebar given by

Median: F
rb

= 1.0,

Logarithmic standard deviation: β
rb

= 0.071.
(5.4.30)

For material strengths Fy of steel and Fm
′ of concrete, since median values have been used,

no further reduction in median moment strength is possible. With predefined randomness

for material strength, no further analysis is necessary for the purpose of fragility analysis.

136



5.4 current seismic fragility analysis

"Best-Estimate" of Drift Capability

Under seismic loading, if seismic demand on the wall exceeds the structural moment

capacity, the wall will begin to drift inelastically. Such behavior is acceptable as long as the

drift stays within a permissible limit. The permissible drift limit can be defined in terms of

the ratio of mid-height displacement1 and the wall height L. The effect of this wall drift is

to impose a secondary moment on the wall and hence lower its seismic capacity. In seismic

capacity analysis of walls, the drift capability must be incorporated using applicable test

results.

Only a limited amount of test data exists for defining permissible drift limits under cyclic

loading. Table 5.6 summarizes the cyclic test results on out-of-plane drift capability of seven

walls report by Hamid (1989, Table 4.3), in which ρ=As/D is the steel ratio, c=a/0.85 is

the depth from the compressive flanges to the neutral axis, and 1u is the ultimate drift

corresponding to the onset of significant strength degradation. All of these walls were

simply supported at top and bottom with a span height L of 117.5 in.

Table 5.6 Displacement Capability Data of Masonry Walls

Wall D (in) ρ (%)
c

D

L

D
1u (in)

1u

L

1u

L
· c

D

Measured

Predicted†

W2 2.81 0.455 0.201 41.8 5.65 0.0481 0.0097 1.07

W3 2.81 0.455 0.215 41.8 4.80 0.0409 0.0088 0.98

W5 2.81 0.291 0.136 41.8 7.94 0.0676 0.0092 1.02

W7 2.81 0.892 0.375 41.8 3.16 0.0269 0.0101 1.12

W11 2.81 0.455 0.231 41.8 6.18 0.0526 0.0122 1.35

W13 2.26 0.362 0.227 52.0 8.35 0.0711 0.0161 1.79

W14 3.82 0.483 0.217 30.8 4.80 0.0409 0.0089 0.99

† The predicted value is obtained from equation (5.4.32).

The drift ratio of ultimate displacement to wall height 1u/L ranges from a low value of

2.7% for wall W7 (with the largest c/D ratio of 0.375) up to 6.8% for wall W5 (with the

smallest c/D ratio of 0.136).
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Previous studies on concrete beams and slabs showed that the drift ratio1u/L should be

inversely proportional to c/D at least for large L/D ratios. This conclusion also appears to

hold for the masonry walls summarized in Table 5.6, for which

1u

L
· c

D
> 0.009. (5.4.31)

However, equation (5.4.31) should not be extrapolated to c/D ratios substantially lower

than the smallest test data ratio of 0.136. The L/D ratios range from 30.8 to 52.0 and show

some increase in1u/L with L/D. Likewise, equation (5.4.31) should not be extrapolated to

L/D ratios less than about 30, without an L/D correction.

The “best-estimate” out-of-plane drift capability can be approximated by

1u

L
= 0.009

c/D
FC(L/D)

60.07, FC(L/D) = L/D

30
61.0. (5.4.32)

In Table 5.6, equation (5.4.32) accurately predicts 1u/L for walls W2, W3, W5, W7, and

W14 with the ratio of measured to predicted 1u/L ranging from 0.98 to 1.12 for these five

walls.

However, it is seen that equation (5.4.32) is very conservative for walls W11 and W13.

Wall W13 has the largest L/D ratio, which might indicate some benefit to 1u/L as L/D is

much larger than 30, whereas equation (5.4.32) does not provide for this benefit. Wall W11

was only partially grouted (one third of the cells filled), which may indicate increased drift

capability for partially grouted walls. All other walls were fully-grouted.

For this example block-wall problem,

c = a

0.85
=

As Fy

0.852 Fm
′ = 0.0123×55.65

0.852 ×2.68
=0.354. (5.4.33)

Since L/D=132/3.812=34.6>30, equation (5.4.32) becomes

1u

L
= 0.009

c/D
FC(L/D) = 0.009

0.354/3.812
×1.0 = 0.097 > 0.07. (5.4.34)

Hence, the drift capability is finally given as

1u

L
= 0.07, or 1u = 0.07L = 0.07×11×12 = 9.24 in. (5.4.35)
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Static Capacity Considering Permissible Drift

Consider the free body diagrams shown in Figure 5.9, where ws is the seismic loading

intensity per unit width acting perpendicular to the wall, HT is the horizontal support

reaction at the top T, HB and RB are support reactions at the bottom B, PW =WL is the

wall weight per unit width, and1 is the displacement at mid-span of the wall under seismic

loading. In calculating the total moment acting on the wall, the resultant moment due to

relative lateral displacement of the wall should be included. Bending moment MC at the

mid-span of the wall can be determined using statics.

1
ws

HT

HB

PB

PC

MC

PW

ws

Top T

Centre C

Bottom B

HC

HTTop T

Figure 5.9 The free-body diagram of block wall

Considering the entire wall, the horizontal force HT at the top is found by summing

moments about B

+x
∑

MB =0: HT ·L − ws L · L

2
− PW ·1 = 0 =⇒ HT = 1

2
ws L+ PW1

L
. (5.4.36)

Consider top half of the wall. By summing moments about the wall mid-span C, the

mid-span moment MC can be obtained

+x
∑

MC =0: HT · L

2
−ws

L

2
· L

4
−MC = 0 =⇒ MC = 1

8
ws L2 + 1

2
PW1. (5.4.37)
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Note that ws = (W/g) ·Sa, where Sa is the spectral acceleration corresponding to the vibra-

tion frequency of the wall. Equation (5.4.37) gives the mid-span moment due to seismic

loading considering the lateral displacement

MC = WL2 Sa

8 g
+ WL

2
1. (5.4.38)

As the displacement 1 increases, the vibration frequency of the wall and the spectral

acceleration Sa acting on the wall will vary. Thus, it is necessary to check the structural

capacity within the entire permissible drift limit. According to the strength design method,

the bending moment MC must not exceed the ultimate moment strength Mu.

Static capacity of the block wall SC can be obtained by equating the maximum bending

moment MC with its “best-estimate” ultimate moment strength Mu

WL2
SC

8g
+ WL

2
1 = Mu =⇒ SC =

( 8Mu

WL2
− 4 ·1

L

)

g, (5.4.39)

SC =
(8×2.584×103

83.5×112
− 4 ·1

L

)

g =
(

2.046 − 4 ·1
L

)

g. (5.4.40)

The structural capacity SC decreases from 2.046 g to 1.766 g as 1/L increases from 0 to the

permissible limit 0.07.

5.4.4 Median Seismic Capacity

Having obtained the capacity SC and seismic demand SD, the median strength factor F
S,m

can be determined by

F
S,m

= C − DNS

DS +1CS

= SC

SD

. (5.4.41)

Since both SC and SD are functions of wall drift, a maximum F
S,m

can be found within the

limits of elastic drift and the maximum inelastic drift.

The elastic drift at the mid-span of the wall is given by

1 = 5WL4

384 Em Ie

= 5×83.5×114 ×122

384×1.755×106 ×22.15
= 0.06 in. (5.4.42)

Recalling that the maximum inelastic drift at mid-span of the wall is equal to 9.24 in as given

by equation (5.4.35), the secant frequency corresponding to the maximum inelastic drift is,
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according to the equation (5.4.19)

Fsec = 1

2π

√

1.5 SC

1u

= 1

2×3.14

√

1.5×(1.766×386.4)

9.24
= 1.68 Hz. (5.4.43)

For the example block wall, SC, SD, and the median strength factor F
S,m

are calculated for

the elastic frequency and a few secant frequencies corresponding to some discrete drifts1;

the results are given in Table 5.7.

Table 5.7 Median Strength Factor as Function of Drift Level for Block Wall

Drift ratio u Frequency (Hz) Reference demand Capacity
F

S,m
1/L (in) F Fsec SD (g) SC (g)

Elastic 0.06 14.51 0.422 2.046 4.855

0.15% 0.20 12.30 0.378 2.040 5.403

0.66% 0.87 5.84 0.926 2.020 2.183

1% 1.32 4.72 0.554 2.006 3.624

1.79% 2.36 3.50 0.322 1.975 6.125

2% 2.64 3.30 0.337 1.966 5.834

3% 3.96 2.68 0.628 1.926 3.066

5% 6.60 2.03 0.370 1.846 4.985

7% 9.24 1.68 0.260 1.766 6.786

It is seen from Table 5.7 that

❧ As shown in Figure 5.7, the FRS has two main peaks between the elastic frequency

14.51 Hz and the minimum secant frequency 1.68 Hz of the block wall. Seismic

demand decreases as the wall starts to become inelastic and then increases rapidly

when the secant frequency approaches the second dominant natural frequency 5.84

Hz of the service building (see Table 5.4). Subsequently, the seismic demand decreases

again until the secant frequency reaches 3.5 Hz. Afterwards, the seismic demand

increases to peak value of 0.628g PGA at the first dominant frequency 2.68 Hz. At

last, the seismic demand decreases to 0.26g PGA at the minimum secant frequency

1.68 Hz.
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❧ Structural capacity decreases monotonically from 2.046g to 1.766g with increasing

drift.

❧ The minimum median strength factor F
S,m

=2.183 occurs at (1/L)=0.66%. How-

ever, this is not a steady state for defining the wall seismic capacity, since it will drift

further inelastically to escape from this large seismic demand.

❧ The maximum F
S,m

=6.786 corresponds to (1u/L)=7%, which is the maximum

credit that the wall can take within the permissible drift limit.

For the block wall, horizontal peak response is unit median (Table 3-3, EPRI TR-103959,

EPRI, 1994), foundation-soil interaction is not considered, and direct spectra-to-spectra

method is used to generate FRS, hence FRS, m =1.0 (see Section 3.1.2). Therefore, median

factor of safety Fm is given by

Fm = Fµ ·F
RS,m

·F
S,m

= 1.0×1.0×6.786 = 6.786. (5.4.44)

Finally, the median seismic capacity of the block wall is given by

Am = Fm ·ARLE = 6.786×0.3g PGA = 2.036g PGA. (5.4.45)

5.4.5 Logarithmic Standard Deviations

The approximate second-moment procedure is applied to calculate the variability of A due

to response and capacity variables.

5.4.5.1 Basic Variables for Seismic Demand

Logarithmic standard deviations for basic response variables are taken in accordance EPRI-

TR-103959 (EPRI, 1994). It is noted that damping and frequency uncertainties need to be

converted to be uncertainties on spectral acceleration at secant frequency of the block wall.

Structural Damping

Based on FRS in Figure 5.7, βU of seismic demand of the block wall due to structure

damping can be calculated by

βU = 1

1
ln

SF( F =1.68 Hz, ζ=3%)

SF( F =1.68 Hz, ζ=5%)
= ln

0.264g

0.260g
= 0.014. (5.4.46)
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Structural Frequency

In this study, an accurate three-dimensional finite element model of the service building is

used for generating FRS. It is assumed that it can reasonably represent the realistic case and

that the modelling is unbiased. βU =0.15 is used to take account of structure frequency

(page 3-18, EPRI, 1994).

