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        Fragility analysis is a proven method for the estimation of the seismic performance of structures and related equipment 

against any possible earthquake. In this study the advanced power reactor of South Korea (APR1400) main steam piping 

system was simplified by making it symmetric in order to reduce computation time. The selected system was then taken for 

the fragility analysis considering a new failure criterion for the steel elbows. The seismic analysis of the piping system 

indicated that one of the elbow sections is the most critical point of the piping system. The previously performed monotonic 

and cyclic loading experiments on the different size of pipe components revealed the reliability of the corresponding finite 

element numerical analysis. Fragility curves are derived for elbow section as a function of the peak ground acceleration 

(PGA) of records and the defined maximum relative displacement (MRD). The failure point of the elbow is estimated through 

the damage calculation using Banon damage index and twice elastic slope (TES). The corresponding fragility curves are 

derived and the conservatism of the code provision definition of the failure point is pointed out.  

 

 

I. INTRODUCTION 

 

NPP seismic risk assessment has been the subject of extensive researches. Kennedy and Ravindra 
1
 clarified the fragility 

parameters, equations and procedure, and key roles, based on probabilistic risk assessment of other NPPs. The study was 

providing the values for uncertainty and randomness of structural capacity and response for the NPP structure and its 

mechanical and electrical components. Another effort in this regard found that seismic isolation reduces NPP building, floor, 

and equipment responses 
2 

(Eidinger and Kelly, 1985). The study investigates the technical and non-technical effects of 

seismic isolation to the NPPs. They provided valuable data on seismic isolation use around the world. In addition, the study 

by Huang et al. 
3
 shows that base isolation reduces the probability of unacceptable performance of NPP building and 

secondary systems by approximately four orders of magnitude.  

The numerical computation of fragility of the NPP building and components based on nonlinear three-dimensional (3-D) 

finite element methods (FEM) (Ref. 4), the response surface (De Grandis et al., 
5
, Perotti et al., 

6
), and statistical simulation-

based fragility assessments (Zentner, 
7
) have been also proposed. Chen and Soong 

8
 provided a comprehensive review on 

seismic responses of secondary structures connected to primary structures. Mizuno et al., 
9
 assessed the failure mode of base 

isolated NPP main steam piping system due to the low cycle ratcheting failure.  

The seismic behavior of the piping systems under multiple supports have been investigated using different approaches by 

Leimbach and Sterkel 
10

, Xu et al., 
11

, Kai et al. 
12

. The seismic response of APR1400 piping system and the effect of base 

isolation on the piping response were also studied by Kim et al. 
13

, Surh et al. 
14

. 

In this paper the seismic fragility of a simplified APR 1400 main steam piping system was carried out. The selected input 

motions were scaled according to the conditional mean spectrum (CMS) method and applied to the structures. The time 

history analysis of the base isolated NPP building was performed and the support responses were extracted to apply on the 

piping system. The seismic analysis of the piping system was performed by applying selected records and support 

excitations. The critical point of the piping system was identified and its corresponding fragility curves were derived for the 

most suitable seismic intensity parameters. The failure point of the elbows was defined as their damage capacity by Banon 

damage index. The paper also addresses the conservatism of the code provisions definition of the failure point of the piping 

system. 
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II. THE APR1400 STRUCTURE AND MAIN STEAM PIPING SYSTEM DESCRIPTION 

 

The beam-stick element model of the base isolated APR1400 was taken as NPP structure and shown in Fig. 1. The 

model consists of reactor containment building (RCB) auxiliary building (AB) and moat structure. The beam stick model 

details can be found in Surh et al. 
14

 and Han et al. 
15

. The main steam piping system of the APR1400 (Fig. 1b) was taken to 

perform a seismic fragility analysis. The piping sizes and wall thickness are also given in Fig. 1b. It must be noted that the 

piping system taken in this study is not the complete system and also its geometry was slightly changed and simplified to be 

symmetric in order to decrease the computational time. Therefore the piping system taken for the analysis is half the 

simplified system by setting the symmetric boundary condition.  

 

 
                         a)                                                                                      b) 

Fig.  1. (a) The NPP structure; (b) piping system. 

