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ABSTRACT
In order to clarify the vulnerability of the Residual Heat Removal (RHR) piping system for fragility
analysis, a segment of the RHR piping that includes a heavy motor operated valve (MOV), flanged joint
and reducer was numerically modelled to simulate the dynamic behaviour under strong earthquakes.
Three kinds of tests were completed in this study to verify the accuracy of the numerical model. First, the
pure bending tests with four-point cyclic loading were adopted for the flanged joint to investigate the
nonlinear behaviours and establish reliable component models using finite element analysis software.
Second, quasi-static tests for the chosen segments of piping were executed to carefully observe the
response of the piping under cyclic loading. Finally, shaking table tests for the segment of RHR piping
were completed to investigate its dynamic characteristics and to verify the numerical analysis results.
According to the test results, the seismic performance of the RHR piping system in the sample nuclear
power plant (NPP) is better than the assessment results in the Final Safety Analysis Report (FSAR).
However, it’s noted that an unexpected failure mode of the flanged joint occurred during the pure bending
test and caused the leakage of tested specimen.
INTRODUCTION
According to the seismic risk assessment results presented in the Final Safety Analysis Report (FSAR) for
a nuclear power plant (NPP) in Taiwan, the failure of Residual Heat Removal (RHR) piping system is
identified with the highest contributions for a nuclear melt-down under the safety shutdown earthquake
(SSE) in the accident sequences. The main functions of RHR system include providing cooling water to
core as loss of coolant accident (LOCA) happened, spraying in containment, removing heat from core,
reducing temperature of suppression pool, and cooling typical components of core after shutdown. These
functions are based on a multiple use system of RHR system with modes of operation for low-pressure
flooder (LPFL), containment spray (CS), suppression pool cooling (SPC), shutdown cooling (SDC), and
AC-independent water addition (ACIWA). ACIWA system has to provide long-term water feeding to
reactors under station blackout out (SBO) condition until power recover and the failure of ACIWA
system would cause core damage in some accident sequences. To avoid this situation, the piping system
has to remain functional and integrated for ACIWA system work as seismic events occur.
The design of RHR piping system should meet the requirements of the ASME boiler and Pressure Vessel
Code, Section III, Division 1, Subsection NB [1]. The RHR piping systems consist of pipes, supports,
piping components, etc. The piping components are important for the integrity of pipeline including
elbows, flanged joints, reducers, and tees and in-line equipment. According to the EPRI-1019199 [2], the
heavy in-line components or risers should have a vertical support located close by and the lateral support
spans should less than 7 times of the suggested vertical support spacing. From the drawings and the in-
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situ investigation in the NPP (Figure 1), the in-line MOV, which is near the reinforced concrete
containment vessel (RCCV), is considered to cause serious damage to the adjacent RHR piping during
strong earthquakes. The MOV (Figure 2a), weighing up to 1,624 kg, is mainly supported by the RCCV at
a distance of 2.5 m. The next nearby vertical support for the MOV is a spring hanger (Figure 2b) across
one elbow, and the lateral one is a pipe saddle with strap at the floor penetration across two elbows, a
reducer (Figure 2c) and a flanged joint (Figure 2d).

Figure 1. RHR piping in the NPP.

(a)

(b)

(c)

(d)

Figure 2. Piping components: (a) MOV; (b) Spring Hanger; (c) Reducer; (d) Flanged joint
In order to clarify the contribution of the RHR piping system for a nuclear melt-down, this study aims to
establish creditable numerical models for fragility analysis of the RHR piping system. The ideal testing
and analysis scope of the piping shall run from structural anchor to structural anchor, but it is quite
difficult to achieve in application. In general, instead of a real anchorage point, the boundary of an
established model has to include at least three changes of direction and two seismic supports in each of
three orthogonal directions. As shown in Figure 3, the joints 15, 17, 18 and 21 are supported by adjustable
pipe saddle supports with U-bolt and the joint 13 is supported by pipe saddle with strap at the floor
penetration. In the purpose of the investigation into the seismic effects of the MOV on the adjacent RHR
piping segments and components, nodes 1 and 13 were defined as the fixed ends of the model to represent
the critical part of the RHR piping system according to the analysis results in Shen [3]. As shown in
Figure 4, the sample RHR piping system is defined from the support of the floor-penetration guard at the
floor evaluation 12.3 m to the welded connection to the RCCV-penetration guard at the evaluation 14.6 m.
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Figure 3. The section diagram of the sample piping system

