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Abstract: Nuclear power plants (NPP) contain plenty of valve piping systems (VPS’s) 
which are categorized into high anti-seismic grades. Tasks such as seismic qualification, 
health monitoring and damage diagnosis of VPS’s in its design and operation processes 
all depend on finite element method. However, in engineering practice, there is always 
deviations between the theoretical and the measured responses due to the inaccurate value 
of the structural parameters in the model. The structure parameters identification of VPS 
within NPP is still an unexplored domain to a large extent. In this paper, the initial 2D-
finite element model (FEM) for VPS with a DN80 gate valve was updated by utilizing 
seismic response. The objective function used in the model updating procedure is the 
vibration control equation error of the VPS. The experimental results show that the 
updated 2D-FEM can accurately predict the original dynamic characteristic of the VPS. It 
was also found the Rayleigh damping coefficients corresponding to the VPS vary slightly 
with the change in seismic excitation amplitude. The research displayed the complete 
procedure of updating the complex structured initial FEM by utilizing seismic response, 
and the results show that the parameters can be accurately identified even if the seismic 
response used for updating merely contained the fundamental frequency information of 
the structure. 
 
Keywords: Seismic response, nuclear power plant, valve, FEM updating, parameter 
identification. 

1 Introduction 
With the deepening of people’s awareness of seismic damage, new seismic requirements 
and regulations for systems and equipment in NPP have been proposed, for example, 
seismic margin analysis on in-service NPPs [Jha, Roshan, Pisharady et al. (2017); Oh, 
Kwag and Lee (2018)]. NPP contain plenty of VPS’s which are categorized into high 
anti-seismic grades. In addition to economic factors, taking the following three reasons 
into consideration, seismic qualification on VPS’s through shaking table could not always 
be carried out smoothly. First, experiments on in-service VPS’s could not be carried out; 
second, layout design of VPS’s and the determination of the seismic design value of 
substructures shall be accomplished in the design phase according to seismic 
qualification results; finally, limited by the size and performance of shaking table, 

 
1 College of Petrochemical Technology, Lanzhou University of Technology, Lanzhou, 730050, China. 
* Corresponding Author: Shurong Yu. Email: yulut123@163.com; yusr@lut.edu.cn. 
Received: 02 May 2020; Accepted: 02 June 2020. 



 
 
790                                                                                    CMC, vol.65, no.1, pp.789-805, 2020 