Based on the RLE, as shown in Figure 5.5, the logarithmic standard deviation of spectral

acceleration at the first natural frequency ( F1=2.676 Hz) in direction 2 due to structure

frequency variability is calculated by

βS = 1

1
ln

SA( F1=2.676 ·e0.15 Hz, ζ=5%)

SA( F1=2.676 Hz, ζ=5%)
= ln

0.327g

0.294g
= 0.109, (5.4.47)

Taking SA( F1)=0.294g ·e0.109 =0.327g, one can apply the direct spectra-to-spectra

method to generate FRS as shown in Figure 5.10. βU of the seismic demand due to

structure frequency is given by

βU = 1

1
ln

SF( Fsec =1.68 Hz, F1=2.676 ·e0.15 Hz)

SF( Fsec =1.68 Hz, F1=2.676 Hz)
= ln

0.271g

0.260g
= 0.04. (5.4.48)

Block Wall Damping

Based on FRS in Figure 5.7, βU value for block wall damping can be calculated as

βU = 1

1
ln

SF( Fsec =1.68 Hz, ζ=4%)

SF( Fsec =1.68 Hz, ζ=6%)
= 1

1
ln

0.293g

0.260g
= 0.12. (5.4.49)

Block Wall Frequency

Based on FRS in Figure 5.7, βU for block wall frequency can be calculated by

βU = 1

1
ln

SF( Fsec =1.68 ·e0.16 Hz, ζ=6%)

SF( Fsec =1.68 Hz, ζ=6%)
= ln

0.348g

0.260g
= 0.29. (5.4.50)

5.4.5.2 Basic Variables for Block Wall Capacity

The structural capacity of block wall can be obtained from equation (5.4.39) by setting

1=1u

SC =
( 8Mu

WL2
− 4 · 1u

L

)

g, (5.4.51)
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Figure 5.10 FRS of Node 1 in direction 2 of service building

where Mu is the “best estimate” moment strength given by

Mu = Feqn ·F
rb

·
(

As Fy

)
(

D− a

2

)

, (5.4.52)

and a is given by equation (5.4.13). Combining these equations gives

SC =
[

8

WL2
·Feqn ·F

rb
·
(

As Fy

)
(

D −
As Fy

1.60 Fm
′ B

)

− 4 · 1u

L

]

g. (5.4.53)

It can be seen that the structural capacity SC is a nonlinear function of lognormal random

variables Feqn, F
rb

, Fy, and Fm
′ .

5.4.5.3 Variability of Factor of Safety

From Table 5.7, corresponding to 1/L=7%, the median factor of safety is Fm =6.786.

Herein, the variability of F due to equation error is evaluated as an example. Given

βU =0.105 of equation error variability, substituting Feqn =1.034 ·e−0.105 into equation
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(5.4.53) gives block wall capacity SC =1.562g. Thus the secant frequency of block wall is

Fsec = 1

2π

√

1.5 SC

1u

= 1

2×3.14

√

1.5×(1.562×386.4)

9.24
= 1.58 Hz. (5.4.54)

Based on FRS in Figure 5.7, seismic demand of the block wall is given by

SD = SF( Fsec, 6%) = 0.237g. (5.4.55)

Hence median strength factor F
S,m

is given by

F
S,m

= 1
∣
∣−1

∣
∣

ln
SC

SD

= ln
1.562g

0.237g
= 6.603. (5.4.56)

Having obtained F
S,m

, the factor of safety F−1σ is given by

F−1σ = Fµ ·F
RS,m

·F
S,m

= 1.0×1.0×6.603 = 6.603, (5.4.57)

The variability of F due to equation error variability is determined by

F−1σ = 1
∣
∣−1

∣
∣

ln
Fm

F−1σ

= ln
6.786

6.603
= 0.027. (5.4.58)

Table 5.8 enumerates the logarithmic standard deviations for all basic variables.

5.4.6 Seismic Fragility Curves

Having obtained seismic fragility parameters, seismic fragility of the heat exchanger, at

confidence level Q=q , can be determined by

p
F, q
(a) = P

{

A< a
∣
∣GMP = a, Q = q

}

= 8

[
ln(a/Am)+ βU8

−1(q)

βR

]

. (5.4.59)

Figure 5.11 shows seismic fragility curves of the block wall. When composite variability is

used, a mean seismic fragility curve can be obtained and is shown in Figure 5.11.

In addition, one can obtain HCLPF seismic capacity of the block wall as

CHCLPF = Am e(βR+βU)8
−1(0.05) = 2.036×e−1.6449(0.21+0.36) = 0.809g PGA. (5.4.60)

5.5 Weighting Seismic Fragility Analysis

In this Section, weighting fragility curves and HCLPF seismic capacities of the block wall are

determined. The fragility results based on weighting and current methods are compared.
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Table 5.8 The Variability of F from Response and Capacity Variables

Case Variable Randomness Uncertainty F β

0 Base Case Variable at median 6.79

Response Variables Variable at median plus 1σ F1σ βR βU

1 Horizontal direction peak response SD e0.13 5.96 0.13

2 Structure frequency SD e0.04 6.52 0.04

3 Structure damping SD e0.014 6.69 0.014

4 Structure mode shape SD e0.15 5.84 0.15

5 Structure mode combination SD e0.15 5.84 0.15

6 Block wall frequency SD e0.29 5.08 0.29

7 Block wall damping SD e0.12 6.02 0.12

8 Block wall mode shape SD e0.05 6.45 0.05

9 Block wall mode combination SD e0.05 6.45 0.05

Capacity Variables Variable at median minus 1σ F−1σ βR βU

10 Equation error Feqn Feqn e− 0.105 6.60 0.027

11 Rebar error F
rb

F
rb

e− 0.071 6.67 0.017

12 Masonry strength Fm
′ Fm

′ e− 0.05 6.79 0.00

13 Steel strength Fy Fy e− 0.08 6.66 0.019

SRSS Combination βR βU

0.21 0.36

βC 0.41

5.5.1 Generation of Input Ground Response Spectra

Vector-valued Ground Motion Parameters

As shown in Table 5.4, the first two dominant frequencies of the service building in direction

2 is 2.676 Hz (denote as F1) and 5.838 Hz (denote as F2), respectively. As shown in Figure
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Figure 5.11 Seismic fragility curves of block wall

5.5, the FRS has two main peaks at F1 and F2. Based on the spectral correlation model

developed by Baker and Jayaram (2008), the correlation coefficient between lnSA( F1) and

lnPGA is 0.736; whereas the correlation coefficient between lnSA( F2) and lnPGA is 0.902,

which is pretty close to 1.0. For other three small peaks, the correlation coefficients among

logarithmic spectral accelerations at these peak frequencies and lnPGA are much closer to

1.0. Therefore, in this example, two GMPs, i.e., SA( F1) and PGA, are chosen as VGMPs.

In the meantime, the correlation coefficients among logarithmic spectral accelerations at

remaining natural frequencies of the service building and lnPGA are taken as 1.0, i.e., fully

correlated.

Generation of Input Ground Response Spectra

In this example, SA( F1) and PGA are taken as VGMPs, thus a large number of input ground

response spectra (GRS) are generated accounting for aleatory randomness in estimating

SA( F1). Since spectral accelerations at natural frequencies (exclude F1) of the service build-

ing are assumed to be fully correlated with PGA, given a PGA value such as PGA=1.0g ,

spectral values at these frequencies can be obtained as follows:
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Figure 5.12 Mean seismic hazard curves for PGA and spectral accelerations at three rep-

resentative frequencies

1. determine seismic hazard, i.e., mean annual frequency of exceedance, of 4.124×10−6

with respect to PGA=1.0g , from mean seismic hazard curve for PGA (see Figure

5.12)

2. calculate spectral values 1.66g, 1.79g, and 1.99g at three representative frequencies

(i.e., 5, 10, and 20 Hz), regarding 4.124×10−6, based on mean seismic hazard curves

at these three frequencies (see Figure 5.12)

3. given an example of 1.2g of SA( F1), define the smooth input GRS going through these

spectral values as seismic input, as shown in Figure 5.13

4. determine spectral values at natural frequencies of the service building by linearly

interpolating the input GRS in logarithmic scale

5. changing spectral values of SA( F1) from lower to upper bounds can generate input

GRS accounting for aleatory randomness in SA( F1) .
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Changing PGA values from lower to upper bounds and repeating above procedure can

generate input GRS that take aleatory randomness and ground motion intensity effect into

consideration.
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Figure 5.13 An example of input GRS

5.5.2 Weights of Input GRS

As in Chapter 4, vector-valued PSHA (VPSHA) is performed to calculate mean annual

rate density of SA( F1)
∣
∣PGA. The lower and upper bounds of SA( F1) and PGA are 0.1g

and 5g , respectively. Both SA( F1) and PGA are uniformly discretized into 100 intervals

in logarithmic scale. Figure 5.14 shows three curves of mean rate density of SA( F1) with

respect to three PGA values.

Given a PGA value, the weights of input GRS with spectral value of SA( F1) from an

interval can be determined based on mean annual rate density of SA( F1). As shown in

Figure 5.15, taking PGA=1.0g for example, the annual rate of occurrence of SA( F1) in the

entire spectral domain
[

0.10g, 5g
]

is given by

λ
(

0.16 s1 65
∣
∣ s0 =1.0g

)

≈
100
∑

I1= 1

F ′
SA( F1)

∣
∣PGA

(

s
(I1)

1

∣
∣ s0 =1.0g

)

1s
(I1)

1 = 0.215, (5.5.1)
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Figure 5.15 Mean annual rate density of SA( F1) at PGA= 1.0g
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thus given s0 =1.0g , the weight of input GRS with spectral value SA( F1)= s
(I1)

1 can be

determined by

w
(

s
(I1)

1 6 s1< s
(I1+1)

1

∣
∣ s0 =1.0g

)

=
λ
(

s
(I1)

1 6 s1 6 s
(I1+1)

1

∣
∣ s0 =1.0g

)

λ
(

0.16 s1 65
∣
∣ s0 =1.0g

)

≈
F ′
SA( F1)

∣
∣PGA

(

s
(I1)

1

∣
∣ s0 =1.0g

)

1s
(I1)

1

0.215
. (5.5.2)

In Figure 5.15, the blue curve denotes mean annual rate density of SA( F1) at PGA=1.0g,

while the red column area is annual rate of occurrence of SA( F1) in the interval between

1.2g and 1.25g. The weight of input GRS in this interval is determined by

w
(

1.2g 6 s2 61.25g
∣
∣ s0 =1.0g

)

=
F ′
SA( F1)

∣
∣PGA

(

s2 =1.2g
∣
∣ s0 =1.0g

)

·0.05g

0.215

= 0.0014

0.215
= 0.0065. (5.5.3)

Changing spectral values of SA( F1) from lower bound of 0.1g to upper bound value of 5g

can obtain the weights of input GRS given PGA=1.0g. Afterwards, changing PGA values

from lower bound to upper bound results in a two-dimensional numerical distribution for

weights of input GRS, as shown in Figure 5.16. The input GRS with the assigned weights

would be defined as seismic input in seismic fragility analysis considering VGMPs.

5.5.3 Development of Seismic Fragility Surfaces

5.5.3.1 Procedure

Structural capacity of the block wall has been calculated in Section 5.4.3; hence structural

capacity analysis would not be performed here. Since VGMPs are used, a great number of

input GRS are defined as seismic input. A brief procedure for developing seismic fragility

surfaces of the block wall is presented as follows:

1. Discretize spectral domain of SA( F1) and PGA into suitable intervals

(1) Truncate the spectral domain at a reasonable small value and a large value

(2) Uniformly discretize the spectral domain in logarithmic scale into 100×100

intervals
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Figure 5.16 Weights of input GRS

2. Calculate median seismic demand of the block wall

(1) Define the GRS with spectral values from an interval as seismic input

(2) Generate the FRS where the block wall is located given the input GRS

(3) Interpolate the FRS to obtain median seismic demand of the block wall

(4) Repeat steps (1) to (3) to determine median seismic demand of the block wall

given input GRS from other intervals

3. Determine numerical distributions of seismic fragility for the block wall

(1) Calculate median ratio factor Rm given an input GRS

(2) Calculate logarithmic standard deviations βR and βU given the input GRS

(3) Determine conditional probability of failure value given the input GRS

(4) Repeat steps (1) to (3) to calculate conditional probability of failure values from

other intervals
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(5) Integrate conditional probability of failure values to obtain numerical condi-

tional probability of failure distributions.

As long as the sizes of intervals are reasonable small, seismic fragility surfaces can be well

represented by numerical conditional probability of failure distributions.

5.5.3.2 Conditional Probability of Failure Given an Input GRS

To better illustrate above procedure, conditional probability of failure given an example of

input GRS is calculated in the following.