 

III. NUMERICAL SIMULATION 

 

I.A. Numerical model 

 

A quadrilateral standard shell finite element (S4R) was used in the analysis that performed using ABAQUS 6.12. The 

piping system was attached in 34 locations with various restrictions on different elevations to the Auxiliary building (AB) 

and turbine pedestal. The boundary conditions and restricted locations are given in Fig. 2a and TABLE I. The material 

properties such as Young’s modulus, Poisson ratio and density was taken as follows respectively, 30000 ksi, 0.28, 0.000786 

lb/in3 .The plastic properties was taken as kinematic hardening (shown in Fig. 2b). The geometric nonlinearity effect for the 

cyclic loading was also considered in order to capture the stiffness and strength degradation. Fig. 2c shows the meshed piping 

system.  

TABLE I. Boundary Conditions of the Piping System  

Support ID Restricted directions Restricted location 

R1,2 X,Y,Z AB 137.5 ft 

R3,4,5,6 X,Y AB 137.5 ft 

R7,8,9,10 Y AB 137.5 ft 

R11,12 X,Z AB 120 ft 

T1 Y AB 100 ft 

P1,2 X,Y,Z TP, ground level 

P3,4 X TP, ground level 

 

Line 
No 

Diameter 
(in) 

Thickness 
(in) 

1,2 31.607 1.5 

3 59.75 2.344 

4,5 28.85 1.063 

 

 
1 

 

2 

 
3 

 

4 
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                                                     a)                                                                                                      b) 

 

c) 

Fig.  2. (a) Support locations; (b) Plastic behavior of the materials; (c) the meshed piping system. 

 

III.B. Validation of Numerical Analysis 

 

A series of monotonic and cyclic loading experiments were previously performed on 3 and 12 inches elbow specimens. 

The simulation results of the structure performed in ABAQUS 6.12 were in good agreement with the experimental data. The 

comparative force-displacement curves indicate the reliability of the numerical simulations. The information on experimental 

setup, procedure, specimens and other detailed information can be found in Salimi Firoozabad et al., 
16, 17

. 

 

III.C. Seismic Record Selection and Scaling 

 

In order to select and scale suitable number of seismic records, we have taken a hypothetical NPP location as in the 

western United States with longitude and latitude of 120.854° West and 35.207° North, located on a rock site (NEHRP class 

B site). The magnitude-distance (M, R) corresponding to this location is estimated as: (6.75, 6.7 km). Hence, a total of 20 

records were selected within the magnitude range of 6.5 to 7, and a distance range between 0 and 32.7 km.  The style of 

faulting and site classification was relaxed to overcome the issue of the number of sufficient records. The number of records 

seems rather suitable (more than 20 (Ref. 18)) in order to evaluate an accurate fragility function based on any ground motion 

intensities. The selected records and their characteristics are given in TABLE II. 

The records were then scaled based on CMS scaling methodology 
19

 in the period ( sT  1.2 ) range of interest from 

sT  42.02.0   to sT  2.42  . The details on record selection, calculation of CMS and scaling procedure can be found in 

Salimi Firoozabad et al. 
16

. 
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TABLE II. Selected record characteristics 