Figure 4. The range of the piping specimen
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As shown in Figure 3 and Table 1, three types of sections are used in the sample piping system. The
sections of the piping segments from the welded connection to the RCCV-penetration guard to the MOV,
from MOV to reducer, and from the reducer to the floor-penetration guard are named by 250SCH80,
250SCH40 and 300SCH40 respectively. Piping segments were made of seamless steel (ASME SA333
Gr.6) and basically connected by welding. As shown in Table 1, the yield stress and ultimate stress of
SA333GR6 are 327500 KN/m2 and 451500 KN/m2. For other components, the MOV, which is the main
source of the weight of the sample pipe system, consists of a electric motor and a valve. The material of
the reducer and the flanged joint is SA420 WPL6 and SA350L2 respectively. The spring hanger consists
of a pre-set helical coil spring was used to compensate of slight vertical displacements of the piping.
Table 1: Section and material properties of pipes
Section
Name
250 SCH40
250 SCH80
300 SCH40

Outer Diameter
(mm)
273.05
273.05
323.85

Thickness
(mm)
9.27
15.06
10.31

Yield Stress, Fy
(MPa)

Ultimate Stress, Fu
(MPa)

327.5

451.5

Young’s
modulus (MPa)
2.03×105
2.05×105
2.11×105

In this research, three testing stages were arranged including component tests for the reducer and the
flanged joint, and quasi-static tests and shaking-table tests for the research scope of the RHR piping
system (Figure 5). The purposes of tests are to obtain mechanical properties of the joint components and
to verify the accurate of the finite element models. This paper aims to discuss the results of the tests and
analysis at the system level, including quasi-static tests and shaking table tests. More details about the
component tests for the flanged joint are introduced in Chai [4].

Component tests

Quasi-static tests

Mechanical Properties

Static

Shaking-table tests
Dynastic

Figure 5. Research process.
QUASI-STATIC TEST OF RHR PIPING SYSTEM
The purpose of the quasi-static test of the full-scale sample RHR piping is to verify the accuracy of the
numerical model and to carefully observe the behaviour and failure of the piping under cyclic loading.
The failure mode of the RHR piping system is defined as leakage or abnormal deformation of components.
Hence, the piping specimens during tests were full of water under the stabilized pressure of 7kgf/cm2 to
observe the leakage phenomenon. Before executing tests, the applied cyclic loading pattern was estimated
through numerical analysis to simulate the main inertial forces of the sample piping during earthquakes.
Estimation of Quasi-Static Load Pattern
In order to estimate the quasi-static load pattern, a 3D finite element model of the sample piping system
was developed with SAP2000 software to simplify the dynamic seismic force to the centralized static
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force. As shown in Figure 3, the flanged joint between joint 11 and 12 was simulated by a linear link
element with transfer stiffness of 30 kN/m and rotation stiffness of 1000 kN-m/degree according to the
results of the component test for the flanged joint [4]. The MOV was set from joint 2 to 5, and the joint 5
represent the center of gravity of the MOV. The model of MOV was simulated by a rigid link element to
connect both sides of the pipe. The boundaries of the model were set to be fixed to simulate the supports
from RCCV and floor. Figure 6 depicts the finite element model of the sample piping system which is
developed on the basis of aforementioned details and the original drawing.