Generation of Input GRS

Input GRS are needed to be defined as the seismic input for generating FRS. Herein, the

input GRS with spectral value SA( F1)=1.2g at PGA=1.0g is taken for example. Given

PGA=1.0g , spectral values at representative frequencies, i.e., 5, 10, 20 Hz, can be deter-

mined in accordance with the procedure in Section 5.5.1. Afterwards, a smooth GRS with

these spectral values (black curve in Figure 5.17), can be defined as horizontal input GRS.

Spectral accelerations at natural frequencies (exclude F1 ) of the service building are deter-

mined by interpolating the horizontal input GRS in logarithmic scale. Changing spectral

values of SA( F1) can generate input GRS accounting for aleatory randomness in estimating

SA( F1). At last, change PGA values to determine the input GRS accounting for ground

motion effect.

Having defined the horizontal input GRS, the vertical input GRS can be obtained using

V/H ratios (AMEC, 2009). Assume that horizontal seismic input in longitudinal and

transverse directions are equal in magnitude, then seismic input in three directions can be

applied simultaneously to calculate FRS at the location of block wall.

Generation of FRS

Define the input GRS with spectral value SA( F1)=1.2g at PGA=1.0g as seismic input.

The direct spectra-to-spectra method is used to generate three sets of FRS in direction 2 of

Node 1, as shown in Figure 5.18. The median elastic demand SD of the block wall can be

obtained from the FRS (SF) given in Figure 5.18. When the wall drifts inelastically under
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Figure 5.17 An example of horizontal input GRS
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earthquake, equivalent linear elastic procedure is used to determine the nonlinear demand

of the block wall by

SD = SF( Fsec, 6%), (5.5.4)

where SF( Fsec, 6%) can be obtained from the FRS given in Figure 5.18.

By changing the input GRS, FRS of the block wall can be generated repeatedly.

Determination of Median Ratio Factor

Having obtained the capacity SC (see Section 5.4.3) and seismic demand SD, the median

strength factor F
S,m

can be determined by equation (5.4.41). Table 5.9 gives median strength

factor F
S,m

with respect to wall drift ratios. It can be seen that maximum F
S,m

=2.129 occurs

when Fsec =1.68 Hz.

Table 5.9 Median Strength Factor as Function of Drift for Block Wall

Drift ratio u Frequency (Hz) Reference demand Capacity
F

S,m
1/L (in) Fsec SD (g) SC (g)

0.15% 0.20 12.20 1.365 2.040 1.494

0.66% 0.87 5.84 3.309 2.020 0.610

1% 1.32 4.72 2.014 2.006 0.996

1.70% 2.36 3.60 1.258 1.978 1.572

2% 2.64 3.30 1.341 1.966 1.467

3% 3.96 2.68 2.565 1.926 0.751

5% 6.60 2.03 1.304 1.846 1.416

7% 9.24 1.68 0.830 1.766 2.129

Having obtained F
S,m

, the median ratio factor Rm is given by

Rm = Fµ ·F
RS,m

·F
S,m

= 1.0×1.0×2.129 = 2.129. (5.5.5)

Determination of Logarithmic Standard Deviations

The approximate second-moment procedure is applied to calculate variability of ratio factor

R . Table 5.10 enumerates the variability of R due to response and capacity variables.
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Table 5.10 The Variability of R from Response and Capacity Variables

Case Variable Randomness Uncertainty R β

0 Base Case Variable at median 2.129

Response Variables Variable at median plus 1σ R1σ βR βU

1 Horizontal direction peak response SD e0.13 1.87 0.13

2 Structure frequency SD e0.09 1.94 0.09

3 Structure damping SD e0.03 2.06 0.03

4 Structure mode shape SD e0.15 1.83 0.15

5 Structure mode combination SD e0.15 1.83 0.15

6 Block wall frequency SD e0.37 1.47 0.37

7 Block wall damping SD e0.11 1.91 0.11

8 Block wall mode shape SD e0.05 2.02 0.05

9 Block wall mode combination SD e0.05 2.02 0.05

Capacity Variables Variable at median minus 1σ R−1σ βR βU

10 Equation error Feqn Feqn e− 0.105 2.129 0.0

11 Rebar error F
rb

F
rb

e− 0.071 2.129 0.0

12 Masonry strength Fm
′ Fm

′ e− 0.05 2.129 0.0

13 Steel strength Fy Fy e− 0.08 2.129 0.0

SRSS Combination βR βU

0.20 0.43

βC 0.48

It is noted that in the evaluation of capacity variability, the secant frequency of the block

wall changes when an capacity variable is set at −1σ level, thus seismic demand of the

block wall changes as well. As a result, the variability of R due to capacity variability

is the combined effects of capacity and seismic demand. The variability of R due to

156



5.5 weighting seismic fragility analysis

equation error variability is calculated as an example. Substituting Feqn =1.034 ·e−0.105

into equation (5.4.53) gives block wall capacity SC =1.562g. Thus the secant frequency of

block wall is given by

Fsec = 1

2π

√

1.5 SC

1u

= 1

2×3.14

√

1.5×(1.562×386.4)

9.24
= 1.58 Hz. (5.5.6)

Based on FRS in Figure 5.18, when the block wall approaches drift limit, seismic demand of

the block wall is given by

SD = SF( Fsec, 6%) = 0.732g. (5.5.7)

Hence median strength factor F
S,m

is given by

F
S,m

= 1
∣
∣−1

∣
∣

ln
SC

SD

= ln
1.562g

0.732g
= 2.136. (5.5.8)

Having obtained F
S,m

, the ratio factor R−1σ is given by

R−1σ = Fµ ·F
RS,m

·F
S,m

= 1.0×1.0×2.136 = 2.136, (5.5.9)

It can be seen that R−1σ >Rm, which indicates median seismic capacity of the block wall

increases with the decrease of its structural capacity. Therefore, β value of R due to equation

error variability should be taken as 0.

Determination of Seismic Fragility

Having obtained median ratio factor Rm and logarithmic standard deviations βR and βU ,

given the input GRS, conditional probability of failure p
F, q

(

1.0, 1.2
)

, at confidence level

Q = q, can be determined by

p
F, q

(

1.0, 1.2
∣
∣Q=q

)

= 8

{
ln

(

1/Rm

)

+ βU8
−1(q)

βR

}

. (5.5.10)

In applications, confidence level Q is usually taken as discrete values. Taking confidence

level Q = 95% for example, p
F, q

(

1.0, 1.2
∣
∣Q = 0.95

)

is given by

p
F, q

(

1.0, 1.2
∣
∣Q=0.95

)

= 8

{
ln(1/2.129)+ 0.43×8−1(0.95)

0.20

}

= 0.408. (5.5.11)
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When composite variability is used, a mean seismic fragility p
F, C

(

1.0, 1.2
)

is calculated as

p
F, C

(

1.0, 1.2
)

= 8

{
ln

(

1/Rm

)

βC

}

= 8

{
ln(1/2.129)

0.48

}

= 0.056. (5.5.12)

Seismic Fragility Surfaces

Defining input GRS with spectral acceleration values at three frequencies from all other

intervals of spectral domain, and repeating the procedure for calculating conditional prob-

ability of failure values result in a family of seismic fragility surfaces, as shown in Figure

5.19. When composite variability is used, a composite (mean) seismic fragility surface is

obtained and is shown in Figure 5.19.

Figure 5.19 Seismic fragility surfaces of SA( F1) and PGA

It is noted that the secant frequency Fsec of the block wall decreases to 1.68 Hz when the

block wall approaches drift limit. Given a small spectral value of SA( F1) , FRS would be

pretty low in frequency range less than F1 =2.676 Hz. Therefore, spectral acceleration at

158



5.5 weighting seismic fragility analysis

Fsec =1.68 Hz is reasonable small. It would result in pretty small conditional probability of

failure even if PGA value is reasonable large, as shown in Figure 5.19.

5.5.4 Weighting Seismic Fragility Curves

Having obtained the weights of input GRS (see section 5.5.2) and seismic fragility surfaces

(see section 5.5.3), the weighting seismic fragility in terms of PGA, at confidence level

Q=q is determined by

p̄
F, q
(s0) =

100
∑

I1= 1

[

p
F, q

(

s
(I1)

1 , s0

)

·w
(

s
(I1)

1
6 s1 6 s

(I1+1)

1

∣
∣ s0

)
]

, (5.5.13)

where I1 =100 is the number of intervals of SA( F1), w
(

s
(I1)

1
6 s1

6 s
(I1+1)

1

∣
∣ s0

)

is the weight

of input GRS given by equation (5.5.2), and p
F, q

(

s
(I1)

1 , s0

)

is the seismic fragility at Q=q

given by equation (5.5.11).

When composite variability is used, a weighting composite (mean) seismic fragility is

determined by

p̄
F, C
(s0) =

100
∑

I1= 1

[

p
F, C

(

s
(I1)

1 , s0

)

·w
(

s
(I1)

1
6 s1 6 s

(I1+1)

1

∣
∣ s0

)
]

, (5.5.14)

where p
F, C

(

s
(I1)

1 , s0

)

is mean seismic fragility given by equation (5.5.12).

Changing PGA values from lower bound of 0.1g to upper bound of 5g results in weight-

ing seismic fragility curves, as shown in Figure 5.20.

Conventional seismic fragility curves of the block wall in section 5.4 are plotted together

with the weighting curves. It shows that the weighting median seismic capacity of the

heat exchanger has a significant increase (from 2.036g PGA to>5g PGA). HCLPF seismic

capacity of the block wall based on weighting and current seismic fragility analysis methods

are calculated and shown in Figure 5.21. It can be seen that the weighting seismic capacity

has 42.5% increase (from 0.809g PGA to 1.167g PGA). Both results indicate that current

seismic fragility analysis includes remarkable conservatism in the estimation of median and

HCLPF seismic capacity of the block wall. Weighting seismic fragility analysis method

should be used to acquire more accurate seismic capacity estimates of components on

primary structures.
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Figure 5.20 Seismic fragility curves of block wall based on two methods
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Figure 5.21 HCLPF seismic capacities of block wall based on two methods
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5.6 Summary

In this Chapter, weighting seismic fragility analysis for components on primary structures

is presented:

❧ a direct spectra-to-spectra method is introduced to generate FRS with high efficiency

and sufficient accuracy, and

❧ uncertainties in structural responses are efficiently captured.

The proposed method can efficiently develop seismic fragility surfaces and provides more

accurate seismic capacity estimates of components.

Numerical example for a block wall located in the service building of Darlington nuclear

generating station is performed:

❧ weighting median seismic capacity has over 100% increase, and

❧ weighting HCLPF seismic capacity has 42.5% increase.

Recall that in Chapter 4, correlation coefficient ρ is 0.905 between vector-valued GMPs

(VGMPs). For the block wall in this example, ρ is 0.736 between VGMPs, which is much

smaller than 0.905. It indicates that, with smaller correlation coefficient between VGMPs,

more increase are found in seismic capacity estimates of structures, systems, and compo-

nents (SSCs).

Weighing seismic fragility analysis should be performed for SSCs mounted on structures

aiming to obtain more accurate seismic capacity estimates.
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Improved Seismic Margin Assessment

A nuclear power plant consists of a great number of structures, systems, and components

(SSCs). Seismic margin assessment (SMA) is widely used to evaluate plant seismic capacity.

A general procedure of the SMA is shown in Figure 6.1. High Confidence and Low Prob-

ability of Failure (HCLPF) seismic capacities of SSCs, in terms of a single ground-motion

parameter such as PGA, are defined as input for performing system analysis by means of

event trees and fault trees. Therefore, accurate HCLPF seismic capacities of SSCs are pretty

important in the SMA.

Figure 6.1 A general procedure of seismic margin assessment
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In this Chapter, an improved SMA procedure is proposed:

❧ weighting seismic fragility analysis is performed for calculating HCLPF seismic ca-

pacities of “weak link” SSCs, and

❧ current seismic fragility analysis is conducted for determining HCLPF seismic capac-

ities of less important SSCs.

