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Abstract

Seismic Integrity Characteristics of
Uncracked and Through Wall
Circumferential Cracked Pipes
under Beyond Design Basis Earthquake

Yeji Kim
School of Energy System Engineering
The Graduate School

Seoul National University

With technological improvements in design and construction, the
magnitude of safety shutdown earthquake (SSE) is increasing for several
new nuclear power plants (NPPs). However, in recent years we have
witnessed a few prominent examples of beyond design basis events near
nuclear power plants (NPPs), including the Fukushima in Japan and the
North Anna in U.S.A.. As a follow-up to the Fukushima accident, old NPPs
in EU and Korea are being subjected to stress tests to evaluate the integrity
of their safety shutdown function under extreme conditions. In this
procedure, the potential magnitude of an earthquake is reevaluated through a
probabilistic approach. In light of these, it is becoming difficult to ignore the

probability of earthquake exceeding the design basis.

Furthermore with the expected evolution of cracks in pipes of NPPs, it
has become very important to monitor the integrity of the plant structure. In

particular, in weldments of piping in the pressurized water reactor (PWR)



primary system, such as pressurizer surge line nozzles, cracks are likely to
initiate and grow with time owing to various environmental effects.
Presently, certain non-destructive examination methods are applied for
detecting such cracks in pipes; however, these can only be applied at 10
years of the inspection period. In addition, to avoid the unnecessary
replacement of components, the American Society of Mechanical Engineers
Boiler and Pressure Vessel (ASME B&PV) Code Sec. Xl specifies an
allowable flaw size. Although we noted that some unexpected cracks were
detected. Therefore, from a long-term viewpoint, it is essential to consider

cracks in pipe analysis.

Toward this end, the present thesis focuses on seismic analysis for
uncracked and cracked pipes to understand the dynamic behavior of the

structure under a beyond design basis earthquake.

According to the ASME B&PV Code Sec. Ill, a pipe under seismic
loading is subjected to two types of loads: the seismic inertial moment (Ms)
due to vibration and the seismic anchor motion moment (Msam) due to
relative displacement between multiple anchors. The response spectrum
analysis can be used to calculate Ms, and seismic anchor motion analysis
can be used to calculate Msam. These analyses are general procedures, but
they can be used to provide the values of these two loads separately. In
contrast, a time history analysis can be used to consider two loads
simultaneously and provide a more realistic solution. This study aimed to (i)
understand the characteristics of each method and then (ii) compare the
dynamic behavior of uncracked and cracked pipes using time history

analysis using ABAQUS that is a commercial finite element analysis tool.



First, an uncracked pipe was analyzed using general seismic analysis and
time history analysis to understand the characteristics of each method. It was
found that time history analysis generally produced a less conservative

solution.

Then, various conditions were considered in cracked pipe analysis—pipe
length, crack position, and excitation mode. The crack was simulated using
“hinge element” which is one of connector element in ABAQUS. It was
confirmed that the applied load on the pipe can decrease by 4-70% owing to

cracks; however, it is difficult to find a clear trend that can explain all cases.

Additional computations were performed using a simplified model and
conditions, and a qualitative interpretation of the complicated cracked pipe
analysis result was performed. The main factors that can affect the change in
the safety margin under seismic load are (i) the magnitude of the effect of a
crack evolution on the change in stiffness and (ii) the relation between the

natural frequency of the structure and the applied vibration.

Since the Fukushima accidents the evaluation of the structural integrity
of NPP pipings is moving from a deterministic approach to a probabilistic
analysis. To calculate the probability of pipe rupture, the exact prediction of
the dynamic behavior of a pipe under particular conditions may be a key
point. Therefore, the ultimate application of this thesis results is defined to

provide complete measures for probabilistic fracture mechanics.

Key words : Seismic analysis of pipe, Beyond design basis earthquake, Time
history analysis, Circumferential through-wall cracked pipe, Seismic inertial
moment, Moment due to seismic anchor motion

Student number : 2012-20994
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Chapter 1 Introduction

1.1 Beyond design basis earthquake, and the follow-up

Recent years have witnessed a few prominent examples of beyond-
design-basis events near nuclear power plants (NPPs). Of these, the
Fukushima accident in March 2011 is, of course, the most well-known.
Previously, in July 2007, Tepco’s Kashiwazaki Kariwa NPP was struck by
the Niigata Chuetsu-Oki earthquake, which had a peak ground acceleration
of 0.68g. More recently, in August 2011, the North Anna NPP was struck by
an earthquake with a peak ground acceleration of 0.255¢g, which was much
higher than its design basis of 0.18g. Earthquakes accompanied by tsunamis
exceeding the design criteria have struck NPPs both with and without

adverse effects(lan).

After March 2011, efforts began in Europe to prevent unexpected
damage to an NPP. As a follow-up to the Fukushima accident, old NPPs
were subjected to stress tests to evaluate the integrity of their safety
shutdown function under extreme conditions. These stress tests involved
four steps: (i) seismic hazard analysis, (ii) accident sequence analysis, (iii)
seismic fragility evaluation, and (iv) seismic margin evaluation(F. Godefroy,
2012).