Record ID Record Name, location and Date M (R) D (km) Vs30(m/s) Fault Type 

NGA0286  Irpinia, Italy-01 1980-11-23 19:34 6.9 17.51 1000 N 

NGA3548  Loma Prieta 1989-10-18 00:05 6.93 3.22 1070.3 R 

NGA0126  Gazli, USSR 1976-05-17 6.8 3.92 659.6 SS 

NGA1111  Kobe, Japan 1995-01-16 20:46 6.9 7.08 609 SS 

NGA0828  Cape Mendocino 1992-04-25 18:06 7.01 0 712.8 R 

NGA0825  Cape Mendocino 1992-04-25 18:06 7.01 0 513.7 R 

NGA0830  Cape Mendocino 1992-04-25 18:06 7.01 26.52 513.7 R 

NGA0587  New Zealand-02 1987-03-02 01:42 6.6 16.09 424.8 N 

NGA0957  Northridge-01 1994-01-17 12:31 6.69 15.87 821.7 R 

NGA0989  Northridge-01 1994-01-17 12:31 6.69 9.87 740.1 R 

NGA1011  Northridge-01 1994-01-17 12:31 6.69 15.11 1222.5 R 

NGA1021  Northridge-01 1994-01-17 12:31 6.69 31.27 821.7 R 

NGA1020  Northridge-01 1994-01-17 12:31 6.69 20.77 602.1 R 

NGA1091  Northridge-01 1994-01-17 12:31 6.69 23.1 996.4 R 

NGA0072  San Fernando 1971-02-09 14:00 6.61 19.45 821.7 R 

NGA0071  San Fernando 1971-02-09 14:00 6.61 13.99 602.1 R 

NGA0080  San Fernando 1971-02-09 14:00 6.61 21.5 969.1 R 

NGA0495  Nahanni, Canada 1985-12-23 6.76 2.48 659.6 R 

NGA0496  Nahanni, Canada 1985-12-23 6.76 0 659.6 R 

NGA0497  Nahanni, Canada 1985-12-23 6.76 4.93 659.6 R 

 

IV. SEISMIC ANALYSIS OF NPP STRUCTURE AND IDENTIFICATION OF THE SYSTEM CRITICAL POINT  

 

The 20 selected and scaled records were applied (in SAP 2000) to the seismically-isolated primary structure (beam stick 

model) in Z direction. The displacement response of the connection points (the points at which the building structure and 

piping system are coupled) were extracted to be applied as the boundary condition in the analysis of the piping system. The 

input motions were applied on the support P1, 2 and P3, 4 where the piping system was attached to the turbine pedestal 

(taken as the ground level) and the other connection points in the piping system were shown in Fig. 2a. The displacement 

responses were extracted at the same elevation that the piping system was attached to the building structure. However, as the 

building structure is seismically isolated, the displacement responses were quite the same in all elevations. 

 

 
                                                             a)                                                                                                b) 

Fig.  3. (a)The max. in-plain strain contour and the critical points; (b) The location of displacement response for MRD 

http://peer.berkeley.edu/nga/data?doi=NGA0286
http://peer.berkeley.edu/nga/data?doi=NGA3548
http://peer.berkeley.edu/nga/data?doi=NGA0126
http://peer.berkeley.edu/nga/data?doi=NGA1111
http://peer.berkeley.edu/nga/data?doi=NGA0828
http://peer.berkeley.edu/nga/data?doi=NGA0825
http://peer.berkeley.edu/nga/data?doi=NGA0830
http://peer.berkeley.edu/nga/data?doi=NGA0587
http://peer.berkeley.edu/nga/data?doi=NGA0957
http://peer.berkeley.edu/nga/data?doi=NGA0989
http://peer.berkeley.edu/nga/data?doi=NGA1011
http://peer.berkeley.edu/nga/data?doi=NGA1021
http://peer.berkeley.edu/nga/data?doi=NGA1020
http://peer.berkeley.edu/nga/data?doi=NGA1091
http://peer.berkeley.edu/nga/data?doi=NGA0072
http://peer.berkeley.edu/nga/data?doi=NGA0071
http://peer.berkeley.edu/nga/data?doi=NGA0080
http://peer.berkeley.edu/nga/data?doi=NGA0495
http://peer.berkeley.edu/nga/data?doi=NGA0496
http://peer.berkeley.edu/nga/data?doi=NGA0497
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The analysis procedure of the piping system is divided into two steps; first a static analysis of the system is performed to 

consider the internal pressure (1200 psi which was a design pressure criterion for the APR1400). Second a dynamic implicit 

analysis of the system is performed to account for both the internal pressure and the seismic analysis. The displacement 

response of the connection points (the points at which the building structure and piping system are coupled) were extracted 

and applied as the boundary condition in the analysis of the piping system. The analysis was performed only in Z direction, 

the same procedure may be applied in X direction too. Hence, the fragility analysis would be performed in Z direction. Fig. 3 

shows the maximum in-plain strain contour and the critical points of the piping system subjected to the motion in the Z 

direction. The simulation was also indicated that the most critical section was an elbow shown as 3 in Fig 3a. 