This ensures that more accurate plant seismic capacity is obtained while computational cost

is acceptable.

Numerical example for an emergency coolant injection (ECI) system is performed to

illustrate the procedure and demonstrate its advantages. The results show that the improved

SMA procedure effectively increase HCLPF seismic capacity estimate of the ECI system.

6.1 System Analysis

Engineering practice has recognized that, the occurrence of an adverse consequence such as

core damage accident, probably results from the initiating event (fault) of an SSC. Therefore,

system analysis is necessarily performed to propagate basic events to the occurrence of

adverse consequence. It mainly includes three key steps: (1) event trees are applied to

develop accident sequences (failure paths) of an adverse consequence based on top events

following the initiating event; (2) fault trees are developed to determine HCLPF capacities

of top events contributed from basic events; (3) HCLPF capacities of top events in accident

sequences are propagated to calculate plant damage state HCLPF seismic capacity, thus

saves the redesign cost for a electric cabinet.

6.1.1 Event Tree Analysis

When an initiating event occurs, an accident sequence is required to be developed to find

out all the possible failure paths triggering an adverse consequence, following the initiating

failure. In engineering applications, event trees are usually used to establish the accident

sequence. As shown in Figure 6.2, one can take core damage (CD) accident for example, an

event tree is developed to establish the accident sequence following the large loss of coolant

accident (LLOCA). Six top events, LLOCA, EC, LPI, CHR, CV, and LI are addressed in this
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accident sequence. “Success” indicates that the top event does not fail due to the failure of

preceding top event.

LLOCA EC LPI CHR CV LI

OK

OK
CD

CD
CD

CD

Large Loss of Coolant Accident (LLOCA)

CHR: Containment Heat Removal

DEP: Depressurization

LI: Late Inventory

EC: Early Containment Control

CV: Containment Vent

LPI: Low Pressure Injection

Success

Failure

Figure 6.2 An example of event tree for core damage accident

6.1.2 Fault Tree Analysis

For each top event in the accident sequence, as shown in Figure 6.2, a fault tree is developed

to decompose it into sub-events until the failures (faults) of the sub-events can be evaluated

as single-mode faults. NUREG-0492 (USNRC, 1981) presents more detailed introduction of

fault tree analysis.

Fault Tree Diagram

A fault tree diagram essentially decomposes the top event into unions and intersections of

sub-events or combination of sub-events. The objective of a fault tree is to identify and

model the various faults that can result in the occurrence of the top event. A fault tree

diagram is then a graphical decomposition of a top event into the union and/or intersection

of sub-events. The alternative faults that could lead to top event are logically related to the

top event by “OR” and “AND” gates. Some commonly used symbols of fault trees are listed

in Table 6.1. A simple fault tree is shown in Figure 6.3. The top event E is connected to

events E1 and E2 through a “OR” gate, which indicates that the top event E is the union of

sub-events E1 and E2 , i.e., E will occur if at least one of the two events E1 and E2 occurs.

Event E1 is the union of B1 and B2 . Event E2 is developed further at the transfer-out “1”, in

which E2 is the intersection of sub-events E3 and E4 . Event E3 is the union of B1 and B3 ,
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and event E4 is the intersection of B4 and B5 . Mathematically, the events can be expressed

as

E = E1 + E2, E1 = B1 + B2, E2 = E3 ·E4 = (B1 + B3) ·(B4 ·B5). (6.1.1)

Table 6.1 Common Fault Tree Symbols

Basic Event, which is a basic initiating fault

Undeveloped Event, which is not developed further because of insufficient
consequence or unavailable information

External Event, which is not a fault but a normally occurring basic event

Intermediate Event, which occurs because of the occurrence of one or more
antecedent events through logic gates

“OR” Gate, in which the output event occurs if at least one of the input events
occur

“AND” Gate, in which the output event occurs if all of the input events occur

Transfer-In, indicating that the tree is developed further at the corresponding
Transfer-Out

Transfer-Out, indicating that this portion of the tree must be attached at the
corresponding Transfer-In

E = Top Event

E1 E2 E3 E4

E2

B5B1 B2 B4B1 B3

1

1

Figure 6.3 A simple fault tree

Boolean Algebra

Constructing fault trees is a systematic procedure that permits the analysis of complex

systems. However, redundant events in a fault tree will lead to double accounting if they are
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not eliminated. The algebra of sets, or more generally the Boolean algebra, can be applied

to remove any redundancies of the same event.

A complete list of rules of Boolean algebra is given in NUREG-0492 (USNRC, 1981). Some

useful rules are listed in Table 6.2. Considering the fault tree shown in Figure 6.3, the top

event E can be written as, using equations (6.1.1) and the rules of Boolean algebra,

E = E1 + E2 = (B1 + B2)+ (B1 + B3) ·(B4 ·B5)

= B1 + B2 + B1 ·B4 ·B5 + B3 ·B4 ·B5

= (B1 + B1 ·B4 ·B5)+ B2 + B3 ·B4 ·B5

= B1 + B2 + B3 ·B4 ·B5. (6.1.2)

The corresponding reduced fault tree is shown in Figure 6.4.

Table 6.2 Some Useful Boolean Algebra Rules

X ·X = X

X + X = X

X · (X + Y) = X

X + X ·Y = X

X + X = (sample space)

X · X = ∅ (empty set)

X · Y = X + Y

X + Y = X · Y

E = Top Event

B5

B1 B2

B4B3

Figure 6.4 Reduced fault tree
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HCLPF Max/Min Method

Since the top event is related to the sub-events and basic faults at subsequent levels of a fault

tree through combinations of “AND” and “OR” logic gates, the top event can be expressed

in terms of unions and intersections of sub-events and basic faults. Having simplified the

Boolean expression of the top event using Boolean algebra, the HCLPF seismic capacity of

the top event can be determined by HCLPF Max/Min method:

❧ Sub-events and basic faults are combined with “AND” gate

The maximum HCLPF seismic capacity among the faults under “AND” gate is taken

as HCLPF seismic capacity of the intersection.

❧ Sub-events and basic faults are combined with “OR” gate

The minimum HCLPF seismic capacity among the faults under “OR” gate is taken as

HCLPF seismic capacity of the union.

As shown in Figure 6.4, B3 , B4 , and B5 are combined with “AND” gate, the HCLPF

seismic capacity for this intersection (denote as B6) is taken as the maximum one among

these three events. Afterwards, events B1 , B2 , and B6 are combined with “OR” gate. Thus

the HCLPF seismic capacity of the top event E is taken as the minimum HCLPF seismic

capacity among these three events.

6.2 Numerical Example for Emergency Coolant Injection
System

6.2.1 Basic Configuration of ECI System

The ECI system is shown in Figure 6.5. The system consists of a water tank T, a manual

valve V that is normally open, two pumps P1 and P2, two check valves CV1 and CV2, and

three motor-operated valves MV1, MV2, and MV3 that are normally closed. When the ECI

system is activated, the ECI injection signal is delivered to operate pumps P1 and P2, and to

open the motor-operated valves MV1, MV2, and MV3. The success criterion is that water

flow is delivered from at least one pump through at least one motor-operated valve.

167



6.2 numerical example for emergency coolant injection system

M

M

M

Water
Source

T

V

P1

PS-A

PS-B

CV1

MV1

MV2

MV3

CV2P2

Emergency Coolant Injection Signal

Injection Line

Suction Line
Pump System

Figure 6.5 A simplified ECI system

Fault Tree Analysis

The ECI system can be divided into three subsystems: Suction Line, Pump System, and

Injection Line, as shown in Figure 6.5. The Suction Line consists of a water tank T and a

manual valve V. It fails when the tank fails (no water supply) or the manual valves fails (not

able to remain open). The Pump system has two flow routes PS-A and PS-B connected in

parallel. Each flow route consists of a pump and a check valve connected in series, which

fails if no ECI Signal is delivered to operate the pump, or the pump fails to operate, or the

check valve is not open. This subsystem fails when both flow routes fail. The Injection Line

consists of three motor-operated valves connected in parallel, which fails when all three

injection lines fail. An injection line fails if no ECI Signal is delivered or the valve fails to

open. The fault tree of the ECI system is shown in Figure 6.6. Define the following events:

E = ECI system fails (ECI fails to deliver at least one pump of flow),

W = Suction Line fails,

P = Pump system fails,

I = Injection Line fails,

T = Water Tank T fails,
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1 Suction Line fail

VT

W

Tank T
fails

Manual Valve V1
fails to stay open

2 Pump Segments fail

PS-A fails

P

PA

C1

P1S

No water from P1

Signal failre
to P1

Pump P1 
fails to operate

Check Valve CV1
fails to open

PS-B fails

PB

C2

P2S

No water from P2

Signal failre
to P2

Pump P2 
fails to operate

Check Valve CV2
fails to open

3 Injection Lines fail

I

M1S

Signal failre
to MV1

MV1
fails to open

M3S

Signal failre
to MV2

MV3
fails to open

M2S

Signal failre
to MV2

MV2
fails to open

Pump Segments

fails
Injection Lines

fails
Suction Line

fails

1 2 3 IW P

Figure 6.6 Fault tree of the ECI system
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V = Manual valve V fails,

PI = Pump PI, I=1, 2, fails,

CI = Check Valve CI, I=1, 2, fails,

MI = Motor-operated valve MVI, I=1, 2, 3, fails,

S = No ECI Signal delivered.

Hence, performing Boolean algebra on the events results in

W = T + V,

P = PA ·PB = [(S + P1)+ C1] ·[(S + P2)+ C2]

= S ·S + S ·(P1 + P2 + C1 + C2)+ P1 ·P2 + P1 ·C2 + P2 ·C1 + C1 ·C2

= S + (P1 + C1) ·(P2 + C2)

I = (S + M1) ·(S + M2) ·(S + M3)

= S ·S ·S + S ·S ·(M1 + M2 + M3)+ S ·(M1 ·M2 + M2 ·M3 + M1 ·M3)+ M1 ·M2 ·M3

= S + M1 ·M2 ·M3

E = W + P + I= (T + V)+ [S + (P1 + C1) ·(P2 + C2)] + (S + M1) ·(S + M2) ·(S + M3)

= T + V + S + (P1 + C1) ·(P2 + C2)+ M1 ·M2 ·M3. (6.2.1)

The Boolean expression (6.2.1) can be used to draw the reduced fault tree in Figure 6.7.

It is noted that, the ECI signal control in located in an electric cabinet. The ECI signal fails

to deliver when the cabinet falls down due to earthquake excitations.

Screening Table

In order to be cost-efficient, the SMA should incorporate a step where SSCs are quickly

screened from further review. In applications, a screening table is used based upon expe-

rience. The advantage of screening out SSCs from further review is that a great amount

of unnecessary HCLPF capacity computations are eliminated for SSCs whose HCLPF ca-

pacities clearly exceed the screening level ARLE, so that efforts can be quickly concentrated

on those SSCs for which there is a legitimate concern about seismic ruggedness. After

screening process, detailed seismic fragility analysis is performed for the SSCs that are
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VT
Tank T

fails
Manual Valve V1
fails to stay open

C1P1

Pump P1 
fails to operate

Check Valve CV1
fails to open

C2P2

Pump P2 
fails to operate

Check Valve CV2
fails to open

M1

MV1
fails to open

M3

MV3
fails to open

M2

MV2
fails to open

S
No ECI
Signal

Figure 6.7 The reduced fault tree of ECI system

not screened out. The outputs of seismic fragility analysis are HCLPF seismic capacities.

HCLPF Max/Min method is used to determine plant HCLPF seismic capacity.

Suppose that the ECI system is used in the reactor building of Darlington nuclear generat-

ing station (NGS).Since the NGS is located in eastern North America, the screening table can

be set at ARLE =0.3g PGA (EPRI-NP-6041-SL, EPRI, 1991a). For illustration, assume that

manual valve V, pumps PI, check valves CVI, and motor-operated valve MVI are screened

out. The water tank T and electric cabinet are identified as “weak link” components, hence

detailed seismic fragility analysis needs to be performed for these two components.