In this procedure, the potential magnitude of an earthquake is considered
through a probabilistic approach(KINS, 2013; Reed et al., 1991). For

example, for the Wolsung 1 plant in Korea, a 0.3g earthquake having a



probability less than 10 per year was considered in the stress test, whereas
the design basis earthquake is 0.2g (Korea Hydro & Nuclear Power
Company, 2013). Then, after assuming a hypothetical accident scenario that
can affect the core integrity, a seismic fragility assessment is performed for
the components under this scenario(U.S. Nuclear Regulatory Commision,
2009, 2012a). In light of the risks of ignoring the probability of earthquakes
exceeding the design basis, | believe that it is also essential to evaluate the

safety margin of pipes in the event of a beyond design basis earthquake.

1.2 Nondestructive evaluation of cracks in pipes in old
NPPs

With the expected extension of the life of NPPs, it has become very
important to monitor the integrity of the plant structure. In particular, in the
weldment of piping in the primary system, such as surge line nozzles, cracks
are likely to occur owing to various environmental effects. Presently, some
non-destructive examination methods are available for detecting such
cracks; however, these can only be applied after 10 years of the inspection
period(Yoon et al., 2013). Furthermore, to avoid the unnecessary
replacement of components, the American Society of Mechanical Engineers
Boiler and Pressure Vessel (ASME B&PV) Code sec. XI specifies an
allowable flaw size (ASME). If the detected crack size is smaller than the

allowable size, plant operation can continue until the next inspection period.

However, this approach has some drawbacks. First, some unexpected

cracks were detected. The probability of detecting cracks whose depth is



less than 20% of the pipe thickness is very high(Selby & Harrington, 2009).
Furthermore, the crack growth rate is considered and duly weighed when
calculating the allowable flaw size. However, we have noted the detection of
cracks that far exceed the allowable criteria, including through-wall
thickness cracks(Gorman, Hunt, Riccardella, & White, 2009). In addition,
the allowable flaw size according to the ASME B&PV Code sec. Xl is
calculated from the load applied on the uncracked pipe, and this may
produce an excessively conservative result. Therefore, dynamic behavior

analysis of a cracked pipe is urgently required.

1.3 Objective

With improvements in design and construction technologies, the
magnitude of safety shutdown earthquake(SSE) is increasing in several new
NPPs. In addition, the operational life of NPPs are being extended beyond
60 years in countries with mature nuclear technology. As mentioned above,
it is imperative that the probability of beyond design basis earthquakes not

be neglected anymore.

Toward this end, the present study focuses on seismic analysis for
uncracked and cracked pipes to understand the dynamic behavior of the NPP

structure under beyond design basis earthquakes.
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Chapter 2 Literature Review

This section presents a review of references and related materials as a
step toward defining the main problem. First, several criteria and standards
regarding seismic effects on the structure of an NPP are examined. Then
based on the outcomes and limitations of previous studies, the problem

definitions and research design are determined.

2.1 Seismic loading

2.1.1 Loading type

A pipe under seismic loading is subjected to two types of loads: the
seismic inertial moment (Ms)) due to vibration and the seismic anchor
motion moment (Msam) due to relative displacement between multiple
anchors. The maximum values of the two loads calculated from finite
element analysis are used in the stress analysis and then reflected in the
seismic design of the structure if the stress does not exceed the allowable

criteria.

The moment due to the earthquake is divided into two parts although
both moments are applied simultaneously based on the ASME B&PV Code.

According to sec. Il of this code, an earthquake exceeding the safety



shutdown earthquake is classified as Level D operation condition, and the
seismic moment can be divided into two types. Each type has criteria
pertaining to the allowable stress limit, as given by the respective equations

below.

B2 8,2 M, <305,
2t 21

C, % <6.0S,

where B: and B> denote the primary stress indices; P and | denote the design
pressure and moment of inertia, respectively; Do and t denote the outside
diameter and nominal wall thickness of the pipe, respectively; M, denotes
the seismic inertial moment; and Msam denotes the moment due to seismic
anchor motion(ASME).

Because Ms; is only due to vibrations, if a perfectly uniform excitation is
applied to the structure, it will experience only Ms. However, in practice, a
structure is subjected to nonuniform excitations, and therefore, Ms; and

Msawm are applied simultaneously.

2.1.2 Characteristics of major load

The ASME code sec. Ill specifies criteria to classify the stress in
consideration of the failure mode. Ms, induces primary stresses that are
produced by external loads such as pressure and dead weight. This type of
stress can induce plastic collapse because once plastic deformation begins, it

continues till the failure of the structure.



Msam can cause secondary stresses that are generally produced by
thermal gradients or structural dislocation. The standards for secondary
stress are generally less strict than those for primary stress because the
secondary load tends to dissipate as the system deforms through
yielding(ASME).

However, we have noted that because seismic loading is a repeated load,
unexpected seismic anchor motions have a greater probability of causing
pipe failure than the seismic inertial moment (Nam, Bae, Huh, & Kim,
2011), as though the secondary stresses can cause fatigue fractures.
Therefore, for analyzing the pipe behavior, nonuniform excitation cases are

very important.