Figure 6. Numerical model of RHR piping system
The input motions for nonlinear response-history analysis were derived for the node located on the floor
of the Reactor Building using a lumped mass model of the sample NPP subjected to SSE. The damping
ratio of piping system was defined by 5% according to EPRI-6041 [5]. Based on the results of inertial
force and the responses at critical locations of the piping system under SSE, four equivalent concentrated
static loads were determined. Figure 7 shows the concentrated load magnitude and direction. Hence, in
order to verify the proposed load pattern, the distribution of displacement response under the proposed
concentrated static loads is compared with the mode shape of the first mode of the piping. On the other
hand, the distribution of displacement responses under concentrated static loads is also compared with
the maximum responses occurred under input motion. As shown in Figure 8, both the comparisons are in
good agreement.

Figure 7. The load pattern for quasi-static
test

Figure 8. The comparison of displacement distribution

Test Setup
As shown in Figure 9, the cyclic loading test of RHR piping system was setup according to the numerical
model. On the top of specimen, there were two adapters with four load cells in between attached onto the
reaction wall to simulate the RCCV, while the specimen being welded on the other side of the adapters.
On the other hand, the bottom of the specimen was connected to the strong floor with one load cell in
between. The pipelines, flange, reducer and spring hanger in the full-scale test were duplicated from the
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ones in the NPP with the same material and geometry. However, the MOV and its support were replaced
by a steel block supported by a concrete-filled steel pipeline with the same weight, stiffness and location
of center of gravity as the actual ones in the NPP.

Amplitude (mm)

For the cyclic loading test, the testing protocol was defined by two types of input motions with different
intensity levels. The one with smaller intensity is to keep the response of specimen within the elastic
range, and the other with larger intensity is adopted for the fragility testing. For the elastic testing, there
were total three actuators used to apply loads on the locations of MOV, elbow and flange, respectively.
The master actuator applying load to MOV was under displacement control using the displacement
waveform as shown in Figure 10(a), while the other two slave actuators applying loads on the elbow and
flange were under force control by the associated force in accordance to the numerical results. On the
other hand, only was the actuator applying load to MOV used for the fragility testing. The actuator was
under displacement control on the basis of the displacement waveform (Figure 10(b)) with increasing
amplitude till the piping system failed.
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(b) Input motion for fragility testing
Figure 10. Test input motion

Figure 9. Setup of cyclic loading test
Test Results

Elastic testing: The strain gauges were arranged on the surface of pipeline, and hence, the stresses can be
determined by Equation 1 from the measured strains under the plane stress and linear elastic conditions:

A 

E
( A   C )
1  2

(1)

Here, εA and εC are the measured strains along axial and arc directions, respectively, and the poison ratio
=0.3 with Young’s modulus E=221 GPa.
The maximum strain and the associated stress occurred at the boundary connecting RCCV (S11) and the
T-joint supporting the MOV (S9). As shown in Figure 11, the maximum stress 119.4 MPa is less than the
yielding stress (331MPa), such that the pipeline is still in the elastic range as expected.
Fragility testing: Figure 12 shows the induced stresses at the boundary connecting RCCV (S11) and the
T-joint supporting the MOV (S9). Referred to the protocol as shown in Figure 10(b), it can be found that
the stress at S9 increases significantly as the displacement of MOV increases to the range of 20 to 30 mm.
It is caused by the loss of enhancement from the infilled concrete due to its rupture and dropping-off in
the T-shaped MOV support under such deformation condition. In addition, due to the weakened load path,
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the deformation of the T-shaped MOV support becomes larger and larger, and finally results in cracking
and leakage of the RHR piping system.
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Figure 11. Comparison of the induced stress and
yielding stress for elastic testing

Figure 12. Comparison of the induced stress and
yielding stress for fragility testing

