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Abstract: The installation of base isolation systems in nuclear power plants can improve their safety
from seismic loads. However, nuclear power plants with base isolation systems experience greater
displacement as they handle seismic loads. The increase in relative displacement is caused by the
installed base isolation systems, which increase the seismic risk of the interface piping system. It was
found that the failure mode of the interface piping system was low-cycle fatigue failure accompanied
by ratcheting, and the fittings (elbows and tees) failed due to the concentration of nonlinear behavior.
Therefore, in this study, the limit state was defined as leakage, and an in-plane cyclic loading test was
conducted in order to quantitatively express the failure criteria for the SCH40 6-inch carbon steel
pipe elbow due to low-cycle fatigue failure. The leakage line and low-cycle fatigue curves of the
SCH40 6-inch carbon steel pipe elbow were presented based on the test results. In addition, the limit
state was quantitatively expressed using the damage index, based on the combination of ductility
and energy dissipation. The average values of the damage index for the 6-inch pipe elbow calculated
using the force−displacement (P–D) and moment−relative deformation angle (M–R) relationships
were found to be 10.91 and 11.27, respectively.

Keywords: nuclear power plant; interface piping system; low-cycle fatigue; carbon steel pipe elbow;
limit state

1. Introduction

Following the Fukushima nuclear power plant accident in Japan, issues concerning the
seismic safety of nuclear power plants have been continuously raised [1,2]. In Korea, which
is located in regions with low to moderate seismicity, many opinions have been raised
that preparation for earthquakes is insufficient, and the country’s current seismic design
criteria are excessive. It is difficult to object to the opinion that seismic safety must be the
top priority in nuclear power plant design, because the ripple effect of seismic damage is
difficult to estimate. Therefore, priority must be given to securing seismic performance
against the worst case scenario for the seismic design of nuclear power plants in regions
with low to moderate and high seismicity [3,4].

In general, base isolation systems are most commonly used to reduce the seismic
force of earthquakes on large structures, such as bridges and buildings [5,6]. Base isolation
systems increase the natural period of a structure by separating the structure from the
ground, thereby reducing the vibration of the structure and improving its seismic perfor-
mance [7,8]. Thus far, base isolation systems have been recognized as the most reliable
seismic response systems because their seismic force reduction effect has been verified.
Although base isolation systems significantly contribute to seismic force reduction, the
seismic performance of structures with such systems must be re-evaluated as new systems
are added to such structures [9,10].
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The application of base isolation systems to nuclear power plants has been discussed as
an effective method for improving the seismic performance of nuclear power plants [11–13].
Such a method can improve the seismic safety of structures and systems in nuclear power
plants that require a seismic design for safe shutdown earthquakes (SSEs) or more intense
activity [14–16]. A wide range of studies on the method have been conducted because it
can also solve problems, such as the seismic characteristics of the nuclear power plant’s
installation site [17–19]. Base-isolated nuclear power plants include the Cruas Nuclear
Power Plant in France and the Koeberg Nuclear Power Station in South Africa [20,21].
Neoprene pads and reinforced elastomer pads were used for them, respectively. Both
power plants are of the pressurized water reactor type, and their SSE is 0.3 g. Several
studies have been conducted in order to apply base isolation systems to more nuclear
power plants. The U.S. Nuclear Regulatory Commission (NRC) conducted research in
order to prepare the technical standards for the application of base isolation systems to
nuclear power plants in the country [22]. The Japan Nuclear Energy Safety Organization
(JNES) constructed a full-scale model in which base isolation systems were applied to the
control room of a nuclear power plant, and a shaking table test was conducted in order
to evaluate the seismic stability of the model [23]. In Korea, various experimental and
analytical studies have been conducted on the application of base isolation systems to
Advanced Power Reactor 1400 (APR1400) in order to reinforce the safety of nuclear power
plants in the country [24,25].

The seismic design of the interface piping system, which is supported by structures
with and without base isolation systems, is necessary for the design of base-isolated nuclear
power plants. Under seismic loads, the interface piping system is deformed due to the
large relative displacement between the structures with and without base isolation systems.
The interface piping system undergoes an excited state due to the two structures with
different vibration characteristics [26]. Due to the occurrence of large relative displacement,
the interface piping system may not meet the required seismic performance if it is designed
in the same manner as the nuclear power plants without base isolation systems. For
the seismic design of the interface piping system, it is necessary to consider the degree
of stiffness that can accommodate the inertial force response caused by the different
characteristics of the structures with and without base isolation systems, as well as the
degree of flexibility that can allow a large relative displacement between the structures
caused by seismic loads.