2.2 Seismic analysis of pipes

2.2.1 General analysis procedure

Using a general analysis procedure, Msam and Ms; can be obtained
separately as shown in Figure 2.1. There are two steps, the containment
building has to be preceded before pipe analysis because movement at
particular points of the building would represent the motion of the anchors

that support the pipes.

The seismic response of the containment building can be obtained from

time history analysis using the time history of the ground acceleration as the



input. The response output includes not only the acceleration response but

also the velocity and displacement responses.

Using these results of the containment building analysis, the seismic
analysis of the pipe can be conducted by various methods. First, the
response spectrum converted from the time history of acceleration can be
used for response spectrum analysis to calculate the inertial moment (Ms)).
The moment due to the relative displacement between multiple anchors

(Msawm) can be determined using the displacement time history.

2.2.2 Time history analysis

In the seismic analysis, we can use the acceleration time history for an
analysis called the time history analysis. This method can provide a more
practical result because both moments are considered simultaneously.
However, it is very time-consuming. In addition, the ASME B&PV code
does not specify any criteria pertaining to the summation of two loads, and

therefore, this method is not a general one.

2.3 Experimental analysis of dynamic behavior of pipe u
nder seismic loading

Some previous studies have focused on the behavior of a pipe under

seismic loading. In Japan, JNES used a 1/3 scale recirculation pipe and



applied uniform excitation using a single shaking table (Suzuki & Kawauchi,
2008; Suzuki, Kawauchi, & Abe, 2006). This test was one of the most
advanced ones in that the pipe had cracks and simulated components were
included. However, only the seismic inertial moment was considered in this

test.

Recently, a pipe integrity experiment under nonuniform excitation was
conducted at Pusan National University (Seo, 2013). In this experiment, two
shaking tables were used; however, this experiment is limited to the case of

an uncracked pipe, and analytical studies were not performed.

2.4 Computational analysis of dynamic behavior of pipe
under seismic loading

The Engineering Mechanics Corporation of Columbus (EMC?)
analytically verified JNES’s experiment. They simulated a crack using a
connector element, which is a contact component in ABAQUS. They found
that pipe failure can be well predicted when using a low cycle fatigue model.
However, for the same reason, only the seismic inertial moment is
considered(Zhang et al., 2010).

EMC? used the same analytical method to evaluate the margin of leak
before break of main steam line of the Atucha Il NPP. Their results showed
that the critical crack size under a design basis earthquake is 94% of the

circumference for a through-wall crack. When 33% of the circumference



cracks, pipe rupture occurs when the magnitude of the applied earthquake is
25g(Wilkowski et al., 2011; Zhang et al., 2012, 2013). Considering that the
magnitudes of the design basis earthquakes of almost NPPs are 0.2-0.3g, the
piping systems already have very high safety margin against earthquakes.
However, this analysis was restricted to a few pipe geometries, and therefore,

various other pipe geometries and load conditions should be considered.

In summary, a computational analysis of uncracked and cracked pipes in
consideration of nonuniform excitation that can cover both seismic inertial
and seismic anchor motion moments can be of great importance. The next
chapter provides details about the problem definition and rationale of this

study.
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Figure 2.5 Modeling of Atucah Il nuclear power plant for seismic
analysis(Wilkowski et al., 2011)
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Chapter 3 Research Design

3.1 Problem definition and goals

As mentioned above, recent events such as the Fukushima accident have
led to an increased need for understanding the dynamic behavior of pipes
under seismic loading. As a continuation of previous studies, the cracked
pipe behavior under nonuniform excitation in consideration of the seismic

anchor motion must be analyzed.

According to the ASME B&PV code, the load due to the earthquake
applied to a structure can be classified into two types (Msi, Msam), and each
value can be calculated by general seismic analysis. However, this method
only provides the maximum value of the moment under a particular
condition, and it is not appropriate for understanding the dynamic behavior
history of a structure. In contrast, time history analysis can provide a more
realistic and full-time solution, and therefore, the first objective of this study

is to understand the characteristics of time history analysis.

The second objective of this study is a comparison between the dynamic
behavior of uncracked and cracked pipes using time history analysis. This
analysis can provide an understanding of the effect of cracks on the behavior

of a pipe under dynamic loading.

15



3.2 Seismic analysis scheme

A general seismic analysis procedure involves two main steps:
containment building analysis and pipe analysis. The results of containment
building analysis for each floor, which represent the motion of the anchors,
can be used as the input for pipe analysis. Sections 3.3 and 3.4 describe the

details of each analysis method.

To achieve the first objective mentioned above, response spectrum
analysis, seismic anchor motion analysis, and time history analysis were
conducted for an uncracked pipe. Only time history analysis was conducted
for a cracked pipe, the results of which were compared with those for the

uncracked pipe. All calculations were performed using ABAQUS v6.12.

3.3 Seismic analysis of containment building

3.3.1 Model

The analysis model was based on the geometry and material properties
of OPR-1000. Although its building height is 66 m, a region from the base
up to a height of 27.5 m, where all the piping systems are located, was
focused upon. The building was fabricated from post-tensioned concrete,

and the damping of the entire building was 5%.

The building contains primary and secondary walls and slabs where

16



components are linked or supported. However, it was simulated without
these walls and slabs for simplifying the analysis. S4R, a shell element in
ABAQUS, was applied. Figure 3.2 and Figure 3.3 show the geometry and

mesh model of the building analysis.