6.2.2 Current Seismic Fragility Analysis for Water Tank

In this Section, current seismic fragility analysis is performed for determining HCLPF

seismic capacitiy of the water tank.

6.2.2.1 Basic Configuration of Water Tank

Water tank in Section 7 of EPRI TR-103959 (EPRI, 1994) is used in this example. Geometry

information of the water tank is shown in Figure 6.8. The tank radius R is 20 feet, while

the water height H is 37 feet when it is full. The overall tank height to the top of its dome
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roof is 43.4 feet, which is about twice as high as its radius. This tank was built with only

a minimal number of hold-down anchor bolts consisting of eight 2-inch diameter A307

bolts around its circumference (8 @45◦). These bolts provide hold-down forces to the tank

shell through the top plate of well-designed bolt chairs at a height Hc of 24.75 inches above

the tank bottom. The bolts are anchored into the concrete foundation through an anchor

plate at a depth Ha of 28.5 inches. The bolt chairs, their attachment to the tank, and the

bolt anchorage are sufficient to develop the full capacity of the bolts. The tanks shell is

SA240-Type 304 stainless steel. Detailed properties of the water tank are listed in Table 6.1.

Figure 6.8 Basic configuration of the water tank
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Table 6.1 Deterministic Properties of Water Tank

Property Parameter Value

Water Tank

Radius R 20 ft

Height of bottom to water surface (when full) H 37 ft

Height of bottom to roof Hr 43.4 ft

Shell thickness (varies with height) ts

Bottom to 6 ft 3/8 in

6 ft to 14 ft 1/4 in

14 ft to 37 ft 1/4 in

Roof thickness tr 5/16 in

Bottom plate thickness t
b

1/4 in

Tank weight

Bottom plate W
b

12.8 kips

Shell (bottom to 37 ft) Ws 44.9 kips

Roof Wr 17.2 kips

Water weight Ww 2900 kips

Height of bottom to center of gravity

Bottom plate H
cr, b

0

Shell H
cg, s

16.4 ft

Roof H
cg, r

42 ft

Water (when full) H
cg, w

18.5 ft

A307 Bolt

Bolt diameter D 2 in

Number of bolts around tank circumference N 8

Bolt chair height Hc 24.75 in

Embedment length Ha 28.5 in
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Potential Failure Mode

For this water tank, only one potential failure mode, i.e., overturning moment induced

rupture of the water tank near its connection to its base, due to a combination of excessive

tank wall buckling, bolt stretching, and excessive baseplate uplift, is considered (EPRI TR-

103959, EPRI, 1994). This failure mode has been selected for review because:

• it generally controls the seismic capacity of a minimally anchored tank,

• it is the controlling failure mode for the Conservative Deterministic Failure of Margin

capacity of the water tank (see Figure 6.8) as was shown in Appendix H of EPRI

NP-6041 (EPRI, 1991a), and

• it is one of the more complex and controversial failure modes to evaluate.

Modal Information

EPRI NP-6041 (EPRI, 1991a) gives the best estimate natural frequency F =6 Hz for the

horizontal fundamental impulsive mode. This is the only significant mode which influences

the overturning moment response (EPRI NP-6041-SL, EPRI, 1991a). The best estimate

(median) and plus/median one logarithmic standard deviation estimate (±1β) parameter

values for this mode are given in Table 6.2. The uncertainties in frequency and damping can

be calculated given a specified Review Level Earthquake (RLE).

Table 6.2 Horizontal Impulsive Mode Variability (Table 7-2, EPRI, 1994)

Parameter −1β Median +1β

Frequency (Hz) 4.8 6.0 6.6

Damping 3% 5% 7%

6.2.2.2 Review Level Earthquake

Assume the water tank is located on ground floor of a reactor building in Darlington

nuclear generating station (NGS). A generic ground response spectrum (GRS) such as

NUREG/CR-0098 median response spectrum (abbreviated as NUREG spectrum) or a site-

specific uniform hazard spectrum (UHS), can be defined as RLE.
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In this example, spectral acceleration at 50 Hz is taken as PGA. PGA is chosen as GMP

in determining HCLPF seismic capacity of the water tank. Since Darlington NGS is located

in eastern North America, screening level can be taken as ARLE =0.3g PGA. Figure 6.9

gives NUREG spectrum and site-specific UHS anchoring to PGA at ARLE =0.3g. In the

following, NUREG spectrum and site-specific UHS are chosen as RLE separately to perform

seismic fragility analysis for the water tank.
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Figure 6.9 NUREG spectrum and site-specific UHS anchoring to PGA at 0.3g

6.2.2.3 Current Seismic Fragility Analysis - NUREG Spectrum is RLE

NUREG spectrum anchoring to PGA at screening level 0.3g is defined as RLE. The vertical

GRS is assumed to be 2/3 of the horizontal input over the entire frequency range. The water

tank is subjected to earthquake excitations in three directions.

Median Seismic Demand

For this water tank, only the horizontal fundamental impulsive mode at F =6 Hz is consid-

ered. Based on NUREG spectrum in Figure 6.9, spectral acceleration SA( F =6 Hz) is equal
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to 0.636g. The overturning moment response is given by (EPRI NP-6041-SL, EPRI, 1991a)

MR = SA( F )

[

Wr ·H
cg, r

+ Ws ·H
cg, s

+ W
b
·H

cg, b
+ WI ·H

cg, I

]

, (6.2.2)

where Wr, Ws, W
b

, H
cg, r

, H
cg, s

, and H
cg, b

are given in Table 6.1. WI is the effective

impulsive weight of contained fluid and H
cg, I

is the effective height of bottom to its center

of gravity.

When H/R>1.5, WI and H
cg, I

can be determined by (EPRI NP-6041-SL, EPRI, 1991a)

WI

Ww

= 1.0 − 0.436(R/H), (6.2.3a)

H
cg, I

H
= 0.5 − 0.188(R/H), (6.2.3b)

where Ww is the weight of water and H is the height of bottom to the water surface.

For this water tank, H/R=1.85>1.5. Substituting H/R=1.85 into equations (6.2.3a)

and (6.2.3b) gives

WI = 0.764Ww, H
cg, I

= 0.398H, (6.2.4)

where Ww and H are given in Table 6.1.

Substituting weight and height of center of gravity values into equation (6.2.2) gives

MR = 0.636[17.2×42+44.9×16.4+12.8×0+0.764(2900)×0.398(37)] = 21678 kip·ft.

(6.2.5)

It is recognized that seismic capacity of the water tank is mildly influenced by seismic

induced hydrodynamic pressure, it is necessary to scale the RLE to an estimate of median

seismic capacity Âm (EPRI TR-103959, EPRI, 1994). This estimate does not have to be very

precise since the seismic response influence on capacity is only mild. However, the estimate

Âm should generally be within 30% of the ultimately computed Am. So long as Âm is within

30% of Am, the error in computing Am resulting from using scaled seismic response is less

than 5% (EPRI TR-103959, EPRI, 1994).

In this example, Âm is taken as 0.54g PGA, which is consistent with Section 7 of EPRI

TR-103959 (EPRI, 1994). Therefore, the scale factor SF is given by

SF = 0.54g

ARLE

= 0.54g PGA

0.3g PGA
= 1.8. (6.2.6)
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For Âm, the estimate median largest horizontal overturning moment is given by

M
SR, m

= (SF)MR = 1.8×21678 = 39020 kip·ft. (6.2.7)

Median Structural Capacity

In this example, overturning moment rupture of the water tank near its connection to

its base is considered. Section 7 of EPRI TR-103959 (EPRI, 1994) provides the median

overturning moment capacity:

M
C, m

= 26800 kip·ft. (6.2.8)

Median Inelastic Energy Absorption Factor

For this water tank, inelastic energy absorption factor should be considered. Section 7 of

EPRI TR-103959 (EPRI, 1994) gives the median inelastic energy absorption factor by

F
µ, m

= 1.54. (6.2.9)

Median Seismic Capacity

Having obtained median overturning moment response and capacity, median strength

factor F
S,m

is given by

F
S, m

=
M

C, m

M
SR, m

= 26800 kip·ft

39020 kip·ft
= 0.687. (6.2.10)

For this water tank, horizontal peak response is equal to 1.09 (Table 3-3, EPRI TR-

103959 EPRI, 1994). In this example, foundation-soil interaction effect is not considered,

and response spectrum analysis method is used to calculate overturning moment response,

hence median response factor F
RS,m

is given by

F
RS, m

= 1

1.09
= 0.92. (6.2.11)

Therefore, median factor of safety Fm is calculated as

Fm = F
µ, m

F
S, m

F
RS, m

= 1.54×0.687×0.917 = 0.97. (6.2.12)

Finally, the median seismic capacity Am is determined by

Am = Fm · Âm = 0.97×0.54g PGA = 0.52g PGA, (6.2.13)

177



6.2 numerical example for emergency coolant injection system

which is pretty close to the estimate of median seismic capacity Âm so that iteration is

unnecessary.

Logarithmic Standard Deviations

Logarithmic standard deviations for basic response and capacity variables and taken in

accordance Sections 3 and 7 of EPRI-TR-103959 (EPRI, 1994). It is noted that horizon-

tal impulsive mode frequency ( F =6 Hz) is on the plateau of NUREG spectrum, thus no

frequency uncertainty in SA( F ). Since only one mode is considered in the evaluation of

overturning moment response, there is no mode combination uncertainty. In addition, ver-

tical earthquake component has no contribution on overturning moment response, hence

vertical earthquake component variability is not considered in response evaluation.

It is noted that damping uncertainty needs to be converted to be uncertainty SA( F ). This

uncertainty is obtained from the ground response spectra with ζ =5% and 3% damping

values, i.e.,

βU = 1
∣
∣−1

∣
∣

ln
SA( F =6 Hz, ζ =3%)

SA( F =6 Hz, ζ =5%)
= ln

0.739g

0.636g
= 0.15. (6.2.14)

The approximate second-moment procedure is applied to calculate variability of F due

to basic variables. Table 6.3 enumerates the logarithmic standard deviations of F due to

response and capacity variables.

HCLPF Seismic Capacity

Having obtained median seismic capacity Am and its variability, HCLPF seismic capacity

of the heat exchanger is calculated as

CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.52×e−1.6449(0.229+0.244) = 0.24g PGA. (6.2.15)

6.2.2.4 Current Seismic Fragility Analysis - UHS is RLE

Site-specific UHS anchoring to 0.3g PGA (see Figure 6.9) is chosen as RLE and defined as

horizontal seismic input. The vertical seismic input can be obtained using V/H ratios given

in Table 3.8 (AMEC, 2009). The water tank is subjected to earthquake excitations in three

directions.
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Table 6.3 The Variability of F due to Response and Capacity Variables

Case Variable Randomness Uncertainty F β

0 Base Case Variable at median 0.97

Response Variables Variable at median plus 1σ F1σ βR βU

1 Earthquake response spectrum shape SA( F ) e0.20 SA( F ) e0.20 0.79 0.20 0.20

2 Water tank damping SA( F ) e0.15 0.83 0.15

3 Water tank modelling SA( F ) e0.07 0.90 0.07

Capacity Variables Variable at median minus 1σ F−1σ βR βU

4 Inelastic energy absorption M
C,m

e−0.03 M
C,m

e−0.08 0.94 0.03 0.08

5 Buckling capacity M
C,m

e−0.02 0.95 0.02

6 Anchor bolt tension capacity M
C,m

e−0.08 0.90 0.08

7 Fluid pressure M
C,m

e−0.04 M
C,m

e−0.03 0.93 0.04 0.03

8 Fluid pressure M
C,m

e−0.04 M
C,m

e−0.03 0.93 0.04 0.03

9 Water tank uplift M
C,m

e−0.04 M
C,m

e−0.08 0.93 0.04 0.08

10 Equation error M
C,m

e−0.10 0.88 0.10

SRSS Combination βR βU

0.229 0.244

βC 0.335

Median Seismic Demand

Based on site-specific UHS,spectral acceleration SA( F =6 Hz) at horizontal impulsive mode

is equal to 0.488g. Thus the overturning moment response is determined by equation

(6.2.2), i.e.,

MR = 0.488[17.2×42 + 44.9×16.4 + 12.8×0 + 0.764(2900)×0.398(37)] = 16634 kip·ft.