experiments could not be carried out on VPS’s with larger size and quality, or the 
difficulty for boundary conditions to reflect in the test. In contrast, the FE method has the 
following advantages: on the one hand, seismic analysis based on the FE method could 
shorten seismic design period, save cost, and avoid damage of the experiment structure in 
extreme seismic capability test; on the other hand, a FEM which could accurately reflect 
the original dynamic characteristic of VPS is conductive to smooth implementation of 
health monitoring and damage diagnosis [Alkayem, Cao, Zhang et al. (2018); Eiras, 
Payan, Rakotonarivo et al. (2018)]. Thus, the FE method is the major approach to 
complete work related to VPS’s seismic qualification in NPP.  
Calculation of seismic response based on 3D-FEM requires a large amount of 
computational cost and storage space. The simplified FEM or 2D-FEM has less parameters 
and could extract structure response quickly, thus holds important position in the field of 
seismic analysis [Imai and Nakagawa (2012); Liu, Song and Wang (2020); Surh, Ryu, Park 
et al. (2015)]. In order to enhance the confidence in the seismic qualification on VPS’s 
based on the analysis method, researchers have conducted many explorations on the 
calculation means of seismic responses [Liao, Ding and Li (2016); Surh, Ryu, Park et al. 
(2015)]. However, the above research did not pay attention to how to improve the relevance 
between 2D-FEM and actual structure. The seismic response of VPS’s is quite sensitive 
towards its dynamic characteristic. There would always be parameters that are difficult to 
estimate accurately in the FEM of VPS, thereby leading to doubts in the matching between 
the dynamic characteristic of FEM and that of actual structure.  
It is a common method in engineering practice to identify the material parameters [Qu, 
Xu and Jin (2010)], identify wireless multimedia device [Zhang, Li, Wang et al. (2018)] 
or infer goal and planning of agents [Wang, Wang, Zheng et al. (2018)] by using typical 
characteristics of research object. In the field of structural dynamics, the mode-based 
FEM updating method is generally used to identify the unknown parameters in the 
structure [Sabamehr, Lim and Bagchi (2018); Piao, Ouyang and Zhang (2020)]. Because 
it is difficult to accurately extract a sufficient number of modes of the systems and 
devices, the automatic FEM updating method has failed to be widely used in the seismic 
qualification field of NPP, but the ideology of FEM updating has been widely accepted 
[Cho, Kim and Chaudhary (2011); Park, Park, Lee et al. (2017)]. A simple and feasible 
automatic FEM updating method is urgently needed to identify structure parameters in 
FEMs of mechanical structures within NPP. 
Compared with the modal data, acceleration responses are the VPS’s-related dynamic test 
data more easily obtained in NPP, which are possibly derived from seismic responses that 
are monitored in the simulated operation test or in the service process. Wang et al. [Wang, 
Chi, Xie et al. (2020)] directly used the seismic response to identify the dynamic 
parameters of earth-rockfill dam, but the direct application of seismic response to identify 
the parameters in the mechanical structure has been rarely explored. Taking the vibration 
control equation error (VCEE) of the system as the objective function, a FEM updating 
method which can directly utilize the seismic response is proposed. The method is then 
used to update the 2D-FEMs of the VPS installed with DN80 gate valve in the horizontal 
and vertical directions. The existence of the valve presents a challenge for the 
establishment of the 2D-FEMs. This paper verifies the feasibility of using the VCEE-
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based FEM updating method in the modeling process of complex mechanical structures, 
and verifies whether the 2D-FEM has the capability to accurately present the dynamic 
characteristic of the VPS. 

2 Model updating theory derivation  
When the VPS is subjected to seismic excitation, its VCEE in the frequency domain can 
be written as follows: 

 (1) 

where M, C and K respectively represent the mass matrix, damping matrix and stiffness 
matrix of VPS. �̈�𝐮𝐠𝐠  and �̈�𝐮  represent the vectors of seismic excitation and the seismic 
response in the frequency domain, �̈�𝐮  is the relative acceleration. Eq. (1) can be 
abbreviated as: 

 (2) 

B represents dynamic stiffness matrix. In essence, the FEM updating method proposed in 
this paper is a process of modifying a group of preselected parameters in the model to 
minimize ε. Suppose θ={θ1,θ2,θ3…θp}T is the updating parameters vector，p is the 
number of updating parameters. M and B are represented by the Taylor series expansion 
of updating parameters and all nonlinear terms are discarded. Then Eq. (2) translated into: 

 (3) 

Since the nonlinear terms are discarded, the θ to minimize ε needs to be solved 
iteratively. Let dθ=θi+1-θi, the subscript i indicates the current number of iteration. In this 
case, the iterative formula for θ obtained by penalty function method can be found in 
Friswell et al. [Friswell and Mottershead (1995)]: 

T T
0i+1 i i( ( ))

−
 + + − −  
A A W A b W

1

=θ θ θ θ  (4) 

where W is the inverse of the covariance matrix of the parameter estimates, which as a 
weighting matrix, provides less weight to parameters with a larger variation, θ0 is the initial 
estimate vector of updating parameters. b and A are solved by the following equation: 

 (5) 

 (6) 

A is defined as the sensitivity matrix of updating parameters to VCEE. If [ATA] is 
singular or close to singular, Eq. (4) is often unable to solve or obtains solutions contrary 
to objective facts. Although Li et al. [Li, Cao, Chen et al. (2017)] proposed a more 
intelligent optimal value search algorithm. In order to simplify the calculation process, 
we still chose to add a positive definite matrix to [ATA] to improve the probability of 
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successful completion of the correction process, then Eq. (4) becomes: 
1T T

i+1 i i 0
( ( ))