3.3.2 Input data

In seismic design and structural analysis, the acceleration of an artificial
earthquake is actually used. However, in this case, the acceleration history
of the EI Centro earthquake, which has vibrations of various frequencies, is
used for the analysis("El Centro Earthquake Vibrationdata,"). All history
data for three 3 orthogonal directions—one vertical and two horizontal—

were used; the data points of each history have a spacing of 0.02 s.

According to the regulatory guide, the earthquake acceleration time
history should be sufficiently long (U.S. Nuclear Regulatory Commision,
2007b, 2007c). The time history used in this study was 53.4 s long with a

peak occurring at ~6 s, as shown in Figure 3.4.

3.3.3 Output : data generated for pipe analysis

Because the earthquake acceleration was applied to the base floor of the
building, the higher the position, the greater is the response at each floor.
For a conservative structural analysis, the response data of the bottom (0a)

and the top (5a) of the pipe region was selected. Figure 3.5 to Figure 3.7

17



show example results of the containment building analysis. The data points

of the output history have a spacing of 0.01 s.

Figure 3.5 shows the displacement at each position for seismic anchor
motion analysis. As shown in Figure 3.6, the relative displacement between
two positions is very small compared with each displacement, even though
the distance between the two positions is 27.5 m. Figure 3.7 shows the

acceleration time history, which can be used in time history analysis.

For the response spectrum analysis, the acceleration time history should
be converted into the frequency domain, which is called the response
spectrum. Some modifications are needed before structural analysis (U.S.
Nuclear Regulatory Commision, 1978), namely, the broadening and
widening of peaks. Originally, the raw spectrum has many peaks, as shown
in Figure 3.8; however, to account for uncertainties in the structural
frequencies and material properties, the peak value should be broadened by
a particular frequency range. In this analysis, +10% of frequency was

applied as the broadening range.

3.4 Seismic analysis of pipe
3.4.1 Response spectrum analysis

This method is used to calculate the seismic inertial moment (Ms)) in the

ASME B&PV Code. The anchors at each end of the pipe were fixed, and the
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response spectrum was applied. One response spectrum was used for the
uniform excitation case, and an enveloped spectrum obtained by taking the

maximum values from the two spectrums was used for the nonuniform case.

Hundred natural frequency values were extracted, and the modal
responses were combined by the square root of the sum of squares (SRSS)
method according to the regulatory guide 1.92(U.S. Nuclear Regulatory
Commision, 2012b).

3.4.2 Anchor motion analysis

By applying different displacement time histories of the building to each
anchor, static analysis was conducted to calculate the moment due to
seismic anchor motion (Msawm). The duration of the time history was 30 s
and the spacing was 0.01 s, and the maximum applied moment was chosen

as Msam.

3.4.3 Time history analysis

A 30-s-long acceleration time history of the building was applied to the
anchors of the pipe. One and two acceleration time histories were applied to
each anchor for the uniform and nonuniform excitation case, respectively.
To avoid the nonconvergence of the solution owing to the initial value of the

acceleration, the initial velocity was set up.
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Figure 3.3 The modeling of containment

building
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Table 3.1 Properties of containment building

Material Post-tentioned concrete
Density 2.4 g/mm?®
Young’s Modulus (E) 30400.8 MPa
Poisson's ratio 0.17
Damping ratio 5%
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Chapter 4 Seismic Behavior of Uncracked Pipe

4.1 Purpose of analysis

First, the uncracked pipe was analyzed based on the result of the
containment building analysis described in chapter 3. As mentioned above,
two types of load (Ms; and Msawm) are applied to the structure in the event of
an earthquake, and the ratio of the two moments can vary depending on the
geometry of the pipe. One of the representative variables of the geometry of
the pipe is its length. Thus, the first purpose of the uncracked pipe analysis
is to compare the contribution of the Ms; and Msam depending on the pipe
length using the response spectrum analysis and seismic anchor motion

analysis.

In addition, a comparison of the general analysis procedure that provides
the values of Ms; and Msam separately and the result of the time history
analysis that can consider two loads simultaneously was used to understand
the characteristics of the each analysis. This is used in the next chapter to

compare with the cracked pipe analysis.

4.2 Input and setup

4.2.1 Geometry and element
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A simple straight pipe was assumed to understand the circumstances
clearly. Four pipe lengths were considered—5, 10, 15, and 20 m—to
determine the effect of pipe length and geometry. The pipe was simulated by

using a two-node beam element in ABAQUS.

4.2.2 Material

The pipe model used was 12-inch schedule 160 and fabricated from TP
316 Stainless steel, which is the most common type used for the branch line

in the primary system.

To account for the water inside the pipe, the revised density was used.
When we assume the mass of the pipe that has 323.8-mm diameter and

33.3-mm thickness with the water, the density is 9.71 g/cm®.

4.2.3 Damping

The damping ratio was 4%, and the damping coefficient followed the
Rayleigh damping model as explained in regulatory guide 1.61(U.S. Nuclear
Regulatory Commision, 2007a).