(6.2.16)

179



6.2 numerical example for emergency coolant injection system

Median Seismic Capacity

In Section 6.2.2.3, median seismic capacity is equal to 0.52g PGA. Recall that ratio of SA( F )

to PGA is equal to 2.12 from NUREG spectrum. Therefore, given PGA=0.52g, SA( F ) is

calculated as

SA( F ) = 2.12×0.52g = 1.10g. (6.2.17)

From equation (6.2.2), given SA( F )=1.10g, overturning moment response is calculated

as

M
R, m

=1.10[17.2×42+44.9×16.4+12.8×0+0.764(2900)×0.398(37)]=37494 kip·ft.

(6.2.18)

Therefore, scale factor SF that converts screening level ARLE of 0.3g PGA to median

seismic capacity is determined by

SF =
M

R, m

MR

= 37494 kip·ft

16634 kip·ft
= 2.254. (6.2.19)

Therefore, median seismic capacity of water tank is given by

Am = (SF)ARLE = 2.254×0.3g PGA = 0.676g PGA. (6.2.20)

Comparing to Am of 0.52g PGA in equation (6.2.13), there is 30% increase in median

seismic capacity estimate.

Logarithmic Standard Deviations

Logarithmic standard deviations for basic response and capacity variables and taken in

accordance Sections 3 and 7 of EPRI-TR-103959 (EPRI, 1994). Since site-specific UHS is

defined as RLE, there is no earthquake response spectrum shape variability.

It is noted that uncertainties in frequency and damping need to be converted to be

uncertainties in SA( F ):

❧ Damping

The uncertainty βU in SA( F ) due to damping uncertainty is obtained from the site-

specific UHS with ζ =5% and 3% damping values:

βU = 1
∣
∣−1

∣
∣

ln
SA( F =6 Hz, ζ =3%)

SA( F =6 Hz, ζ =5%)
= ln

0.585g

0.488g
= 0.18. (6.2.21)
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❧ Frequency

The uncertainty βU in SA( F ) due to frequency uncertainty is obtained from the site-

specific UHS at frequencies 6 and 6.6 Hz (+1β) :

βU = 1

1
ln

SA( F =6.6 Hz, ζ =5%)

SA( F =6 Hz, ζ =5%)
= ln

0.502g

0.488g
= 0.03. (6.2.22)

The approximate second-moment procedure is applied to calculate variability of F due

to basic variables. Table 6.4 enumerates the logarithmic standard deviations of F due to

response and capacity variables.

HCLPF Seismic Capacity

Having obtained median seismic capacity Am and its variability, HCLPF seismic capacity

of the heat exchanger is calculated as

CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.676×e−1.6449(0.076+0.264) = 0.386g PGA. (6.2.23)

Comparing to 0.24g PGA in equation (6.2.15), there is 60% increase in HCLPF seismic

capacity estimate.

6.2.2.5 Discussion of HCLPF Seismic Capacity

Comparing to using NUREG spectrum as RLE, using site-specific UHS as RLE leads to a

significant increase in HCLPF seismic capacity. Two sources contribute to this change:

1. NUREG spectrum is much higher at F =6 Hz, which leads to overestimation of me-

dian seismic demand thus underestimation of Am, i.e., 0.52g PGA (obtained from

NUREG spectrum) compared to 0.676g PGA (based on UHS).

2. There is no earthquake response spectrum shape variability in site-specific UHS. As a

result, βC of composite variability is significantly reduced, i.e., 0.274 (obtained from

UHS) compared to 0.335 (based on NUREG spectrum).

By using site-specific UHS as RLE, HCLPF seismic capacity is greater than screening level

ARLE of 0.3g PGA. Therefore, water tank actually satisfies the seismic margin requirement.

It is unnecessary to redesign the water tank for increasing its overturning moment capacity.
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Table 6.4 The Variability of F due to Response and Capacity Variables

Case Variable Randomness Uncertainty F β

0 Base Case Variable at median 1

Response Variables Variable at median plus 1σ F1σ βR βU

1 Water tank frequency SA( F ) e0.03 0.97 0.03

2 Water tank damping SA( F ) e0.18 0.84 0.18

3 Water tank modelling SA( F ) e0.07 0.93 0.07

Capacity Variables Variable at median minus 1σ F−1σ βR βU

4 Inelastic energy absorption M
C,m

e−0.03 M
C,m

e−0.08 0.97 0.03 0.08

5 Buckling capacity M
C,m

e−0.02 0.98 0.02

6 Anchor bolt tension capacity M
C,m

e−0.08 0.92 0.08

7 Fluid pressure M
C,m

e−0.04 M
C,m

e−0.03 0.96 0.04 0.03

8 Fluid pressure M
C,m

e−0.04 M
C,m

e−0.03 0.96 0.04 0.03

9 Water tank uplift M
C,m

e−0.04 M
C,m

e−0.08 0.96 0.04 0.08

10 Equation error M
C,m

e−0.10 0.90 0.10

SRSS Combination βR βU

0.076 0.264

βC 0.274

6.2.3 Current Seismic Fragility Analysis for Electric Cabinet

6.2.3.1 Basic Configuration of Electric Cabinet

The electric cabinet in section 9 of EPRI-TR-103959 (EPRI, 1994) is used in the ECI system.

Details of the cabinet is shown in Figure 6.10 and properties are listed in Table 6.5. It has

a height H, width B, and length L of 96 inches, 30 inches and 48 inches, respectively. It is

anchored by four 0.5 inch diameter WEJ-IT expansion bolts as shown in Figure 6.10. The

base of the cabinet has a strong, stiff frame through which the bolts are attached near each
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corner of the cabinet so that the anchorage capacity is controlled by the bolts and not by the

cabinet base. The concrete floor on which the cabinet locates contains an 18-inch by 36-inch

cutout for passage of electrical cables into the cabinet. The cabinet is estimated to weight

about 3500 pounds (3.5 kip) and is located at the ground floor of the reactor building. The

cabinet center of gravity is estimated to be at mid-height (48 inches above the base).

Figure 6.10 The geometry information of electric cabinet

6.2.3.2 Seismic Demand Analysis

The electric cabinet is subjected to earthquake excitations from three directions. The fun-

damental frequencies of the electric cabinet in two horizontal directions are both estimated
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Table 6.5 Deterministic Properties of Electric Cabinet

Property Parameter Value

Electric Cabinet

Length L 48 in

Width B 30 in

Height to center of gravity Hcg 48 in

Weight W 3500 lb

WEJ-IT Expansion Bolt

Bolt diameter D 1/2 in

Number of bolts in H1 direction N1 2

Number of bolts in H2 direction N2 2

Distance between anchor bolts in H1 direction D1 26 in

Distance between anchor bolts in H2 direction D2 44 in

to be F H =8 Hz. Since the cabinet is seismically robust in vertical direction, fundamental

frequency in this direction is taken as FV =50 Hz.

Definition of RLE

Seismic fragility analysis for the water tank shows that using site-specific UHS as RLE more

accurately estimates its seismic capacity. Therefore, for the cabinet, site-specific UHS (see

Figure 6.9) is chosen as RLE and defined as seismic input in two horizontal directions. The

vertical seismic input can be determined using V/H ratios (AMEC, 2009).

Based on horizontal and vertical seismic inputs, spectral accelerations are determined

and presented in Table 6.6. Response spectrum analysis method is used to calculate seismic

demand of the cabinet.

Median Seismic Demand in H1 Direction

In the H1 direction, under seismic excitation, the tank is subjected to an inertia force

equal to the product of its weight W and the spectral acceleration aH = 0.53g, as shown in

Figure 6.11. The inertia force is then transferred to the supports, exerting tension and shear
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Table 6.6 Spectral Values at Frequencies in Three Directions

Direction Frequency (Hz) SA (g)

H1 8 0.53

H2 8 0.53

Vertical 50 0.865×0.3 = 0.259

force on anchor bolts. Assume that all anchor bolts are in elastic tension and shear during

earthquake excitations. The geometric information of the cabinet is given in Table 6.5.

Figure 6.11 Forces due to earthquake excitations in two horizontal directions

Shear force is induced in all the anchor bolts in all the supports evenly. For a single bolt,

the shear force is

VH1 = W ·aH

N1 ·N2

= 3.5×0.53

2×2
= 0.464 kips. (6.2.24)
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Tension forces in the support are due to the moment W ·aH ·Hcg, as shown in Figure 6.11.

For the critical anchor bolts, the tension force is given by

NH1 =
W ·aH ·Hcg

N2 ·D1

= 3.5×0.53×48

2×26
= 1.712 kips. (6.2.25)

Median Seismic Demand in H2 Direction

In the transverse direction, under seismic excitation, the seismic loading due to transverse

excitation is also transferred to the supports, exerting tension and shear forces in the

anchor bolts, as shown in Figure 6.11. Shear force is induced in all the anchor bolts in all

the supports evenly. For a single bolt, the shear force is

VH2 = W ·aH

N1 ·N2

= 3.5×0.53

2×2
= 0.464 kips. (6.2.26)

The moment induces tension forces in the anchor bolts at 2 locations, as shown in Figure

6.11. For the critical anchor bolts, the tension is

NH2 =
W ·aH ·Hcg

N1 ·D2

= 3.5×0.53×48

2×44
= 1.012 kips. (6.2.27)

Median Demand in Vertical Direction

In the vertical direction, under seismic excitation, the inertial force of the tank due to vertical

acceleration aV = 0.259g is transferred to the support as pure tension force, without shear

force. All anchor bolts share the seismic load evenly so that the tension force is

NV = W · aV

N1 ·N2

= 3.5×0.259

2×2
= 0.227 kips. (6.2.28)

When the bolts are in tension, the dead load of the electric cabinet also exerts forces in the

anchor bolts. All the bolts share the dead load evenly as

NDL = −W

N1 ·N2

= −3.5

2×2
= −0.875 kips. (6.2.29)

Combination of Seismic Demand from Three Directions

100-40-40 percent combination rule is used to combine the maximum responses from the

three earthquake components calculated separately (USNRC, 2006). To combine the effect

of the three earthquake components on the critical anchor bolt, first assuming that the H1
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direction controls and then assuming that the H2 direction controls. It is obvious that the

vertical direction will not control; thus this case is not considered further.

1. H1 direction controls

• Tension force in the critical anchor bolt is

NH1 = NH1 + 0.4 NH2 + 0.4 NV

= 1.0×1.712 + 0.4×1.012 + 0.4×0.227 = 2.208 kips. (6.2.30)

• Shear force in the critical anchor bolt is

VH1 =
√

(VH1)
2 + (0.4VH2)

2 =
√

0.4642 + (0.4×0.464)2 = 0.50 kips. (6.2.31)

2. H2 direction controls

• Tension force in the critical anchor bolt is

NH2 = NH2 + 0.4 H1 + 0.4 NV

= 1.0×1.012 + 0.4×1.712 + 0.4×0.227 = 1.787 kips. (6.2.32)

• Shear force in the critical anchor bolt is

VH2 =
√

(VH2)
2 + (0.4VH1)

2 =
√

0.4642 + (0.4×0.464)2 = 0.50 kips. (6.2.33)

The tension and shear demand of the electric cabinet are summarized in Table 6.7. It is

easily to find that the H1 direction is the controlling direction.