−
 + + + − −  
A A e W A b W=θ θ θ θλ  (7) 

where λ is real constants and e is a p-order identity matrix. The value of λ needs to be 
adjusted according to the results of each iteration to make the updating process have 
the fastest convergence rate while ensuring that Eq. (7) can be solved smoothly. Eq. 
(7) is the final iterative mathematical model of the VCEE-based FEM updating 
method. From the above derivation, it can be seen that the method can identify 
parameters in FEM only by using the seismic response of VPS, and no modal 
information is involved in the updating process. 
Through numerical simulation, we find that all the imaginary parts in the mathematical 
model must be discarded in order to obtain accurate updated results. Thus, the damping 
matrix of the VPS should be ignored during the update process. The frequency points 
used for updating should avoid the resonance frequency region to mitigate the effect of 
abandoning damping on the updated results, which is because the damping shows the 
highest sensitivity to the amplitude when the resonant frequency is reached. The damping 
matrix can be corrected separately after the mass and stiffness matrices have been 
accurately established, so as to match the measured and theoretical response peaks. This 
two-stage model updating strategy has been validated as feasible in many reports [Sipple 
and Sanayei (2014); Wang, Wang and Zhao (2017); Pradhan and Modak (2018)]. The 
flow chart of identifying the parameters in the FEM of mechanical structure by utilizing 
seismic response is shown in Fig. (1). 
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Figure 1: Flow chart of VCEE-based FEM updating method 
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3 Seismic simulation test of VPS and its establishment of 2D-FEM 
3.1 Seismic response measurement 
The main steam isolation valve piping system is a typical piping system installed with 
large quality valves in NPP. A VPS similar to the main steam isolation valve piping 
system is established, as shown in Fig. 2. The VPS consisting of a pipe of 2.326 m in 
length, a DN80 gate valve and a pipe of 0.815 m in length. The total length of the system 
is 3.445 m, and the mass of the valve takes up 80% of the overall system weight. The 
outer diameter and wall thickness of the pipe are 0.048 m×0.0035 m, the modulus of 
elasticity is 205×109 Pa, and the weight is 3.78 kg/m. The two ends of the VPS are 
connected with the supports by nuts, and the supports are fixed on the shaking table by 8 
M20 anchor bolts. The supports, welded by 0.003 m thick steel plates, have sufficient 
rigidity to transmit excitation of the shaking table to the VPS. The size of the shaking 
table with SDOF is 4 m×4 m and the maximum excitation frequency is 50 Hz. Different 
types of vibration tests are carried out by applying different forms of excitation to the 
VPS. During these tests, the responses of the system are measured by 16 accelerometers 
adsorbed on the system and the vibration time history of the shaking table is also 
monitored in real time. 

 
Figure 2: Details of the VPS and its acceleration measuring point arrangement 

The test cases are shown in Tab. 1. Two types of tests were performed on the VPS. The 
acceleration response measured in Cases 2 and 5 were used to identify structure 
parameters in 2D-FEM corresponding to Y-direction and Z-direction VPS, respectively. 
The measurement data of Case 3 was used to verify the prediction ability of the updated 
model in the Y direction. Because the prediction ability of identification result has been 
verified in the Y direction, and in order to save the test cost, only one artificial seismic 
wave test was performed in the Z direction. The artificial seismic wave time history 
curves and its power spectral density (PSD) curves are shown in Fig. 3. 
Fig. 4 draws the PSD curves of the responses measured during the white noise tests at 
the measuring points A7, A11 and A14. As shown in Fig. 4, in the Y direction, the VPS 
shows the three order natural frequencies within 50 Hz, which are 8.9 Hz, 30.5 Hz and 
43.1 Hz respectively. Only two natural frequencies of 8.9 Hz and 39.7 Hz are 
displayed in the Z direction. 
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Table 1: Case details 