4.2.4 Setup

The nonuniform excitation case should be considered to account for the

condition in which both Ms; and Msauw are applied to the structure
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simultaneously. In the response spectrum analysis, the enveloped response
spectrum was used, and the two anchors were fixed. For the seismic anchor
motion analysis and time history analysis, the two displacement and
acceleration time histories were applied to each anchor, and five degrees of

freedom (except the vibration direction) of the anchors were constrained.

4.3 Contribution of Ms; and Msam

Figure 4.2 and Figure 4.3 show the contributions between Ms; and Msam
for each pipe length. The X-axis represents the normalized distance from
anchor 1 and the Y-axis, the normalized moment. Each moment was

normalized by the maximum value of (Msi + Msawm) for each pipe length.

For the inertial moment, the curve has a W shape with the maximum
values at both anchors. When we consider that this data is the absolute
value, it is observed that the shape of the curve is similar to the shape of
the first mode vibration. As shown in Figure 4.3, Msawm is lowest at the

center of the pipe.

The seismic inertial moment is induced by vibrations, and therefore, it
can be linked closely with the natural frequency of the structure or the
stiffness. Table 4.2 shows that as the pipe length increases, the natural
frequency of the pipe decreases, and this means that the long straight pipe
can vibrate easily. The response spectrum analysis result shows good

agreement with this statement. On the other hand, a pipe that has greater
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stiffness can be affected by the difference between the displacement of the
two anchors, and therefore, the contribution of Ms, of the 5-m pipe is the

largest.

4.4 Characteristics of general analysis and time history
analysis

The result of the time history analysis is indicated in Figure 4.4 to Figure
4.7 by a blue line. The black lines in each graph represent the Ms; (W shape)
and Msam (V shape). For a 15- and 20-m pipe whose inertial moment is
dominant, the curve of the time history result resembles the response
spectrum analysis result. When the MSAM is dominant (5-m pipe), the time

history analysis curve is similar to the seismic anchor motion analysis result.

For the sake of comparison, the summation of Ms; and Msawm is plotted
as a red dash line, although there are no criteria pertaining to the summation
of two moments in the ASME B&PV code. The value of the time history
analysis is always less than that of the summation, indicating that the
general analysis method is more conservative. However, as in the 5-m case,
conservatism could decrease when the moment due to the seismic anchor

motion is very dominant.
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12 inch sch. 160 Straight Pipe
Anchor Anchor2
acc.0a acc. ba
Seismic I— Seismic
Figure 4.1 Modeling of uncracked pipe
Table 4.1 Properties of uncracked pipe
Pipe length 5m, 10m, 15m, 20m
Outer diameter 323.8 mm
Nominal thickness 33.3mm
Number of nodes 100
Density 9.71 g/cm®
Damping ratio 4%
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Table 4.2 Natural frequency of uncracked pipe

MODE Natural Frequency
No. 5m 10 m 15m 20m
1 58.91 15.282 6.8407 3.8577
2 153.41 41.451 18.718 10.589
3 281.62 79.601 36.342 20.644
4 423.31 128.36 59.361 33.889
5 433.56 186.4 87.437 50.206
6 602.19 211.65 120.19 69.458
7 782.39 252.41 141.1 91.489
8 846.51 325.14 157.23 105.83
9 970.58 403.48 198.14 116.14
10 1164.2 423.26 242.52 143.23
11 1269.5 486.44 282.17 172.6
12 1361.5 573.19 290.01 204.06
13 1561 634.75 340.23 211.63
14 1692.2 663 392.86 237.45
15 1761.8 755.28 423.17 272.61
16 1963.1 846.09 447.59 309.36
17 2114.4 849.52 504.13 317.38
18 2164.4 945.3 562.24 347.57
19 2365.2 1042.2 564.06 387.08
20 2536.2 1057.2 621.69 423.05
21 2565.2 1140 682.26 427.76
22 2764 1238.5 704.82 469.47
23 2957.3 1268.1 743.78 512.11
24 2961.1 1337.3 806.08 528.61
25 3024.3 1436.2 845.4 555.56
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with general analysis procedure — 5-m pipe

37



Normalized Max. Moment

Oaba, Pipe Length : 10m

1.0 ,

T T T
‘ —o— G|
——SAM ; -
- = S|+SAMJ

|=—TH

0.0 0.2 0.4 0.6 0.8

Normalized Distance from Anchor-1

Figure 4.5 Comparison of time history result

with general analysis procedure — 10-m pipe

38



Normalized Max. Moment

0 Oaba, Pipe Length : 15m
. I .

Normalized Distance from Anchor-1

Figure 4.6 Comparison of time history result

with general analysis procedure — 15-m pipe

39



Normalized Max. Moment

0 Oaba, Pipe Length : 20m
- T

T T T T
- —o— 8l 1
—— SAM :

: — — SI+SAM}
08F% TH
06 |-

04
0.0
0.0 0.2 04 0.6 0.8

Normalized Distance from Anchor-1

Figure 4.7 Comparison of time history result

with general analysis procedure — 20-m pipe

40




Chapter 5 Seismic Behavior of Cracked Pipe

5.1 Purpose of analysis

In the previous chapter, the characteristics of the time history analysis
were compared with the general analysis procedure. Using this time history
analysis method, the calculation of both uncracked and cracked pipes was
performed and compared. This chapter aims to understand the dynamic
behavior of the cracked pipe under seismic loading. Then, the effect of the
crack on the pipe behavior depending on the different conditions can be

observed.