Table 6.7 Median Tension and Shear Demand of Electric Cabinet

Controlling Direction Shear Force (kips) Tension Force (kips)

H1 0.50 2.208

H2 0.50 1.787

6.2.3.3 Structural Capacity Analysis

It is assumed that the cabinet itself was designed to be seismically robust. As in Section

6.2.3.1, anchorage capacity is controlled by the bolts and not by the cabinet base. According
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to EPRI-NP-6041-SL (EPRI, 1991a) and ACI 349-06 (ACI, 2007), median shear and tension

capacities of an anchor bolt are obtained as

VST = 0.65×1.0×7.14 = 4.64 kips,

NST = 0.75×0.95×6.87 = 4.89 kips. (6.2.34)

6.2.3.4 Median Seismic Capacity

Since anchor bolts are subjected to tension and shear simultaneously, a tension-shear

interaction relationship, as shown in Figure 6.12, is used (EPRI, 1991b).

1.0

1.0

V
Vm

N
Nm

0.3

Bilinear Interaction Approach

Figure 6.12 Interaction relationship of tension and shear

To determine the median strength factor, two regions in Figure 6.12, i.e., pure tension

region and shear/tension region are considered.

• Pure tension region

The median strength factor is given by

F
S1, m

= C − DNS

DS +1CS

= NST − NDL

NH1

= 4.89 − (−0.875)

2.208
= 2.61. (6.2.35)

• Shear/Tension region

The median strength factor is given by

F
S2, m

= C−DNS

DS +1CS

=
VST −0.7

VST

NST

NDL

VH1 +0.7
VST

NST

NH1

=
4.64 − 0.7× 4.64

4.89 ×(−0.875)

0.50 + 0.7× 4.64
4.89 ×2.208

= 2.66.

(6.2.36)
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It shows that, the controlling failure mode is pure tension failure of the critical anchor bolt

in H1 direction. Hence median strength factor FS, m is equal to 2.61.

In this example, foundation-soil interaction effect is not considered. Recall that fun-

damental frequencies in two horizontal directions are the same, thus horizontal direction

peak response variability does not need to be considered. In addition, response spectrum

analysis method is applied to calculate structural response of the cabinet. Therefore, me-

dian response factor FRS, m is equal to 1. Neglecting inelastic energy absorption effects, i.e.,

Fµ = 1.0, median factor of safety Fm is thus given by

Fm = Fµ ·FRS, m ·FS, m = 1.0×1.0×2.61 = 2.61. (6.2.37)

Finally, median seismic capacity of the electric cabinet in terms of PGA is

Am = Fm ·ARLE = 2.61×0.30 g PGA = 0.783 g PGA. (6.2.38)

6.2.3.5 Logarithmic Standard Deviations

Logarithmic standard deviations for basic response and capacity variables and taken in

accordance EPRI-TR-103959 (EPRI, 1994). It is noted that damping and frequency uncer-

tainties need to be converted to be uncertainties on spectral accelerations in horizontal and

vertical directions.

❧ Damping

Assume the median damping for the electric cabinet is 5% and the damping at the −1σ

level is 3%. The uncertainty βU in ground response spectrum due to uncertainty in

damping is obtained from the ground response spectra with ζ =5% and 3% damping

values.

• In horizontal direction:

βU = 1
∣
∣−1

∣
∣

ln
SA( F =8 Hz, ζ =3%)

SA( F =8 Hz, ζ =5%)
= ln

0.632g

0.533g
= 0.17. (6.2.39)

• In vertical direction:

Since SA( FV) returns to PGA, damping uncertainty in vertical direction has no

effects on the response spectral acceleration value.
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6.2 numerical example for emergency coolant injection system

❧ Frequency

• In horizontal direction:

Since F H =8 Hz in two horizontal directions, the uncertainty βU in modal

frequency is 0.10 for simple equipment models, according to EPRI-TR-103959

(EPRI, 1994). Around 8 Hz, spectral acceleration increases when frequency

increases. Hence, at the 1σ level, the frequency is 8 ·e0.10 =8.84 Hz. Therefore,

the uncertainty βU in spectral acceleration in the horizontal direction due to

modal frequency variation is

βU = 1

1
ln

SA( F =8.84 Hz, ζ =5%)

SA( F =8 Hz, ζ =5%)
= ln

0.55g

0.53g
= 0.03. (6.2.40)

• In vertical direction:

Since spectral acceleration around FV = 50 Hz returns to PGA, frequency un-

certainty in vertical direction has no effects on SA( FV).

Table 6.11 (the third and fourth columns) enumerates the logarithmic standard devi-

ations for all basic variables. The approximate second-moment procedure is applied to

calculate variability of F due to basic variables, as shown in Table 6.11 (the sixth and

seventh columns).

6.2.3.6 Seismic Fragility Curves and HCLPF Seismic Capacity

Seismic fragility curves of the cabinet are shown in Figure 6.13. In addition, one can obtain

HCLPF seismic capacity of the cabinet as

CHCLPF = Am e(βR+βU)8
−1(0.05) = 0.782×e−1.6449(0.19+0.43) = 0.283g PGA. (6.2.41)

It can be seen that, HCLPF seismic capacity of the cabinet is smaller than ARLE =0.3g

PGA even if site-specific UHS is chosen as RLE. Based on HCLPF Max/Min method, HCLPF

seismic capacity of the ECI system is equal to HCLPF seismic capacity of the cabinet, which

does not satisfy seismic margin requirement.

To more accurately estimate seismic capacity of the cabinet, weighting seismic fragility

analysis has to be performed.
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6.2 numerical example for emergency coolant injection system

Table 6.8 The Variability of F due to Response and Capacity Variables

Case Variable Randomness Uncertainty F β

0 Base Case Variable at median 2.61

Response Variables Variable at median plus 1σ F1σ βR βU

1 Vertical component response SA( F V) e0.34 2.57 0.015

2 Cabinet frequency SA( F H) e0.03 2.53 0.03

3 Cabinet damping SA( F H) e0.17 2.20 0.17

4 Cabinet mode shape SA( F H) e0.10 2.37 0.10

5 Cabinet mode combination SA( F H) e0.10 2.37 0.10

6 Earthquake component combination
Abs. Sum

at 2.3σ
2.22 0.16

Capacity Variables Variable at median minus 1σ F−1σ βR βU

7 Anchor bolts
VST e−0.34

NST e−0.47
1.78 0.38

SRSS Combination βR βU

0.19 0.43

βC 0.47

6.2.4 Weighting Seismic Fragility Analysis for Electrical Cabinet

In this Section, weighting seismic fragility curves of the cabinet are developed based on

vector-valued PSHA (VPSHA) and seismic fragility analysis considering vector-valued

GMPs (VGMPs).

6.2.4.1 Weights of Input GRS

Since the fundamental frequencies of the cabinet in two horizontal directions are both

equal to F H =8 Hz, two GMPs, i.e., SA( F H) and PGA, are chosen as VGMPs. VPSHA is

performed to calculate mean annual rate density of SA( F H)
∣
∣PGA. The lower and upper
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Figure 6.13 Seismic fragility curves of the electric cabinet

bound values are 0.05g and 2.5g for PGA, and 0.1g and 5g for SA( F H). Both PGA and

SA( F H) are uniformly discretized into 100 intervals in logarithmic scale.

Mean annual rate density of SA( F H)
∣
∣PGA at three PGA values are shown in Figure

6.14. Given a PGA value, the weights of input GRS with spectral values of SA( F H) can be

determined by equations in Chapter 4. Changing the spectral value of SA( F H) from 0.1g

to 5g, the weights for all input GRS intervals can be obtained, as shown in Figure 6.15.

6.2.4.2 Seismic Fragility Analysis considering VGMPs

Since two GMPs are used, a great number of input GRS are needed to be defined as input

GRS (see Figure 6.16). In the following, conditional probability of failure of the cabinet

given an input GRS, as shown in Figure 6.16, is calculated for example.

Seismic Demand Analysis

Table 6.9 summarizes spectral accelerations at frequencies in three directions. Median

tension and shear demand of the cabinet are determined and summarized in Table 6.10. It

is easy to find that H1 direction is the controlling direction.
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Figure 6.16 An example of horizontal input GRS

Table 6.9 Spectral Values at Frequencies in Three Directions

Direction Frequency (Hz) SA (g)

H1 8 0.8

H2 8 0.8

Vertical 50 0.865×0.6 = 0.519

Table 6.10 Median Tension and Shear Demand of Electric Cabinet

Controlling Direction Shear Force (kips) Tension Force (kips)

H1 0.754 3.377

H2 0.754 2.743

Median Ratio Factor

To determine the median strength factor given the input GRS, two regions, i.e., pure tension

region and shear/tension region are considered.

• Pure tension region

The median strength factor is given by

F
S1, m

= C − DNS

DS +1CS

= NST − NDL

NH1

= 4.89 − (−0.875)

3.377
= 1.71. (6.2.42)
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6.2 numerical example for emergency coolant injection system

• Shear/Tension region

The median strength factor is given by

F
S2, m

= C−DNS

DS +1CS

=
VST −0.7

VST

NST

NDL

VH1 +0.7
VST

NST

NH1

=
4.64 − 0.7× 4.64

4.89 ×(−0.875)

0.754 + 0.7× 4.64
4.89 ×3.377

= 1.74.

(6.2.43)

It shows that, the controlling failure mode is pure tension failure of the critical anchor bolt

in H1 direction. Having obtained median strength factor FS, m = 1.71, median ratio factor

Rm(0.6, 0.8) given the input GRS can be determined by

Rm(0.6, 0.8) = Fµ ·FRS, m ·FS, m = 1.0×1.0×1.71 = 1.71. (6.2.44)

Logarithmic Standard Deviations

The approximate second-moment procedure is applied to calculate variability of ratio factor

R due to basic variables. The variability from basic variables are enumerated in Table 6.11.

Determination of Seismic Fragility

Having obtained median ratio factor Rm and logarithmic standard deviations βR and βU ,

given the input GRS, conditional probability of failure p
F, q

(

0.6, 0.8
)

, at confidence level

Q = q, can be determined by

p
F, q

(

0.6, 0.8
∣
∣Q=q

)

= 8

{
ln

(

1/Rm

)

+ βU8
−1(q)

βR

}

. (6.2.45)

In applications, confidence level Q is usually taken as discrete values. Taking confidence

level Q = 95% for example, p
F, q

(

0.6, 0.8
∣
∣Q = 0.95

)

is given by

p
F, q

(

0.6, 0.8
∣
∣Q=0.95

)

= 8

{
ln(1/1.71)+ 0.43×8−1(0.95)

0.19

}

= 0.821. (6.2.46)

When composite variability is used, composite (mean) seismic fragility p
F, C

(

0.6, 0.8
)

is

calculated as

p
F, C

(

0.6, 0.8
)

= 8

{
ln

(

1/Rm

)

βC

}

= 8

{
ln(1/1.71)

0.47

}

= 0.128. (6.2.47)
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Table 6.11 The variability of R due to Response and Capacity Variables

Case Variable Randomness Uncertainty R β

0 Base Case Variable at median 1.71

Response Variables Variable at median plus 1σ R1σ βR βU

1 Vertical component response SA( F V) e0.34 1.67 0.02

2 Cabinet frequency SA( F H) e0.03 1.66 0.03

3 Cabinet damping SA( F H) e0.17 1.44 0.17

4 Cabinet mode shape SA( F H) e0.10 1.55 0.10

5 Cabinet mode combination SA( F H) e0.10 1.55 0.10

6 Earthquake component combination
Abs. Sum

at 2.3σ
1.45 0.16

Capacity Variables Variable at median minus 1σ R−1σ βR βU

7 Anchor bolts
VST e−0.34

NST e−0.47
1.16 0.38

SRSS Combination βR βU

0.19 0.43

βC 0.47

Development of Seismic Fragility Surfaces

Defining input GRS with spectral acceleration values at three frequencies from other inter-

vals of spectral domain, and repeating the procedure for calculating conditional probability

of failure values result in a family of seismic fragility surfaces, as shown in Figure 6.17.

6.2.4.3 Weighting Seismic Fragility Curves

Having obtained the weights of input GRS and seismic fragility surfaces, the weighting

seismic fragility in terms of PGA, at confidence level Q=q is determined by

p̄
F, q
(s0) =

100
∑

I1= 1

[

p
F, q

(

s
(I1)

1 , s0

)

·w
(

s
(I1)

1
6 s1 6 s

(I1+1)

1

∣
∣ s0

)
]

, (6.2.48)
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Figure 6.17 Seismic fragility surfaces of SA( F H) and PGA

where I1 =100 is the number of intervals of SA( F H).