 

           
 (a) Time history curves                                     (b) PSD curves 

Figure 3: Time-frequency information of artificial seismic waves 

3.2 2D-FEM establishment for the VPS 
The beam elements and mass elements were used in the study to establish the 2D-FEM of 
the valve. The parameters with a clear physical significance, including length denoted as 
L, elastic modulus indicated as E, moment of inertia represented by I and cross-sectional 
area referred to as A of the beam element, equivalently replaced all uncertain factors 
associated with the valve. L could be set as the distance between the corresponding 
measurement points. The main task of modeling was to determine the value of E, I and A. 
The 2D-FEM established for the valve is shown in Fig. 5. 
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(a) Y direction                                                  (b) Z direction 

Figure 4: PSD curves measured by white noise test 

The pipes were modeled using pipe elements, while the restraints of the supports on the 
system were modeled using linear springs. The lumped-mass FEM of the VPS as shown 
in Fig. 6, which is comprised of 11 pipe elements, 4 beam elements, 16 mass elements, 
and two linear springs. The position of each node corresponds to the position of the 
measuring points shown in Fig. 2. 

 
Figure 5: Lumped mass 2D-FEM corresponding to the valve (m) 
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Figure 6: Lumped mass 2D-FEM corresponding to the VPS (m) 

According to engineering experience, the translational stiffness Kt and rotational stiffness 
Kr of the linear spring, valve-related beam elements E, I and A and the mass assigned to 
each node are the main sources of the deviation between the FEM and the actual VPS. 
The above parameters can be regarded as updating parameters in the FEM updating 
process. The number of updating parameter is required to be further reduced to ensure the 
completion of correction. Firstly, based on past experience, the supports can provide 
sufficient constraints for the system in the horizontal direction, so that Kt could be 
considered as large enough. Secondly, the valve-related updating parameters were 
reduced by half through equivalent substitution, which means, placing the product of 
valve-related beam elements E and I with bending rigidity Wb, and replacing the product 
of E and A with compressive stiffness Wc. Finally, the mass of each node is required to be 
carefully allocated for the mass matrix of the system to be approximately determined. 
The mass of the pipe elements was uniformly distributed to each node. The weight of 
each part of the valve is as follows. The valve body weighed 21.9 kg, the valve clack 
weighed 1.3 kg, the valve rod weighed 1 kg, the valve cover and stuffing box gland 
weighed 7.1 kg, the 8 bolts connecting the valve and cover weighed 1.3 kg, the hand 
wheel and fixed elements weighed 1.65 kg, the total weight of the valve weighed 34.25 
kg, each bolt connecting the valve and the pipeline weighed 0.15 kg, and the flange 
welded to the pipeline weighed 5.1 kg. The mass of the valve body was evenly 
distributed across A8, A9, A10 and A12, while the mass of the valve rod was evenly 
distributed across A9, A10 and A11. As the valve was closed, the mass of the valve clack 
was distributed at A9. The mass of the bolt connecting the valve cover and valve body 
was distributed at A10. The mass of the hand wheel and its fixed components was 
distributed at A11. Due to the lower center of gravity, 1/3 mass of valve cover was 
distributed at A11, with the rest at A10. The mass of the eight bolts and flanges used at the 
end of the valve connected to the pipes were distributed in A8 and A12. In summary, the 
mass allocated to each node is shown in Tab. 2. The mass matrices in the Y and Z 
directions are identical. 