5.2 Input and setup

5.2.1 Geometry and element

The geometry and element used to describe the pipe region except for
the crack was the same as that for the uncracked pipe. A hinge, which is one
of the three node connectors in ABAQUS, was applied for simulating the
crack based on the study conducted by EMC?2. The crack length was 1 mm,

and a 50% circumferential through-wall crack was assumed.
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The first node (Position A) where the applied moment is largest and the
center of the pipe (Position B) where the applied moment is low were
selected as the crack position to understand the position of the crack effect

on the pipe behavior.

5.2.2 Material

The material was also the same as in the uncracked pipe case, TP 316
stainless steel. In addition, the mass of the connector is needed to avoid the
mass matrix error. The connector mass was 295¢g because the crack length

was 1 mm.

5.2.3 Damping

The damping ratio was 4%, and the damping coefficient followed the

Rayleigh damping model as in the uncracked pipe case.

5.2.4 Setup

One (uniform excitation) or two (nonuniform excitation) acceleration
time histories were applied to the anchors, but these were multiplied by the
scale factor to control the loading applied at the crack. Because the
uncracked pipe analysis was linear, the scale factor was derived by the ratio

of the expected moment to the applied moment at the crack position on the
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uncracked pipe. The scale factors used are listed in Table 5.2 and Table 5.3.

5.3 Description of cracked pipe behavior

5.3.1 Connector element

Connector elements are used for modeling physical connections. A hinge,
one of the connector elements in ABAQUS, provides a revolute connection
between two nodes(SIMULIA).

5.3.2 Behavior of connector element

The original use of the connector element is to simulate connect
structures such as the hinge of a door, joint, etc. Therefore, some
assumptions and techniques are required to make the connector element

behavior similar to that for the cracked pipe.

First, one connector element was placed so that the pipe could be bent
toward the crack open direction. However, if the pipe bends toward the
crack close direction, it is difficult for the solution to converge owing to the
contact problem. Therefore, one more connector element was used to limit

the crack close. The arrangement of the two elements is shown in Figure 5.3.

Then, to make the compliance of connector element match with the

cracked pipe, fracture mechanics analysis using a 3D solid element was
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conducted as shown in Figure 5.5. A pipe having the same diameter with a
50% circumferential through-wall crack was subjected to four-point bending.
The moment-rotation curve is shown in Figure 5.6. The X-axis represents
the additional rotation due to the crack, and it was calculated by subtracting
the rotation of the uncracked pipe from the total crack of the cracked pipe.

This curve was used as the connector element behavior.

A pipe with a through-wall crack undergoes crack opening, crack tearing,
and, ultimately, complete pipe failure. Therefore, the moment-rotation curve
has elastic, plastic, and damage moment regions, and these three parts are all
considered in the study conducted by EMC? (Zhang et al., 2010). Actually,
the load capacity of the cracked pipe should decrease during the crack tears;
however, simulating these circumstances is very difficult. Therefore, only
elasticity and plasticity were reflected in this thesis, with the assumption that
the pipe can fail when the applied load reaches the limit load. As shown in
Figure 5.6, the limit load of the 50% circumferential through-wall cracked

pipe is 236 kN. For plasticity, an isotropic hardening rule was selected.

5.4 Decrease of applied load at crack position due to cr
ack

Figure 5.8 and Figure 5.9 show the time history analysis results for the
uncracked and cracked pipes. The load capacity at the crack position

deceases by a large ratio in the crack pipe, and this can cause an increase in
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the applied moment at the other part of the pipe. Generally, it is observed

that the decrement increases with the applied load.

Figure 5.10 to Figure 5.12 summarize the moment decrement for each
condition. The X- and Y-axes represent the applied moment at the crack
position of the uncracked and the cracked pipe, respectively. Therefore, the
closed the graph gets to y = x, the less is the behavior of the pipe affected by

the crack.

5.4.1 Depending on pipe length

As mentioned in chapter 2, the seismic inertial moment due to the
vibration belongs to the primary load. This means that Ms; continues
without reference to how many plastic deformations occur. Therefore, it can
be expected that a long pipe could be less affected by the crack than a
shorter pipe. On the contrary, in a short pipe whose Msawm is dominant, there
could be a large difference between the uncracked and the cracked pipe in

terms of the applied load.

Similarly, it is apparent from Figure 5.10 that the 5-m pipe has the
largest ratio of load decrease. However, in the remaining cases, as the pipe
length increases (proportion of Ms increases), the load decrement increases
although Ms; is the primary load, whereas a 20-m pipe has a large
decrement of load. This indicates that if the primary and the secondary load
are applied simultaneously, the loads could be applied differently than the

general characteristics of loads.
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5.4.2 Depending on crack position

A comparison of the results depending on the crack position shows that
the load reduction ratio of the pipe with a crack near the anchor is greater
than that of a pipe with a crack near the center. This is closely related to the
applied load on the other part of the pipe. If a crack is located at position A,
plastic deformation of the crack occurs first. However, if a crack is located
at position B, the applied load on the other part is greater than at the crack
position, and therefore, the normal pipe can deform before crack
deformation. Then, the rotation at the crack can decreases. As a result, a pipe
with a crack near the center could be less affected than one with a crack near

the edge.