When composite variability is used, weighting mean seismic fragility is calculated as

p̄
F, C
(s0) =

100
∑

I1= 1

[

p
F, C

(

s
(I1)

1 , s0

)

·w
(

s
(I1)

1
6 s1 6 s

(I1+1)

1

∣
∣ s0

)
]

, (6.2.49)

where p
F, C

(

s
(I1)

1 , s0

)

is mean seismic fragility given the input GRS.

Changing PGA values from lower bound of 0.05g to upper bound of 2.5g results in

weighting seismic fragility curves, as shown in Figure 6.18. The conventional seismic

fragility curves of the cabinet in Section 6.2.3 are plotted together with the weighting

curves. It shows that the weighting median seismic capacity of the cabinet has 76.2%

increase, i.e., from 0.782g PGA to 1.378g PGA. In addition, HCLPF seismic capacity of the

cabinet, as shown in Figure 6.19, has 31.5% increase (from 0.283g PGA to 0.372g PGA).

Both results indicate that weighting seismic fragility analysis method can more accurately

estimate median and HCLPF seismic capacity of the cabinet.
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Figure 6.18 Seismic fragility curves of the electric cabinet based on two methods
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6.2.5 HCLPF Seismic Capacity of ECI System

As in Section 6.2.1, manual valve V, pump system and injection line are screened out. From

the reduced fault tree in Figure 6.7, water tank T and electric cabinet S are connected by

a “OR” gate. Based on HCLPF Max/Min method, the smaller one of HCLPF capacities of

these two components is taken as HCLPF seismic capacity of the ECI system.

Detailed seismic fragility analysis is performed for calculating HCLPF seismic capacities

of these two components. The results are presented as follows:

❧ Current seismic fragility analysis is performed

• NUREG spectrum is chosen as RLE

HCLPF seismic capacity of water tank is less than screening level ARLE of 0.3g

PGA. Therefore, ECI system does not meet seismic margin requirement.

• Site-specific UHS is chosen as RLE

HCLPF seismic capacity of water tank exceeds 0.3g PGA, while HCLPF seismic

capacity of electric cabinet is less than 0.3g PGA. Hence ECI system does not meet

the seismic margin requirement.

It shows that the ECI system cannot meet seismic margin requirement based on

current method.

❧ Current and weighting seismic fragility analysis are performed

• Current seismic fragility analysis (site-specific UHS is chosen as RLE) is performed

to calculate HCLPF seismic capacity of the water tank, and

• weighting seismic fragility analysis is conducted to determine that of the electric

cabinet.

The results show that HCLPF seismic capacities of the water tank and cabinet both

exceed 0.3g PGA, thus the ECI system finally meets requirement.

It can be seen that combining current and weighting seismic fragility analysis methods

can more accurately estimate HCLPF seismic capacity of the ECI system so that get rid of

unnecessary redesign cost of the cabinet.
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6.3 summary

6.3 Summary

In this Chapter, Seismic Margin Assessment (SMA) is introduced first. In current SMA,

HCLPF seismic capacities of these SSCs are defined as input in analysis. HCLPF Max/Min

method is then applied to determine plant HCLPF seismic capacity.

Accurate HCLPF seismic capacity estimates of “weak link” structures, systems, and com-

ponents (SSCs) are crucial in evaluating plant HCLPF seismic capacity. An improved SMA

procedure is firstly proposed for this purpose:

❧ weighting seismic fragility analysis is performed for “weak link” SSCs, and

❧ current seismic fragility analysis is conducted for less important SSCs.

This ensures that more accurate plant seismic capacity is obtained while computational cost

is acceptable.

HCLPF seismic capacity of a simplified emergency coolant injection (ECI) system is

evaluated as an example. Water tank and electric cabinet are assumed to be “weak link”

SSCs. Current and improved SMA procedures are conducted separately for the ECI system:

1. Current SMA procedure is performed

Current seismic fragility analysis is performed to determine HCLPF seismic capacities

of the water tank and cabinet. The results show that HCLPF seismic capacity of the

water tank exceeds screening level of ARLE =0.3g PGA, while HCLPF seismic capacity

of the cabinet is less than 0.3g PGA.As a result, the ECI system does not satisfy seismic

margin requirement.

2. Improved SMA procedure is performed

Weighting seismic fragility analysis method is conducted for the cabinet, while current

seismic fragility analysis is performed for the water tank. The results show that HCLPF

seismic capacities of the water tank and cabinet are both greater than 0.3g PGA, thus

the ECI system meets seismic margin requirement. The improved procedure effectively

gets rid of unnecessary redesign cost for the cabinet.

The improved SMA procedure should be used to more accurately estimate plant HCLPF

seismic capacity so that redesign cost for “weak link” SSCs is effectively reduced.
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7C H A P T E R

Conclusions and Future Research

Seismic fragility analysis has been widely used to evaluate seismic capacities of structures,

systems, and components (SSCs) in nuclear power plants (NPPs). The seismic capacity is

represented by seismic fragility curves or a High Confidence and Low Probability of Failure

(HCLPF) seismic capacity, in terms of a single ground-motion parameter (GMP) such as

peak ground acceleration (PGA). Due to the use a single GMP, problems are observed in

engineering applications. This study aims to develop weighting seismic fragility analysis

method that overcomes the problems in current method thus achieves more accurate plant

seismic capacity and seismic risk estimates. Major contributions for this purpose and future

research are presented.

7.1 Mean Annual Rate Density Distribution

Seismic hazard represented by a Review Level Earthquake (RLE) is defined as seismic input

in seismic fragility analysis. In current engineering practice, site-specific uniform hazard

spectrum (UHS) is recommended to be defined as RLE. This study investigates the problems

due to the use of UHS as RLE:

1. In the generation of UHS, logarithmic spectral accelerations at any two frequencies are

fully correlated, thus the aleatory randomness in earthquake response spectra is not

properly captured.
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7.2 investigation of problems in seismic fragility analysis

2. Spectral shape of UHS at a specified seismic hazard is chosen as spectral shape of RLE,

hence ground motion intensity effect is not considered.

Vector-valued GMPs (VGMPs) are introduced to resolve above problems. The correla-

tions among VGMPs are properly considered in characterizing earthquake response spectra.

In two-dimensional case, for example, SA( F =5 Hz) and PGA are chosen as VGMPs. Vector-

valued PSHA (VPSHA) is firstly used to calculate mean annual rate density distribution,

which is represented by a set of curves given PGA values. The advantages of using mean

annual rate density distribution are presented:

1. Aleatory randomness in earthquake response spectra is properly captured

For a given PGA value, spectral values of SA( F ) yields a distribution instead of a

unique spectral value from UHS, accounting for aleatory randomness in SA( F ).

2. Ground motion intensity effect is considered

By taking PGA values from lower bound (e.g. 0.05g) to upper bound (e.g. 5g) values,

distributions of SA( F ) are calculated accounting for ground motion intensity effect.

3. Conservatism in the generation of UHS is effectively reduced

By introducing correlation coefficient between lnSA( F ) and lnPGA, conservatism in

predicting spectral value of SA( F ) for a given PGA value is reduced .

7.2 Investigation of Problems in Seismic Fragility Analysis

This study quantitatively investigates the influences of spectral shape of RLE and the use

of GMP on seismic capacity estimate of a horizontal heat exchanger. The results show

that both factors have noticeable effect on estimating HCLPF seismic capacity of the heat

exchanger:

1. Spectral shape influence

HCLPF seismic capacity (site-specific UHS is RLE) has 41.9% increase comparing to

that using NUREG/CR-0098 median rock response spectrum as RLE.

2. Use of GMP

HCLPF seismic capacity (average spectral acceleration S̄A between 5 and 10 Hz is

GMP) has 14.6% increase comparing to that using PGA as GMP.
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7.3 seismic fragility analysis considering vgmps

When performing current seismic fragility analysis for safety-related SSCs in NPPs that

are located in eastern North America, two recommendations are provided:

1. Site-specific UHS should be defined as RLE.

2. When a generic ground response spectrum (GRS) is chosen as RLE, average spectral

acceleration S̄A between 5 and 10 Hz should be taken as GMP.

7.3 Seismic Fragility Analysis considering VGMPs

This study firstly proposes seismic fragility analysis considering VGMPs method for achiev-

ing more accurate seismic capacity estimates of safety-related SSCs. The advantages of the

proposed method include that

❧ generate a large number of input GRS accounting for aleatory randomness in earth-

quake response spectra;

❧ efficiently generate floor response spectra using direct spectra-to-spectra method;

❧ efficiently calculate seismic demand by means of response spectrum analysis method;

❧ take account of multiple potential controlling failure modes in the development of

seismic fragility surfaces.

However, the results of seismic fragility analysis considering VGMPs are seismic fragility

surfaces in terms of VGMPs, which can not be directly used in Seismic Probabilistic Risk

Analysis (SPRA) and Seismic Margin Assessment (SMA).

7.4 Weighting Seismic Fragility Analysis

This study firstly proposes weighting seismic fragility analysis method for developing

weighting seismic fragility curves and HCLPF seismic capacities of safety-related SSCs

in terms of a single GMP. The key steps of the proposed method are presented as follows:

1. weights of input GRS are determined by mean annual rate density distribution;

2. seismic fragility in terms of VGMPs is obtained from seismic fragility analysis consid-

ering VGMPs;
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7.5 seismic probabilistic risk analysis considering vgmps

3. weighting process is performed for calculating weighting seismic fragility in terms of

a single GMP.

As a result, weighting seismic fragility curves and HCLPF seismic capacities of SSCs are

readily incorporated into SPRA and SMA.

7.5 Seismic Probabilistic Risk Analysis considering
VGMPs

This study further proposes SPRA considering VGMPs procedure for acquiring more accu-

rate seismic risk estimates of NPPs. The key elements of the proposed procedure include

❧ performing scalar PSHA to obtain seismic hazard curves for a specified GMP such as

PGA,

❧ conducting weighting seismic fragility analysis method to determine seismic fragili-

ties of safety-related SSCs in terms of the chosen GMP, and

❧ convolving seismic hazard and weighting seismic fragility to calculate annual fre-

quency of occurrence of an adverse consequence such as core damage accident.

In engineering applications, engineers can combine the use of current and weighting

seismic fragility analysis methods for calculating seismic capacities of SSCs in NPPs, i.e.,

❧ weighting seismic fragility analysis is performed for “weak link” SSCs, and

❧ current seismic fragility analysis is conducted for less important SSCs.

This can make sure that more accurate seismic risk estimates of NPPs are obtained while

computational cost is acceptable.

7.6 Improved Seismic Margin Assessment

In current SMA, HCLPF seismic capacities of SSCs are defined as input in subsequent

system analysis. HCLPF Max/Min method is applied to propagate these HCLPF seismic

capacities to determine the plant seismic capacity. It is recognized that, the plant seismic

capacity is contributed most from HCLPF seismic capacities of “weak link” SSCs.
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7.7 future research

This study firstly proposes an improved SMA procedure for determining more accurate

plant seismic capacity. The procedure includes that

❧ weighting seismic fragility analysis is performed for “weak link” SSCs, and

❧ current seismic fragility analysis is conducted for less important SSCs.

This ensures that more accurate plant seismic capacity is obtained while computational cost

is acceptable, so that the unnecessary redesign cost for “weak link” SSCs is saved.

7.7 Future Research

It is recognized that, reactor buildings are usually designed to locate on rock sites. For

some reasons, reactor buildings probably locate on soil sites. For this case, soil-structure

interaction (SSI) effect need to be addressed, because they would significantly influence

the seismic input at foundation level of these reactor buildings. In the proposed weighting

seismic fragility analysis method, however, SSI effect is not taken into account. In future

research, a direct spectra-to-spectra method considering SSI effect should be developed to

calculate ground response spectra for equivalent fixed-base structural model.
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