In order to secure the seismic safety of the interface piping system, its seismic per-
formance must be verified, because the occurrence of a large relative displacement is
expected [27–29]. In general, the interface piping system consists of straight pipes and
fittings (elbows and tees). Previous studies have found that the failure mode of the interface
piping system is low-cycle fatigue failure accompanied by ratcheting and that the elements
that fail due to the concentration of nonlinear behavior are the fittings [30–33]. In order to
evaluate the probabilistic seismic safety of nuclear power plants, research was conducted
to define the quantitative failure criteria for the fittings of the interface piping system.

In nuclear power plants, a representative interface piping system, which connects base-
isolated structures to non-base-isolated structures, is the main steam line. Test specimens
were prepared by referring to the size of the main steam lines in the nuclear power plants
of Korea. Since it is difficult to conduct the low-cycle fatigue test for real-scale pipes due to
the size of the experimental site and limitations of the equipment, the limit state is assessed
by using pipes smaller than the real-scale pipes in most cases. It was found that a scale
model was more favorable for simulating the behavior of a prototype as the scaling factor
increased and that the behavior of a steel pipe prototype could be simulated well if the
scaling factor was 1:6 or higher [34]. In a previous study, the benchmark model of the
12-inch pipe elbow provided by NRC-BNL was considered as a prototype, and research
was conducted on a one-quarter scale 3-inch pipe elbow [26]. Since the target of this study
was pipes that are 30 inches or larger, the low-cycle fatigue test was conducted by using a
6-inch pipe elbow that could represent the behavior of real-scale pipes.
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The test specimen was fabricated by welding an SCH40 6-inch carbon steel pipe elbow
with an angle of 90 degrees to the straight pipes. An in-plane cyclic loading test was
conducted by using constant amplitudes in various magnitudes until the occurrence of a
leakage, which was the limit state of the test specimen. An image measurement system
was applied because of the difficulty of measuring the moment and the deformation
angle required to define the failure criteria using conventional sensors [33]. The low-cycle
fatigue life of the SCH40 6-inch pipe elbow was presented considering various loading
amplitudes. The damage index was calculated by using the force−displacement (P–D) and
moment−relative deformation angle (M–R) relationships, and the results were compared.
The damage indices for the P–D and M–R relationships confirmed that the limit state of
the test specimen could be quantitatively expressed. It was also found that the standard
deviations of the damage indices could express uncertainties about the capacity of the test
specimen and the input load.

2. Methods
2.1. Expeimental Set-Up

In an interface piping system with base isolation systems, the support, brittle con-
nections, and fittings are representative elements vulnerable to seismic loads. There is
no brittle connection in the piping system of the safety class of nuclear power plants [35],
and the support was not considered because it is usually constrained with a degree of
freedom in the finite element model for seismic safety assessment. Therefore, in this study,
the pipe elbow, which is a fitting, was selected as an element vulnerable to seismic loads.
A 90-degree long pipe elbow, which is a fitting in the interface piping system, and two
straight pipes were fabricated as the test specimen. The limit state of the pipe elbow under
low-cycle fatigue was evaluated as shown in Figure 1. The test specimen was fabricated by
welding straight pipes, whose length was approximately three times their outer diameter,
to both ends of the pipe elbow with a radius of curvature of 216.4 mm. The sufficiently long
straight pipes were connected in such a way that plastic deformation was concentrated
on the pipe elbow. For the test specimen, the straight pipes were ASME 6-inch SCH40 SA
106 Gr. B pipes, and the pipe elbow was an ASME 6-inch SCH40 A234 WPB pipe. The pipe
elbow had an outer diameter of 168.3 mm and a thickness of 7.11 mm. Connection jigs
with a Φ30 hole and a thickness of 25 mm were welded to both ends of the test specimen to
realize a pin connection. Each jig and the pins for connecting them were fabricated with
high precision to minimize tolerance and maximize the accuracy of the experiment.
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2.2. Test Procedure and Measurement

A shaking table test or cyclic loading test on the pipe elbow was used in the majority
of the experimental studies to evaluate the limit state of the piping under low-cycle fatigue.
These tests aim to provide data for updating the finite element model and failure criteria
for seismic performance assessment. The tests must be conducted by simulating the service
conditions as closely as possible, but the experimental conditions need to be simplified
due to the limitations in the experimental facilities and equipment. In general, leakage
is examined, and the influence of the internal pressure is considered in the experimental
studies in order to evaluate the limit state of the nuclear power plant piping system. The
inside of the pipe is filled with room temperature water and the internal pressure is applied
and maintained using a hydraulic machine [36–39].