Comparison of Numerical and Experimental Results
Because of the deformation of load cells arranged in the quasi-static tests, the fixed boundary condition
assumed in the numerical analysis should be modified. The “link element” was adopted to model the load
cells, and the axial and shear stiffness were defined by 600 kN/mm and 45 kN/mm from the tension and
shear tests of the load cells, respectively. On the other hand, based on the measures strain values near the
bottom of the specimen in the quasi-static test, the induced stress and then the moment can be determined.
Then, together with the measured tilt angle, the rotation stiffness of the load cell can be defined by
1.2×10 6 kN-mm/rad.
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The response of the RHR piping system associated with the input motions for fragility testing can be
determined using the modified numerical model. The reaction forces on the RCCV boundary determined
by the numerical analysis and measured from the tests are compared in Figure 13(a), while Figure 13(b)
showing the comparison of displacement responses at spring hanger (D8X). The good agreement of the
numerical and experimental results verifies the correctness of the proposed numerical model.
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Figure 13. Comparison of the numerical and experimental results
SHAKING TABLE TEST OF RHR PIPING SYSTEM
In addition to the quasi-static test, the shaking table tests were implemented for the RHR piping system to
verify the capability of proposed numerical model of analysing the dynamic response of piping systems.
Test setup
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For the shaking table test, the rigid reaction frame as shown in Figure 14 was designed to simulate the
RCCV boundary. The specimen of the RHR piping system for shaking table test is almost the same as the
one used in the quasi-static test. However, in order to avoid the unexpected failure of the T-shaped MOV
support as occurring in the quasi-static test, the stiffness of the MOV support was strengthened by
increasing the thickness of the steel tube (SCH100) but not by the infilled concrete. In addition, because
of the little effect of the spring hanger on the response of piping system, the spring hanger was removed
in the shaking table test for simplification such that no rigid frame to hang the spring hanger is needed.
The instrument and its major purpose arranged for the shaking table test include: water pressure gauge to
detect and maintain the gage pressure of infilled water at 7 kgf/cm2; load cells arranged between the top
end of specimen and the rigid frame, and between the bottom end and the shaking table to measure the
reaction forces and moments; three-axial strain gauges to measures the strain and then transferred to stress,
axial force and bending moment; LVDT and image-based measure system to measure the displacement
response; accelerometer to measure the three components of acceleration response (Figure 15).

Figure 14. Reaction frame to simulate
RCCV boundary

Figure 15. Arrangement of accelerometers
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Figure 16. Time histories of the input motion corresponding to 200% SSE (ILA-057)
Similar to the input motions for the nonlinear response-history analysis, the input motions for the shaking
table tests are the floor response at the location supporting the sample RHR piping system under 2SSE.
The seed ground motions are EQ-342 and EQ-1059 from the PEER database and the ground motions
recorded at ILA-057 and TAP-070 in the Taiwan Chi-Chi earthquake. The time histories of the input
motion (derived from ILA-057) are shown in Figure 16. In addition, the 3-D white-noise excitations were
implemented before and after the seismic tests to observe the variation of fundamental frequencies of the
specimen.
Test result
There is no leakage and abnormal deformation of the piping system occurred during the shaking table
tests, and it implies that sample RHR piping system can survive the earthquake with intensity of 2SSE.
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Based on the white-noise test, the essential frequencies of the piping system and reaction frame are listed
in Table 2. The essential frequencies of the reaction frame are up to 25.6 Hz and 41.2 Hz in the two
horizontal axes, and hence the reaction frame can be recognized as a rigid frame as expected. In addition,
it is found that the essential frequencies decrease as infilled water exists.
Table 3 shows the maximum acceleration at the vertical and horizontal pipelines (A2 and A5), elbows in
vertical plane and horizontal plane (A3 and A6) and MOV (A4) under the excitation of ILA-057 with
intensity of 2SSE.
The bending moment response can be determined using the measure strain values. Similar to the quasistatic test, the maximum moment values occur at the RCCV boundary and the bottom of T-shaped MOV
support. The bending moment at critical locations with larger values are listed in Table 4.
Table 2: Natural frequencies of the piping system and reaction frame
Unit：Hz
X-direction
Y-direction