Table 2: The mass assigned to each node 

 

Measure point No.  1 2 3 4 5 6 7 8 
Mass (kg) 0.29 1.24 1.34 1.34 1.34 1.34 1.34 12.46 

Measure point No. 9 10 11 12 13 14 15 16 
Mass (kg) 7.11 11.84 4.38 0.80 0.80 0.80 0.87 0.24 
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Elements 8 and 9 are symmetrical, so their parameter values can be considered equal. To 
sum up, in the 2D-FEMs corresponding to the VPS, the updating parameters in the Y-
direction include: rotation stiffness of springs at the left and right end was Ky1 and Ky2, 
bending rigidity of elements 8 and 9 in the Y direction was Wby, and the bending rigidity 
of elements 10 and 11 were Wb10 and Wb11. The updating parameters in the Z-direction 
include: Kz1 and Kz2, the rotation stiffness of springs at the left and right ends; Wbz, the 
bending rigidity of elements 8 and 9; as well as Wc10 and Wc11, the compressive stiffness 
of elements 10 and 11. 

4 Identification of uncertain parameters 
4.1 Sensitivity analysis 
The response of the VPS in the direction of rotational freedom was not measured during 
the test. Since the test structure was not subject to external excitation along the direction 
of rotation, static condensation could be performed on K in the initial FEM shown in Fig. 
6 to obtain a condensed stiffness matrix K’, the rotational freedom of which was 
eliminated. K’ was a 16-order matrix, and remained associated with the parameters in 
relation to the rotation freedom. The mass matrix used for updating was a 16-order 
diagonal matrix, and the diagonal elements are the mass assigned to each node shown in 
Tab. 2. The relative acceleration response of each measurement point can be obtained by 
subtracting the acceleration time history of the shaking table from the absolute 
acceleration response measured at each measurement point in Cases 2 and 5. 
Subsequently, the Fourier transform was performed on the relative acceleration responses 
and the acceleration time history of the shaking table to obtain �̈�𝐮 and �̈�𝐮𝐠𝐠. By substituting 
the above mentioned results into Eqs. (1)-(7), an updating framework for the 
identification of structure parameters in the 2D-FEM could be established. The automatic 
updating process was achieved by means of programming in MATLAB.  
Before executing the updating program, the sensitivity of the parameters to VCEE should 
be calculated to guide the selection of frequency points used for updating. The sensitivity of 
various parameters to VCEE along the Y and Z directions was calculated using Eq. (6), as 
shown in Fig. 7. 
Fig. 7 indicates that the sensitivity of each parameter to the VCEE along the Y and Z 
directions has a similar trend, that is, the region with a lower sensitivity ranges from 5 Hz 
to 8.5 Hz and the maximum sensitivity was near the fundamental frequency. The 
sensitivity near the high-order natural frequency was close to zero, which is because the 
VPS only vibrates at the first-order natural frequency during the artificial seismic wave 
test. Due to the considerable effect of the measurement noise on low-frequency data, the 
sensitivity of each parameter shows a larger value below 5 Hz. In addition, below 5 Hz, 
the sensitivity of the Z-direction parameter to VCEE was significantly greater than the Y-
direction one, which indicates that the measurement data along the Z-direction is affected 
more significantly by noise than along the Y-direction. It is worth noting that the 
sensitivity shown by the bending rigidity of elements 8 and 9 to VCEE exhibits a 
significant increase along the Z direction. 
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Figure 7: Sensitivity of each parameter to VCEE 

4.2 Identification in Y direction 
In this experiment, the impact of noise on the measured data showed a decreasing trend 
as the frequency is on the increase. The frequency points used for updating not only 
required avoiding the resonance frequency, but also the measurement data corresponding 
to these frequency points required enough accuracy. The frequency regions meeting this 
requirement are 5 Hz-8.5 Hz and more than 15 Hz. However, as the VPS vibrated at the 
first-order natural frequency, the frequencies above 15 Hz carry insufficient information 
about the dynamic characteristics, for which the frequency points were selected to be 
within 5 Hz-8.5 Hz. The principle applied to the further selection of frequency points in 
this region was that the initial VCEE calculated by Eq. (2) should be as small as possible. 
In order to be consistent with the reality, it is assumed that only the measured 
fundamental frequency of the VPS is available before the updating. The initial estimates 
of the updating parameters were determined by the principle of theoretical and measured 
fundamental frequency coincidence. Each updating parameter has a specific physical 
meaning, but there is no engineering experience or criteria that can guide the order of 
magnitude for these parameters to be determined, for which each parameter should be 
changeable within a larger range. The allowable ranges of updating parameters are also 
determined according to the measured fundamental frequency. The theoretical 
fundamental frequency is significantly affected by all the updating parameters. In order to 
make the parameters have sufficient value space, it is required that the fundamental 
frequency calculated by the combination of parameters corresponding to the permissible 
lower and upper limits is either slightly less and greater than the testing results. The 
initial estimate information and updated results of the updating parameters in the Y-
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direction FEM of the VPS are shown in Tab. 3. 