In this study, a cyclic loading test with a constant amplitude was conducted until
leakage caused by through-wall cracks occurred in the pipe elbow of the test specimen. In
order to examine the leakage caused by the through-wall cracks, the interior of the test
specimen was filled with water prior to the test, and an internal pressure of 3 MPa was
applied using an air booster. The internal pressure was maintained during the test. In order
to minimize the experimental variables, loading was applied in the in-plane direction as
shown in Figure 2a to prevent the generation of the moment in the support and torsion
of the test specimen and to concentrate the nonlinear behavior on the pipe elbow at the
center of the test specimen. The loading amplitude was defined as ±40 mm or higher to
allow sufficient plastic behavior at the pipe elbow, and the in-plane cyclic loading test
was conducted by adding ±20 mm to consider the elastic–plastic behavior. Therefore, the
loading amplitude was increased by ±20 mm from ±20 to ±120 mm. For the in-plane
cyclic loading test, the 1000-kN universal testing machine (UTM) of the Seismic Research
and Test Center of Korea was used, and its maximum stroke was ±150 mm.
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Figure 2. Experimental set-up. (a) Test specimen installed in UTM. (b) Positions for measuring the moment and deformation
angle using the image measurement system.

Figure 2b shows the positions of the targets for the measurement of the loading
displacement using the UTM, as well as the moment and deformation angle of the test
specimen using an image measurement system. The image measurement system used
was a complementary metal-oxide-semiconductor (CMOS) camera (IMB-7050G, IMI Tech,
Gyeunggi-do, Korea) with a laptop for portability and easy installation. The CMOS camera
and laptop performed data transfers by using a universal serial bus (USB) connection.
In order to measure the moment, the loading displacement of the UTM and the applied
load were required. As shown in Figure 2b, the displacement measured with the image
measurement system and from the linear variable differential transformer (LVDT) installed
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inside the UTM were compared and synchronized by installing target1 on the jig for the
UTM connection [40,41]. In addition, the moment (M = p·d) was obtained by multiplying
the horizontal distance between target1 and target3 (the center of the elbow), d, by the load
measured from the load cell inside the UTM. The deformation angle was calculated by
assuming the coordinates of the pixels of target2, target3, and target4 to be straight lines, as
shown in Figure 2b. Images of 5472 × 3648 pixels were acquired at 2 frames per second by
using the image measurement system, and the UTM applied loading with displacement
control at a rate of 40 mm/min. The data acquisition rate was 10 Hz.

3. Test Results
3.1. Low-Cycle Fatigue Life

The seismic loads acting on the interface piping system had the characteristics of
relative displacement, and it was found that the elements that failed due to the concentra-
tion of nonlinear behavior were the fittings. Under seismic loads, the failure mode of the
pipe elbow, which is a fitting in the interface piping system, is low-cycle fatigue failure
caused by ratcheting behavior. Therefore, in this study, an in-plane cyclic loading test was
conducted in order to define the low-cycle fatigue life of the test specimen under seismic
loads from the M–R relationship. In the in-plane cyclic loading test, the failure mode of
the pipe elbow was the leakage caused by the through-wall cracks that occurred under
low-cycle fatigue. The leakage occurred at a position close to the inner curve of the pipe
elbow arch (intrados) in the crown of the pipe elbow, as shown in Figure 3. In addition,
Figure 3 shows that the leakage occurred at the pipe elbow of the test specimen due to the
through-wall cracks at loading amplitudes of ±20 mm and ±120 mm.
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The displacement behavior of a structure due to external loads is an indicator of
problems with the stability and performance of the structure. However, the use of such
an indicator is limited due to many practical difficulties that depend on the measurement
conditions. The image measurement system was applied in this study because it was
difficult to measure the displacement behavior of the test specimen using conventional
sensors. The deformed shape was calculated by using the coordinates of the pixels of the
targets in the test specimen. Figure 4 shows the original mode (before the test), the opening
mode (tension), and the closing mode (compression) calculated by using the measured
coordinates of the pixels. The deformed shape was calculated in the cycle immediately
before the occurrence of the leakage by assuming the coordinates of the pixels to be straight
lines. The deformed shape was found to be asymmetrical, as shown in Figure 4. Meanwhile,
Figure 5 shows the displacement response measured at each target in the test specimen
when the loading amplitudes were ±80 mm and ±120 mm.
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Figure 4. Deformed shape of the test specimen, measured using the image measurement system at each loading amplitude.
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Figure 5. Displacement response measured at each target in the test specimen. (a) Displacement response measured in the
case with a loading amplitude of ±80 mm. (b) Displacement response measured in the case with a loading amplitude of
±120 mm.