Reaction
Frame
25.6
41.2

Piping system
(w/o water)
13.7
8.0

Piping system
(w/ water)
11.9
7.4

Table 3: The maximum acceleration responses under 2SSE (ILA-057)

Unit：g
X
Y

Vertical
pipeline (A2)
w/o
w/
water
water
7.6
7.0
4.5
5.0

Horizontal
pipeline (A5)
w/o
w/
water
water
4.3
4.1
5.0
5.4

Vertical elbow
(A3)
w/o
w/
water
water
9.5
7.7
5.9
6.3

Horizontal
elbow (A6)
w/o
w/
water
water
2.8
2.6
4.6
4.5

MOV (A4)
w/o
water
5.8
3.3

w/
water
4.3
3.7

Table 4: The maximum moment responses under 2SSE (ILA-057)

Unit：
kN-m
M2
M3

RCCV
boundary
w/o
w/
water
water
--(1)
124
59.7
--(1)

Bottom of MOV
support
w/o
w/
water
water
45.6
58.9
28.2
36.8

Top of Flange
w/o
water
10.7
4.6

w/
water
19.9
14.5

Horizontal
elbow
w/o
w/
water
water
--(1)
7.4
20.1
29.8

Vertical elbow
w/o
water
13.4
3.9

w/
water
14.7
10.2

Note (1)： No moment determined due to the damage of strain gauges

Comparison of Numerical and Experimental Results
For the shaking table test, instead of the reaction wall in the quasi-static test, the steel reaction frame with
a little deformability was installed to simulate the RCCV boundary. Therefore, as shown in Figure 17, the
steel frame should be modelled together with the piping system in the numerical analysis. Based on the
combined model, the essential frequencies of the piping system can be determined as 13.92 Hz and 8.04
Hz in x- and y- directions, respectively. It is consistent with the experimental results determined by whitenoise tests.
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The excitation of the shaking table under the excitation of ILA-057 with intensity of 2SSE was adopted
as the input motion in the numerical analysis. The time histories of acceleration responses at the vertical
elbows (A3) are determined analytically by the numerical model for the case of no infill of water, and the
results are in agreement with the measured ones during the shaking table test as shown in Figure 18.
However, for the case with water infilled, the comparison of numerical and experimental results seems
not good (see Figure 19), because the numerical model cannot reflect the behaviour of infilled water well
under dynamic excitation.
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Figure 18. Acceleration response at A3 (w/o water)
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Figure 19. Acceleration response at A3 (w/ water)

CONCLUSION
In this paper, a segment of the RHR piping system that includes a heavy MOV, flange joint and reducer
was numerically modelled to simulate the dynamic behaviour under strong earthquakes. In order to verify
the accuracy of numerical model for fragility analysis, a sequence of three types of experiments were
implemented. It includes the pure bending tests of the flange joint, the quasi-static tests and the shaking
table tests for the sample segment of RHR piping system. Based on the shaking table tests, the sample
RHR piping system can survive the earthquake with intensity of 2SSE, it implies that the seismic
capacity seems better than the assessment results in FSAR. However, it is noted that an unexpected failure
mode of the flange joint occurred during the pure bending test and caused the leakage of tested specimen.
In this study, the numerical analysis of the sample RHR piping system was established by SAP2000
software. Based on the comparison of numerical and experimental results, the proposed numerical model
can predict the static response of the RHR piping system well. For dynamic analysis, the accuracy of the
proposed model is acceptable for the case of no infill of water, however, the numerical results are not
good for the case with water infilled. It may be due to the limitation of SAP2000 to simulate the
mechanical properties of hydraulic devices and the dynamic behaviour of infilled water. Other software
(e.g. PIPESTRESS) will be adopted for the future studies of the dynamic behaviour of piping systems.
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