Total number of records is 20, which were applied in Z directions for a total of 20 simulations. The maximum in-plane 

strain of the elbow (opening and closing modes) was considered as the seismic response parameter for the evaluation of 

fragility curves. The maximum relative displacements (MRDs) which are defined as the displacement response differences 

between both ends (shown in Fig. 3b) of the most critical elbow (elbow number 3 in Fig. 3a) were calculated to account for 

fragility estimation. The results are taken as the response of the system in each simulation case (presented in TABLE III for 

all records in the Z direction). It must be noted that the seismic response of piping system is given for both the closing and 

opening modes separately, as the structural behavior of the elbow is different in tension and compression. 

 

TABLE III. Response of Piping System Due to Each Applied Record 

No. Record ID Maximum relative displacement (MRD) (in) Maximum in-plain strain 

Closing Opening Closing Opening 

1 NGA0286  1.0061 1.3403 0.001654 0.002764 

2 NGA3548  1.0575 1.0432 0.001802 0.002084 

3 NGA0126  1.2998 1.6453 0.002196 0.003465 

4 NGA1111  1.8082 1.8913 0.003 0.0058 

5 NGA0828  0.8785 0.9458 0.00159 0.001867 

6 NGA0825  1.5993 1.6744 0.002632 0.004252 

7 NGA0830  3.5390 2.8575 0.019341 0.017793 

8 NGA0587  1.3044 1.2666 0.002168 0.002466 

9 NGA0957  1.0865 1.5152 0.001756 0.003357 

10 NGA0989  1.2142 1.1970 0.00187 0.002364 

11 NGA1011  1.9615 1.9070 0.003943 0.00602 

12 NGA1021  2.5440 2.5717 0.009399 0.010131 

13 NGA1020  2.4391 1.9222 0.006583 0.008154 

14 NGA1091  1.5676 1.5148 0.002694 0.00367 

15 NGA0072  1.9025 2.2626 0.00995 0.009684 

16 NGA0071  2.6062 2.9679 0.018699 0.014579 

17 NGA0080  1.8466 2.1926 0.006078 0.009474 

18 NGA0495  1.9152 1.9208 0.003356 0.006723 

19 NGA0496  1.6068 1.6494 0.002637 0.004096 

20 NGA0497  2 2.2610 0.007343 0.009226 

 

V. SEISMIC FRAGILITY ANALYSIS 

 

The seismic fragility analysis of the piping system is represented as the fragility curves of the elbow (the most critical) 

section for both the opening and closing mode. The seismic response of the piping system has already been obtained and the 

responses were shown as the maximum strain of the elbow induced by any individual input motions. The next steps would be 

the estimation of the failure criteria of the elbow component, selection of seismic intensity parameters, and determination of 

the method of fragility estimation. 

 

V.A. Failure criteria of the piping system 

 

The twice elastic slope method (TES) for the force-strain or displacement curve is adopted by the American Society of 

Mechanical Engineers (ASME) (Ref. 20) for the plastic limit load material criterion. In this study, the ASME criterion (TES) 

was used to estimate the collapse strain point of the elbow section of the piping system. Hence, the force-strain curve of the 

elbow in both the opening and closing modes were evaluated, and the maximum strain was calculated using the TES method. 

http://peer.berkeley.edu/nga/data?doi=NGA0286
http://peer.berkeley.edu/nga/data?doi=NGA3548
http://peer.berkeley.edu/nga/data?doi=NGA0126
http://peer.berkeley.edu/nga/data?doi=NGA1111
http://peer.berkeley.edu/nga/data?doi=NGA0828
http://peer.berkeley.edu/nga/data?doi=NGA0825
http://peer.berkeley.edu/nga/data?doi=NGA0830
http://peer.berkeley.edu/nga/data?doi=NGA0587
http://peer.berkeley.edu/nga/data?doi=NGA0957
http://peer.berkeley.edu/nga/data?doi=NGA0989
http://peer.berkeley.edu/nga/data?doi=NGA1011
http://peer.berkeley.edu/nga/data?doi=NGA1021
http://peer.berkeley.edu/nga/data?doi=NGA1020
http://peer.berkeley.edu/nga/data?doi=NGA1091
http://peer.berkeley.edu/nga/data?doi=NGA0072
http://peer.berkeley.edu/nga/data?doi=NGA0071
http://peer.berkeley.edu/nga/data?doi=NGA0080
http://peer.berkeley.edu/nga/data?doi=NGA0495
http://peer.berkeley.edu/nga/data?doi=NGA0496
http://peer.berkeley.edu/nga/data?doi=NGA0497
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Fig. 4 shows the estimated force-strain curves based on updated numerical simulation, and the calculated maximum strain for 