In Figure 5, target2 and target4, which are symmetrical points of the test specimen,
exhibited no significant differences in horizontal displacement but showed significant
differences in vertical displacement. Figures 4 and 5 confirmed that the change in geometry
in the vertical direction was larger in the upper part of the test specimen than in the
lower part.

Table 1 shows the number of cycles to failure, the average energy for one cycle, the
moment range, and the relative deformation angle range when the leakage occurred in the
pipe elbow of 12 test specimens at each loading amplitude in the in-plane cyclic loading
test. As shown in the table, the number of cycles to failure (Nf) ranged from 7.00 to
347.50 cycles. The average energy for one cycle ranged from 0.70 to 45.01 kN·m for P–D
and from 0.72 to 25.64 kN·m for M–R. The moment ranged from 66.60 to 135.11 kN·m, and
the relative deformation angle ranged from 0.066 to 0.419 rad. The average energy for one
cycle calculated from the P–D relationship and that calculated from the M–R relationship
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were found to have been similar, as their difference was less than 3%. Since the energy
for one cycle could determine the degree of plastic deformation, the low-cycle fatigue life
decreased as the energy for one cycle increased.

Table 1. Number of cycles to failure, average energy for one cycle, moment range, and relative deformation angle range.

Loading Amplitude
(mm)

Nf

Average Energy for One Cycle
(kN·m) Range

P–D M–R Difference
(%)

Moment
(kN·m)

Relative Deformation Angle
(Rad)

±20
347.50 0.70 0.72 2.02 72.36 0.066
318.00 0.88 0.86 1.86 66.60 0.067

±40
101.25 4.31 4.42 2.60 82.58 0.14
91.50 4.17 4.13 0.94 86.13 0.138

±60
42.25 8.77 8.77 0.04 98.29 0.204
41.25 9.12 9.03 1.01 100.83 0.205

±80
20.00 15.12 15.20 0.55 110.54 0.279
17.00 13.86 13.57 2.09 104.76 0.28

±100
12.00 19.81 20.22 2.09 121.09 0.35
15.00 21.00 21.61 2.87 129.48 0.346

±120
9.25 25.89 25.64 0.96 134.68 0.419
7.00 26.34 25.29 0.18 135.11 0.415

Figure 6 shows the hysteresis loops for the P–D and M–R relationships of a represen-
tative test specimen at each loading amplitude measured in the in-plane cyclic loading
test. The area of the hysteresis loop is the energy dissipated by plastic deformation. It was
confirmed that energy dissipation increased as the loading amplitude increased. In addi-
tion, Figure 6 confirms that the hysteresis loops for the P–D and M–R relationships were
asymmetrical, because the deformed shape of the test specimen had different behaviors in
the closing and opening modes.
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Figure 6. Hysteresis loops for the P–D and M–R relationships. (a) Hysteresis loop for the P–D
relationship. (b) Hysteresis loop for the M–R relationship.

The leakage line is the linear representation of the time at which leakage occurred
in the pipe elbow in the experiment results. In addition, the leakage line is used as
important data for the design and safety assessment of the pipe by identifying its fatigue
life, considering the size of the cyclic loading. Figure 7 shows the leakage line obtained
using the relationship between the moment range (MR) and the relative deformation angle
range (θR) in the low-cycle fatigue test. Equation (1) computes the average regression curve
by using the least squares method. In the equation, the coefficient of determination (R2) is
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0.98 or higher, which indicates a linear relationship between the moment range and the
relative deformation angle range.