5.4.3 Depending on excitation mode

In terms of the excitation mode, there are large differences between the
cases of 10- and 20-m pipes. However, it is difficult to observe a clear
tendency between the two cases. The details about this will be dealt with in

discussion.

46
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Figure 5.1 Modeling of cracked pipe

Table 5.1 Properties of cracked pipe

Pipe length 5m, 10m, 15m, 20m
Outer diameter 323.8 mm
Nominal thickness 33.3mm
Number of nodes 101
Density 9.71 g/cm?®
Connector mass 2959
Damping ratio 4%
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Table 5.2 Acceleration scale factor: Crack position A

Applied load
(Ratio to limit load of

Acceleration scale factor

cracked pipe) 5m 10 m 15m 20m
350% 20.09 53.79 28.02 9.51
300% 17.22 46.11 24.02 8.15
250% 14.35 38.42 20.02 6.79
190% 10.91 29.20 15.21 5.16
160% - - - -
130% 7.46 19.98 10.41 3.53
100% - - - -
70% 4.02 10.76 5.60 1.90
50% - - - -
20% 1.15 3.07 1.60 0.54
Table 5.3 Acceleration scale factor: Crack position B
Applied load Acceleration scale factor
(Ratio to limit load of
cracked pipe) 5m 10 m 15m 20 m
350% - - - -
300% - 159.94 66.26 14.78
250% - 133.29 55.22 12.32
190% - 101.30 41.96 9.36
160% - 85.30 35.34 7.88
130% - 69.31 28.71 6.41
100% - 53.31 22.09 4.93
70% - 37.32 15.46 3.45
50% - 26.66 11.04 2.46
20% - 10.66 4.42 0.99




Figure 5.2 Connection type hinge(SIMULIA)

Figure 5.3 Arrangement of connector elements
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Figure 5.4 Modeling of through-wall cracked pipe using 3D solid element

for finite element analysis

Figure 5.5 Details of mesh of crack
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Chapter 6 Discussion

6.1 Model simplification

The cracked pipe analysis results confirm that the applied load on the
pipe can decrease by 4-70% owing to cracks; however, it is difficult to find
a clear trend that can explain all cases. Therefore, additional calculations

were performed using a simplified model and condition.

An elastic pipe was applied to exclude the effect of the plastic
deformation of a normal pipe. The acceleration time history at the top of
pipe region (5a) was used for both anchors to consider only the seismic
inertial moment (Ms)). Finally, the analysis was conducted using only the

pipe cracked at the edge (Position A).

Figure 6.1 shows the result of the additional analysis. It shows a clearer
trend except for the 20-m pipe. The main questions are (i) the tendency
depending on the pipe length except for the 20-m pipe and (ii) the reason

why the 20-m pipe is exceptional

6.2 Static analysis

Static analysis was first conducted to understand the effect of a crack on
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the entire piping system. Both anchors were fixed, and the distributed load

was applied to the entire pipe.

Because seismic loading is a repeated load, the effect of hardening is
very important. Therefore, a ramp load and sine wave load with three cycles
were applied. Figure 6.3 and Figure 6.4 show the result of static analysis. As

expected, the crack effect is largest when the pipe is short.

This can be understandable in terms of stiffness. The crack affected the
stiffness of the pipe, the degree of which increased with a decrease in the
pipe length. Therefore, the load capacity of the pipe decreased with its
length. This result may explain the tendency depending on the pipe length
except for the 20-m pipe.

In addition, considering that only Msjwas considered, if Msam is added
on the pipe, the applied load can decrease by a larger proportion for a
shorter pipe. This can explain the large difference between the 5-m pipe case

and others in Figure 5.10.

6.3 Quasi static analysis

As the connection between static and dynamic analysis, a modified static
analysis was conducted. The calculation method was basically the same as
that in the static analysis, and a distributed load was applied. However, the
load time history used as the input was derived from the dynamic analysis

result. Using the compliance of each pipe length with the crack, the
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equivalent distributed load can be obtained. The characteristics of the
dynamic analysis caused by the damping ratio or natural frequency of the
structure can partly be reflected in the analysis; we cannot consider this type

of analysis method to be a perfect static analysis.

Figure 6.5 shows the result of quasi static analysis. The 20-m pipe still
differs slightly from the trend; however, as noted in the previous paragraph,
this could be because this analysis has the characteristics of the dynamic
analysis. In comparison with Figure 6.1, there is a large difference from the
result of the 20-m pipe. This indicates that the result of the 20-m pipe is

related to the difference between the static and the dynamic analysis.

6.4 Time history of applied moment

Figure 6.6 and Figure 6.7 show the time history of the applied load for
each pipe length; the black and red lines represent the results of the
uncracked and the cracked pipes, respectively. A remarkable feature of this

graph is the fact that the 20-m pipe case shows the largest phase difference.