each case and the plastic limit strain is estimated as 0.0064 and 0.0088 for the elbow closing and opening mode, respectively. 
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Fig.  4. The plastic limit strain based on TES method 

 

The failure point of the elbow component was represented in the Salimi Firoozabad et al., 
17

 as the damage capacity of 

the structure. Based on our experimental results, presented and explained 
17

, it became clear that the failure of a steel pipe 

elbow can be expressed by Banon 
21

 damage indices. It was observed that the failure point of the elbow can be calculated 

using the Banon damage index quite well. Hence, in the present study, the failure point of the elbow component is taken as 

the damage capacity of elbow calculated based on the experimental results by using Banon damage indices under repeated 

cyclic loading.  

 

    
2

1

2
21max














 



dN

i

yyiyi DFEcDDD   (1) 

 

where 
yy FD ,   are the yield displacement and force; 

ii ED ,   are the displacement and dissipated energy in the i-th 

cycle; and N is the number of cycles. The procedure was examined under constant and non-constant loading histories, and the 

constant c and d was optimized as 3.3 and 0.21. It must be noted that, the experiment were performed on the 3 inches elbow 

specimens. It was also examined for an 8 inches component based on the experimental results performed at Delft University 

of Technology, and reported by Varelis et al. 
22

. It was observed that the average estimated damage of the 3 inches elbow 

component (13.79) was almost the same as that of the 8 in elbow (13.37). Hence the failure criterion is taken as the damage 

corresponding to the average failure Banon damage of 3 and 8 inches specimens which is equal to 13.63 ((13.79+13.37)/2). 

In order to use the damage indices to estimate the structural capacity, it is necessary to calculate the structural response 

by using the damage indices. Hence, the displacement responses of both end (100 inches from the elbow) of the elbow were 

extracted from the simulations performed on the piping system for each input motions. The displacement differences of both 

ends of the elbow were calculated for all 20 input motions in order to apply on the elbow model. The elbow was modeled 

separately, using the same geometry and properties as the piping system with 100 inches elbow length for each end (Fig. 5 

shows the elbow geometry and model). The same elbow was used to estimate the force-strain curves to obtain TES. The 

numerical simulations on elbow were performed statically; the force-displacement curves were drawn and used to calculate 

the damage of the structure. 
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Fig.  5. The critical elbow model: geometric description; Meshed elbow  

 

V.B. Seismic intensity parameter selection 

 

In the application of fragility analysis, the maximum in-plain strain of critical elbow section is taken as the seismic 

response parameter. The conditional probability of failure can be expressed as a function of different seismic intensity 

parameters which must be proved to sufficiently describe the ground motion response. The regression analysis was 

performed on PGA and Sa (at natural period of the structure) seismic intensities and the MRD of the piping system in order 

to determine the correlation of those intensities with the seismic response of the system.   

The seismic intensity-response relationship is expressed as correlation coefficient (
2R ) of the predicted equation. The 

seismic intensities including the PGA and Sa  at the natural period of the structure ( sT 1.2  ) were considered to perform 

regression analysis. The correlation of coefficients for the first-order predicted equation between each considered seismic 

intensity and seismic response (maximum in-plain strain) for the elbow were given in TABLE IV. 