MR = 186.27·θR + 58.38, R2 = 0.98 (1)
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Figure 7. Leakage line for the relationship between the moment range and the relative deformation
angle range.

In order to examine the low-cycle fatigue life of the test specimen, the low-cycle
fatigue curves for the moment range and the relative deformation angle range are shown
in Figure 8, according to the number of cycles to failure. Equations (2) and (3) compute
the relationships for the low-cycle fatigue life of the test specimen shown in Figure 7. The
low-cycle fatigue lives for the moment range and the relative deformation angle range were
found to be predictable by using Equations (2) and (3). The data following the leakage,
which was the failure mode of the test specimen, are represented by the low-cycle fatigue
curves in Figure 8. They exhibited very high reliability, as their coefficient of determination
was 0.94 or higher.

MR = 192.97N−0.18
f , R2 = 0.94 (2)

θR = 1.06N−0.44
f , R2 = 0.98 (3)
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3.2. Failure Criteria Evaluation

An element of an interface piping system that is vulnerable to seismic loads, a method
of simply and directly calculating the damage index for the limit state of the pipe elbow,
is required in order to analyze the probabilistic seismic fragility of the pipe elbow [26,42].
For the damage index calculated using the P–D relationship, the direction of the load that
acted on the pipe elbow in the experiment may not have coincided with the direction of
the load that acted on the pipe elbow in the finite element model of the interface piping
system. Analysis of the damage index calculated using the M–R relationship was simpler
than the analysis of the damage index calculated using the P–D relationship. Based on the
analysis results, the damage index of the pipe elbow could be directly calculated.

Failure was found to occur due to low-cycle fatigue accompanied by ratcheting in
the interface piping system, with the pipe elbow as the element that was vulnerable to
seismic loads. In this study, an attempt was made to quantitatively express the failure
criteria for the test specimen using damage indices. In order to examine the possibility
of quantitatively expressing the failure criteria for the test specimen using the M–R rela-
tionship, the damage index calculated using the M–R relationship was compared with
that calculated using the P–D relationship. Equations (4) and (5) compute the damage
indices of Banon by nonlinearly combining the ductility index and the energy dissipation
index [43,44]. Equation (4) computes the damage index for the P–D relationship, and
Equation (5) computes the damage index for the M–R relationship. The constants c and
d in Equations (4) and (5) were set as 3.3 and 0.21, respectively, based on the results of
previous studies [26,42].

In Equations (4) and (5), Dy is the yield displacement, Fy is the yield force, Di is
the displacement amplitude of the i-th cycle, Ei(P−D) is the energy dissipation for the
P–D relationship, My is the yield moment, θy is the yield relative deformation angle, θi is
the relative deformation angle amplitude of the i-th cycle, and Ei(M−R) is the energy
dissipation for the M–R relationship:

DP−D =

√√√√(max
(

Di
Dy

− 1
))2

+

(
N

∑
i=1

c
(Ei(P−D)

FyDy

)d
)2

(4)

DM−R =

√√√√(max
(

θi
θy

− 1
))2

+

(
N

∑
i=1

c
(Ei(M−R)

Myθy

)d
)2

(5)

In order to calculate Banon’s damage indices using Equations (4) and (5), the yield
point (Dy, Fy, My, θy), which is the limit load, must be defined. In a previous study,
the representative yield point of each test specimen was defined by using the tangent
intersection (TI) method in the mean regression curves of their first cycles [42]. For the TI
method, different yield points can be calculated depending on the method of defining the
tangent of the slope in the plastic region [45]. This indicates that the position of the yield
point may vary, depending on the subjective judgment of the engineer for the TI method.
Therefore, in this study, the yield point was defined by using the twice elastic slope (TES)
method as shown in Figure 9. In the ASME Boiler & Pressure Vessel Code, the collapse
load point is defined by using the TES method as the limit state of the piping and pressure
vessels [46]. A regression line was drawn in the elastic region of the P–D curve by using
the least squares method, and the resulting angle was referred to as θ. In addition, a line
was drawn with an angle Φ that became 2 tan θ using Equation (6). The point at which this
line met the P–D curve was the collapse load point:

Φ = tan−1(2 tan θ) (6)
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In a previous study, the yield point had one representative value, and it was applied
to all the test specimens in the same manner [42,45]. Banon’s damage index, however, is
based on the nonlinear combination of the ductility index and the energy dissipation index.
As a result, when one representative value is defined and used for the yield point, the
energy dissipation index becomes a variable for calculating the damage index. Therefore,
the yield point and the dissipated energy were calculated for each test specimen in order to
consider the influence of the material variability, fabrication error, and input load. Figure
10 shows the results of the application of the TES method to the loading amplitudes of
±20 mm and ±40 mm. The TES method was found to be applicable when the loading
amplitude was ±40 mm, as shown in Figure 10b, but not when the loading amplitude was
±20 mm, as shown in Figure 10a. Therefore, when the loading amplitude was ±20 mm,
the maximum value was used as the yield point, as shown in Figure 10a. When the loading
amplitude was ±20 mm, cumulative plastic deformation occurred when the yield load was
exceeded, but the behavior in the elastic–plastic region below the collapse load point was
observed. In addition, the collapse load point, which is the limit load for seismic design,
was found to have been exceeded when the loading amplitude was ±40 mm.
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Figure 10. Yield point calculation using the TES method. (a) TES method application for the P–D and M–R relationships at a
loading amplitude of ±20 mm. (b) TES method application for the P–D and M–R relationships at a loading amplitude of ±40 mm.

Figure 11 shows the damage indices calculated by using the P–D and M–R relation-
ships at each loading amplitude. Here, the distribution of the damage index represented
the uncertainty about the capacity of each test specimen and the uncertainty about leakage,
which was the actual failure at each loading amplitude. The damage indices for each
loading amplitude were located within ±2σ (the standard deviation) of the average line.
Table 2 further shows the damage indices calculated using the P–D and M–R relationships
for each loading amplitude. It shows a difference of 1.33–9.84% between the damage index
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calculated using the P–D relationship and that calculated using the M–R relationship and a
difference of approximately 5% between the average value of the damage index calculated
using the P–D relationship and that of the damage index calculated using the M–R relation-
ship. In Table 3, the standard deviations for the damage indices calculated using the P–D
and M–R relationships are shown as 0.82 and 0.66, respectively. It will be possible to use
the standard deviation of the damage index in order to consider damage uncertainty when
seismic fragility analysis is conducted. These confirm that the damage indices calculated
using the P–D and M–R relationships for each loading amplitude converged at a certain
level. The standard deviations of the damage indices calculated for each loading amplitude
were less than 0.9, which indicates that the average values of the damage indices could be
used as representative values to express the leakage caused by the through-wall cracks. In
this study, the average value of the damage index was presented as a representative value
to express leakage. Engineers, however, will be able to select and use such representative
values as the median value, maximum value, and minimum value, other than the average
value of the damage index, depending on the purpose. Tables 2 and 3 show that the
average damage indices calculated using the M–R relationship were located within ±2σ
of the average damage indices calculated using the P–D relationship. This indicates that
there were high correlations between the damage indices calculated using the P–D and
M–R relationships. It was confirmed that the damage indices calculated using the P–D
and M–R relationships quantitatively expressed the leakage of the test specimen caused by
through-wall cracks.
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Figure 11. Damage indices for the P–D and M–R relationships. (a) Damage index for the P–D relationship. (b) Damage
index for the M–R relationship.

Table 2. Damage indices calculated by using the P–D and M–R relationships.

Loading Amplitude Damage Index
P–D M–R Difference (%)

±20
11.66 11.81 1.33
12.28 12.57 2.31

±40
11.90 12.38 3.93
11.35 11.89 4.55

±60
11.20 11.76 4.75
11.30 11.70 3.47

±80
9.92 10.70 7.26

10.34 11.06 6.47

±100
9.83 10.42 5.60

10.42 11.02 5.50

±120
10.82 11.62 6.84
9.95 11.01 9.84

Average 10.91 11.50 5.06
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Table 3. Statistical information on the calculated damage indices.