Dynamic analysis is a procedure used to solve the equation of
motion(Chopra, 1995), and therefore, the amplitude and phase of the
response can be influenced by the natural frequency of the structure.
Therefore, it is necessary to approach this problem in terms of the natural

frequency.
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6.5 Considering natural frequency

The natural frequencies of first and second mode vibrations are listed in
Table 6.1, and Figure 6.8 shows the response spectra converted from the

acceleration time history in the frequency domain.

The crack can reduce the stiffness of the pipe, leading to a decrease in
the natural frequency. The reduction ratios of the natural frequency of each
pipe are similar to each other within ~10%. However, as a result, the
structure can experience vibrations of different intensities. For example, in
the case of a 20-m pipe, the acceleration in accordance with the first mode
frequency of the uncracked pipe is ~1.8g whereas that of the cracked pipe is
~1.5g, with the difference being ~0.3g. However, the difference for other

pipes is less than 0.1g. This can explain why the 20-m pipe is exceptional.

As mentioned in section 5.4.3, this can be related to the difference
between uniform and nonuniform excitations. Although it is difficult to
determine the exact response spectra of the summation of two accelerations,
there exists several conjectures in this regard. In the frequency range where
the 1% mode frequency of the 20-m pipe exists, there exists a very rapid
peak relative to the other peaks. Therefore, Ms) of the 20-m pipe is sensitive
to the frequency distribution of the applied vibration. This explains why the
result of the 20-m pipe differs greatly between the uniform and nonuniform

excitation cases.
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In summary, the effect of cracks on the pipe behavior is mainly affected
by two factors. The first is the degree of influence of the crack on the
stiffness of the entire structure. The second is the relation between the
natural frequency of the structure and the frequency distribution of the
applied vibration. If the applied load is sufficiently large so that pipe can
deform in plastic way, the dynamic behavior of the pipe could become very

complicated.
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Max. Applied Moment on Cracked Pipe
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Figure 6.1 Tendency of decrease in applied moment at crack position

: Crack position A, uniform excitation, elastic pipe
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Applied Moment on the Cracked Pipe at Crack[kN-m]

300 Static Ramp Load 10m

250

200

150

100

50

0 " 1 . ] " ] . 1 "
0 200 400 600 800 1000

Applied Moment on the Uncracked Pipe at Crack Position[kN-m)]

Figure 6.3 Tendency of decrease in applied moment at crack position

: Crack position A, static ramp load, elastic pipe
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Max. Applied Moment on the Cracked Pipe at Crack[kN-m)]
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Figure 6.5 Tendency of decrease in applied moment at crack position

: Crack position A, quasi static excitation, elastic pipe
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Table 6.1 Natural frequency of pipe

Natural Frequency [Hz]

Pipe Uncracked Cracked
Length " mode 2" mode | 1“mode 2™ mode
om 58.91 153.41 51.328 140.45
10m 15.282 41.451 13.933 38.614
15m 6.8407 18.718 6.3884 17.702
20m 3.8577 10.589 3.6544 10.117
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Chapter 7 Conclusions and Future Work

7.1 Summary and findings

In this thesis, a seismic analysis of uncracked and cracked pipes was
conducted to understand the dynamic behavior of the structure under a

beyond design basis earthquake.

First, an uncracked pipe was analyzed using general seismic analysis and
time history analysis. The distributions of the seismic inertial moment,
which is calculated by response spectrum analysis, and the moment due to
seismic anchor motion, which can be obtained from seismic anchor motion
analysis, was confirmed depending on the pipe length. A comparison with
the time history analysis result indicated that time history analysis generally

provided a less conservative solution.

Various conditions were considered for cracked pipe analysis—pipe
length, crack position, and the excitation mode. It was confirmed that the
applied load on the pipe can decrease by 4-70% owing to cracks; however, it

is difficult to find a clear trend that can explain all cases.

In additional, a calculation using a simplified model and conditions and
a qualitative interpretation of the complicated cracked pipe analysis result
were performed. The main factors that can affect the change in safety
margin under seismic load are (i) the degree of the effect of a crack on the
change in stiffness and (ii) the relation between the natural frequency of the

structure and the applied vibration.
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7.2 Future work

This study dealt with the loading induced by a beyond design basis
earthquake. In the ASME B&PV Code, an operation service level D loading
includes several types, one of which is seismic loading. Of course both static
and dynamic loads are included, with their combination being of great
importance. It is necessary to consider the interactions of various types of
loads to obtain a more realistic solution. From this viewpoint, this study
mainly aims to conduct an advanced analysis using a more realistic

structural model and conditions.

The evaluation of the structural integrity of NPPs is changing from a
deterministic approach to a probabilistic analysis. Specifically, in the piping
system, it is essential to find a complete methodology to calculate the
probability of pipe rupture and then reduce this probability. In addition to
the applied load, many variables are considered in this process—material
property, flaw inspection probability, crack behavior, etc(U.S. Nuclear
Regulatory Commision, 2012c). To synthesize these variables, the exact
prediction of the dynamic behavior of a pipe under particular conditions
may be a key point. In addition, this can support a leak before break design.
Therefore, the ultimate application of this thesis result is defined to provide

complete measures for probabilistic fracture mechanics.
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