 

TABLE IV. Estimated Correlation Coefficient for Each Seismic Intensity 

Seismic intensity Correlation coefficient (
2R ) 

Closing mode Opening mode 

PGA 0.7458 0.7528 

Sa  ( sT 1.2 ) 0.0591 0.0823 

MRD 0.7612 0.904 

 

Based on the regression analysis results shown in Table 4, the maximum in-plain strain (the seismic response) does not 

correlate (
2R value less than 0.1) with the spectral acceleration ( Sa  ( sT 1.2 )) of the records. However, the peak ground 

acceleration (PGA) correlates quite well (0.75) with the seismic response. Thus, we suggest that, the fragility curves can be 

estimated for the MRD and PGA which were correlated quite well (
2R more than 0.75) with seismic responses in order to 

perform the fragility analysis. 

 

V.B. Fragility analysis 

 

The probability of failure )(ePf  concerning a certain seismic response parameter for a given seismic intensity e   is the 

probability of the ratio of its seismic capacity C   to the seismic response parameter  eR . Under the assumption that  R  and 

C  are log-normally distributed, the following expression is given for fragility 
23

: 






 

22
ln)(ln )( crmmf CeReP   (2) 

 

http://peer.berkeley.edu/nga/data?doi=NGA0286
http://peer.berkeley.edu/nga/data?doi=NGA0126
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where   is the cumulative function of the standard normal distribution, )(eRm  and mC  are the median values of the 

seismic response  eR  and capacity C , respectively; and r , c  are the log-normal standard deviations of C  and  eR . 

The fragility curve of the piping system was estimated, and is shown in Fig. 8 as the fragility of the elbow as a function 

of the MRD and PGA using the estimated failure criteria based on both the TES and Banon damage index. The fragility of 

the elbow section was obtained for the closing and opening modes in the Z directions. In order to compare the probability of 

failure of the elbow, the closing and opening mode curves are shown in the same figure. 
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Fig.  6. Fragility curves of the elbow based on Banon damage index failure criteria. 

 

In order to evaluate the probability of failure of the elbow section, we have been already noted that the fragility 

evaluation must be carried out for both the closing and opening modes. Fig. 6 shows the difference between closing and 

opening mode for the MRD and PGA case of fragility estimation. It was seen that the more critical mode is the closing mode 

in both functions MRD and PGA.  

The failure criterion of the elbow component has been already carried out through its damage capacity by using Banon 

damage index. Hence, the fragility curves of the component were also estimated by using this failure point and it is shown in 

Fig. 6. It was observed that the probability of failure decreased when we changed the capacity estimation from TES to its 

damage capacity. The high confidence of low probability of failure (5% HCLPF) in the case of MRD increased from 1.55'' 

(closing) and 2.12'' (opening) in TES based to 3.58'' in damage based failure estimation. In the case of PGA also, almost the 

same difference can be seen. The 5% HCLPF is given for all cases in TABLE V. That difference indicates the conservatism 

of setting the failure point of the elbow as twice its elastic slope.  

 

TABLE V. High Confidence of Low Probability of Failure (HCLPF) in Each Case of Fragility Estimation 

Seismic intensity 5% HCLPF 

TES based Damage based 

Closing mode Opening mode 

PGA (g) 0.57 0.68 1.71 

MRD (in) 1.55 2.12 3.58 

 

VI. CONCLUSIONS 

 

      The maximum relative displacement between the described points and PGA of records is a suitable function for fragility 

analysis. Regarding the difference between the capacity of the elbow in opening and closing mode, it is well indicated that 

the fragility of the section must be evaluated for both modes.  

The failure criteria of the elbow components were represented as the damage capacity by using damage indices available 

in the literature. It was observed that the damages calculated through the Banon damage index, for all the considered loading 

histories are very similar. 

The procedure to use the damage capacity as a failure criterion for the elbow was experimentally examined on 3 and 8 in. 

specimens. It was observed that the calculated Banon damage results was almost constant for all loading histories (constant 

and non-constant) although, the properties, geometry and loading condition was very different in two performed experiments.  

The comparison of fragility curves obtained based on both methods for failure estimation indicated that TES method is a 

conservative way to set the failure point. It was shown that the HCLPF is approximately twice in damage based compared to 

the TES based failure estimation. 

http://peer.berkeley.edu/nga/data?doi=NGA0286
http://peer.berkeley.edu/nga/data?doi=NGA0126
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