Statistical Data
Damage Index

P–D M–R

average 10.91 11.27
median 11.03 11.39

maximum 12.28 12.44
minimum 9.83 10.17
variance 0.62 0.47

standard deviation 0.82 0.66
average + 2·σ 12.49 12.65
average − 2·σ 9.33 9.89

4. Conclusions

In this study, the low-cycle fatigue life of the SCH40 6-inch carbon steel pipe el-
bow in the interface piping system of nuclear power plants under seismic loads was
presented using the moment–relative deformation angle (M–R) relationship. In addition,
the failure criteria for leakage, which was the limit state, were quantitatively expressed
using the damage indices that could consider the ductility and energy dissipation for the
force–displacement (P–D) and M–R relationships.

The in-plane cyclic loading test was conducted by applying an internal pressure of
3 MPa to the SCH40 6-inch carbon steel pipe elbow in order to present the low-cycle fatigue
life of the pipe elbow for the M–R relationship. The loading amplitude was increased by
±20 mm from ±20 to ±120 mm so as to consider the relative displacement generated in
the interface piping system under seismic loads. The test was conducted until leakage,
which was the limit state of the pipe elbow, occurred as a result of through-wall cracks.
Leakage occurred at a position close to the inner curve of the pipe elbow arch in the crown
of the pipe elbow, and through-wall cracks propagated from the inside to the outside
and in the axial direction. Based on the test results, the highly reliable leakage line and
low-cycle fatigue curves were presented by using the relationships between the moment
range, relative deformation angle range, and number of cycles to failure.

The failure criteria for the SCH40 6-inch carbon steel pipe elbow were quantitatively
expressed by using the damage indices that could consider the combination of ductility
and energy dissipation. The average values of the damage indices calculated using the P–D
and M–R relationships were found to be 10.91 and 11.27, respectively, thereby showing
a difference of approximately 5%. Therefore, when the seismic response of the piping
system is analyzed using the finite element model, it will be possible to reduce the analysis
procedure by applying the damage index that uses the M–R relationship rather than the
damage index that uses the P–D relationship, which makes it difficult to specify the load
acting on the pipe elbow. In addition, all the damage indices for each loading amplitude
were confirmed to have been located within ±2σ (the standard deviation) of the average
line. Moreover, the standard deviations for the damage indices calculated using the P–D
and M–R relationships were found to be less than 0.9. This confirmed that the damage
indices calculated using the P–D and M–R relationships can quantitatively express the
failure criteria for the limit state of the 6-inch carbon steel pipe elbow. In particular, the
standard deviation of the damage index can be used as a coefficient that expresses the
uncertainty about damage when the seismic vulnerability of steel piping is analyzed.

The leakage line and low-cycle fatigue curves of the SCH40 6-inch carbon steel pipe
elbow presented in this study are expected to be used as basic data for predicting the
low-cycle fatigue life of the interface piping systems in nuclear power plants. The damage
indices calculated using the P–D and M–R relationships may be used as quantitative failure
criteria that can express leakage, which is the limit state of the pipe elbow required for
reliable seismic fragility analysis. In addition, it will be possible to quantitatively define
variability in the damage index, considering the size effect of the 6-inch carbon steel pipe
elbow through a comparison with the results of the previous studies conducted on the
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3-inch carbon steel pipe elbow. This will make it possible to estimate damage to real-scale
pipe elbows from the results of small-sized pipe elbows.
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Abbreviations

APR1400 Advanced Power Reactor 1400
CMOS Complementary metal-oxide-semiconductor
JNES Japan Nuclear Energy Safety Organization
LVDT Linear variable differential transformer
NRC Nuclear Regulatory Commission
SSE Safe shutdown earthquake
TES Twice elastic slope
TI Tangent intersection
USB Universal serial bus
UTM Universal testing machine
Di Displacement amplitude of i-th cycle
DM−R Damage index for M–R relationship
DP−D Damage index for P–D relationship
Dy Yield displacement
Ei(M−R) Dissipated energy of i-th cycle by M–R relationship
Ei(P−D) Dissipated energy of i-th cycle by P–D relationship
Fy Yield force
M–R Moment–relative deformation angle
MR Moment range
My Yield moment
Nf Number of cycles to failure
P–D Force−displacement
R2 Coefficient of determination
θ Angle
θi Relative deformation angle amplitude of i-th cycle
θR Relative deformation angle range
θy Yield relative deformation angle
σ Standard deviation
Φ tan−1(2 tan θ)
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