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a b s t r a c t

Maintaining the integrity of the major equipment in nuclear power plants is critical to the safety of the
structures. In particular, the soundness of the piping is a critical matter that is directly linked to the safety
of nuclear power plants. Currently, the limit state of the piping design standard is plastic collapse, and
the actual pipe failure is leakage due to a penetration crack. Actual pipe failure, however, cannot be
applied to the analysis of seismic fragility because it is difficult to quantify. This paper proposes methods
of measuring the failure strain and deformation angle, which are necessary for evaluating the quanti-
tative failure criteria of the steel pipe elbow using an image measurement system. Furthermore, the
failure strain and deformation angle, which cannot be measured using the conventional sensors, were
efficiently measured using the proposed methods.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In a nuclear power plant in which a seismic isolation device has
been installed, it is expected that there will be a considerable
displacement, which does not apply to the existing nuclear power
plants because the seismic load is managed by the seismic isolation
device. Therefore, in a piping system that connects the structures in
which a seismic isolation device has been installed and other
general structures, the plastic deformation can be concentrated in
specific parts, such as the elbows or tees, and cause piping failure.
Therefore, it is necessary to review the seismic safety of such a
piping system.

A seismic safety evaluation of the piping system of a nuclear
power plant is considered critical to the safety and operation of the
nuclear power plant. Experimental and analytical studies have
been conducted on piping systems to understand the possible
fragility during a seismic event and to define the limit state. A
shaking table was used to conduct a dynamic behavior analysis of a
piping system made from different materials, considering the
seismic load [1]. In the results, plastic deformationwas observed in

each pipe elbow. To analyze the dynamic behavior of a typical
piping system subjected to a seismic load, the Japan Nuclear Energy
Safety Organization (JNES) and the Nuclear Power Engineering
Corporation (NUPEC) conducted cyclic loading tests on pipe elbows
and shaking table tests on a piping system [2]. They conducted
experiments to confirm the design method and limit state, and the
experimental results indicated that the damage caused by the
seismic load to the piping system was a result of low-frequency
fatigue failure [3]. Overall, they determined the system to be safer
than the individual components owing to factors such as the load
redistribution [4].

Generally, the seismic safety review of a nuclear power plant
includes a probabilistic seismic fragility analysis. The results of such
ananalysis varydrastically by failure criteria, and as such, it is critical
to define the failure criteriawithwhich severe accidents are actually
expressed. Currently, the seismic design criteria for a piping system
can identify only plastic collapse and cannot detect a rupture or
leakage,which is the actual limit state. Therefore, the criteria cannot
sufficiently reflect a critical accident. For a more reliable seismic
fragility analysis, the definition of the limit state should be
expanded. To confirm the limit state of a piping system, one study
conducted an in-plane cyclic loading test at an elbow,which is oneof
the weakest points in the system. A crack was generated on the
inside of the pipe elbow and propagated in the axis direction [5]. In
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addition, hoop strain and low-cycle ratcheting fatigue damagewere
observed. The limit state of the pipe elbow can be defined by
calculating the damage index from the correlation between the load
and the displacement of the in-plane cyclic loading test.

As the design criteria and the experimental limit states do not
match, Organization for Economic Co-operation and De-
velopment's Nuclear Energy Agency (OECD-NEA) launched the
metallic component margins under a high seismic load (MECOS)
benchmark initiative as a technical interchange to quantitatively
evaluate the limit state of piping components and to include
rupture or leakage under high seismic loads [6]. Prior studies have
found the elbow to be a fragile element in the piping system with
its failure triggered by low-cycle ratcheting fatigue. As the cause of
failure is known, an analytical method can be used to anticipate the
occurrence of failures during experimental studies. Although a
damage or fatigue curve can be used to define the limit state of the
pipe elbow, the results cannot be easily used in the probabilistic
seismic fragility analysis. Therefore, this paper suggests amethod of
image signal processing to measure the failure strain and defor-
mation angle (momentetheta relation), which are necessary for
defining a reliable limit state.

To measure the strain and deformation angle, which influence
the deformation and damage of a structure, various reliable mea-
surement techniques have been studied: use of a conventional
sensor, numerical analysis using the finite element method, and
image analysis using digital image processing. Generally, strain is an
important factor in evaluating structural integrity. It is primarily
measured using contact-type methods such as the use of an electric
resistance strain gage. Such a sensor, however, is also sensitive to the
external environment. Moreover, it cannot be relocated or reused,
and it has a limited measurement range. Therefore, measuring a
large strain is difficult. Measuring the deformation angle of pipe
elbows, on the other hand, requires temporary installations for
making the approach feasible and for affixing the sensor, which is
not economical. In addition, as it is difficult to accurately install the
temporary facility, the reliability of the measurement is low.
Therefore, amethod formeasuring the strain and deformation angle
from a remote distance, without attaching any sensor, is called for.

In this study, we used an image measurement system to mea-
sure the failure strain and deformation angle of the steel pipe elbow
and the zero-normalized sum of squared differences (ZNSSD) to
measure the displacement, which is necessary for measuring the
strain of the steel pipe elbow. Furthermore, the second-order shape
functionwas used tomeasure the subpixels. In addition, tomeasure
the failure strain in the hoop direction of the steel pipe elbow, we
measured the average strain using the pixel-based displacement for
a square area marked on the steel pipe elbow. For line recognition,
which is needed tomeasure the deformation angle, the shape of the
steel pipe elbow was enhanced using image signal processing, and
the deformation angle was measured using the Hough transform of
the enhanced image. Finally, an in-plane cyclic loading test was
conducted to validate the method of measuring the failure strain in
the hoop direction and deformation angle using an image mea-
surement system for a steel pipe elbow, which is a weak part of a
seismic isolation nuclear power plant piping system. Consequently,
the deformation angle and failure strain in the hoop direction,
which cannot be measured using the conventional sensors, were
efficiently measured.

2. Algorithm for measuring the strain and deformation angle

2.1. Strain measurement

For the analysis of the correlation between the images obtained
before and after the deformation using the image measurement

system, we used the gray level value of the image, which is a
pattern analysis technique for measuring the difference between
the two images [7e11]. The 8-bit gray level that is generally used in
such an analysis expresses the information of an object with gray
levels ranging from 0 to 255. The measurement conducted using
the image correlation method separates the square-shaped image
from both images to compare and measure the deformation. The
small square-shaped image separated from the two images is called
the “subset” or “window.” The window separated by the gray level
value is used for comparing the correlations to measure the
deformation.

Fig. 1 shows the deformation measurement principle of the
image correlationmethod, which registers a target windowwith an
arbitrary template and finds the most similar target window from
the region of interest (ROI) window, which changes over time. In
Fig. 1, f ðxi; yjÞ expresses the gray level pattern of the square sepa-
rated from the reference image, and gðx0i; y0jÞ expresses the gray

level pattern of the square separated from the deformed image of
an object by an external force. The size of the target window is that
of a part image of the ð2M þ 1Þð2M þ 1Þsquare, where Mis half the
size of the target window, which is a square. To measure the
deformation of a structure, the correlation between the reference
image and the deformed imagewas analyzed to find the coordinate
with the highest correlation.

In this study, the zero-normalized sum of squared differences
(ZNSSD), as shown in Eq. (1), was used to compare the correlations
of the two images. The coordinates with the minimum value
ðCZNSSDÞ show the displacement of the object affected by the
external force. In this regard, fm is defined as themean values of the
gray level of the target window. In addition, for an image that
changes with time, gm is the mean value of gðx0i; y0jÞ in the region

that matches the current position of f ðxi; yjÞ, and the calculation is
carried out within the coordinates that are common to f ðxi; yjÞ and
gðx0i; y0jÞ.
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Fig. 1. Deformation measurement using the image correlation method.
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