Table 3: Identification results of uncertain parameters in Y-direction 

As shown in Tab. 3, the identification results of Ky1 and Ky2 are slightly different. It was 
because the nuts connecting the pipes and the supports were processed and tightened 
manually. In addition, the bending rigidity of each beam element used to simulate the 
valve is not equal and significantly smaller than initially estimated. For engineering 
applications, if the valve is set as a mass point and rigidly connected to the pipeline, the 
analytical result will show a considerable deviation from the actual situation. 
The natural frequencies of the first three orders corresponding to the updated 2D-FEM 
are 8.96 Hz, 29.7 Hz and 43.6 Hz, the deviation of which from the test results were 
0.67%, 2.29%, and 1.16%, respectively. The high-frequency information was excluded 
from the response used for updating, but the updated 2D-FEM remained capable to 
accurately predict the high-order natural frequencies of the VPS, which is a significant 
advantage of the VCEE-based FEM updating method. That is to say, the required 
response data removes the need to include the higher-order mode, which could ensure 
that the test data for updating is easily obtainable.  
Certainly, the reliability of the identification results also requires to be validated by the 
degree of matching between the theoretical and experimental seismic responses. It is 
essential to set accurate damping for the system prior to calculating the seismic response. 
Rayleigh damping is widely used to simulate the energy dissipation mechanism of the 
systems and equipment in NPPs. In terms of the VPS, there is invariably a deviation 
between the peak of the seismic response corresponding to the theoretical damping 
coefficient and the actual result and the presence of the valve makes the damping 
distribution of the system show the clearly non-proportional. If the deviation is within the 
acceptable range, it can be reduced by updating the damping coefficients, otherwise it is 
necessary to re-identify the updating parameters.  
The impact of damping is limited to the amplitude of the response. Many scholars 
achieved a success in matching the measured and theoretical FRF curve peaks quickly by 
updating the damping ratio manually [Sipple and Sanayei (2014); Wang, Wang and Zhao 
(2017)]. The damping coefficients of different parts of the VPS are also mutually 
independent, for which a manual updating method was applied to update the damping 
coefficients of the system. As the measured responses of A1 and A16 was greatly affected 
by noise, the measured maximum response of A2-A15 was taken as the objective to 
manually update the damping coefficients set for different parts of the VPS. The results 

Updating 
parameters 

Frequency points 
participate in 
identification 

Initial 
estimation Variation range Identification 

results 

Ky1 (N mrad-1) 
  5.71 Hz, 5.88 Hz, 

5.96 Hz, 
 6.21 Hz, 6.22 Hz 

1.50e5 9.00e4-3.00e5 1.53e5 
Ky2 (N mrad-1) 1.50e5 9.00e4-3.00e5 1.46e5 
Wby (N m6) 9.00e4 1.00e4-1.00e5 1.89e4 
Wb10 (N m6) 9.00e4 2.00e3-1.00e5 4.17e3 
Wb11 (N m6) 9.00e4 2.00e3-1.00e5 2.53e3 
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are presented in Tab. 4, where α and β represent the mass damping coefficient and the 
stiffness damping coefficient respectively. 

Table 4: Damping updated result by using test data of case 1 in Y-direction 

Element No.  1, 2, 3, 4, 5, 6, 7 8, 9, 10, 11 12, 13, 14, 15 

Damped coefficient α β α β α β 

Correction results 0.8 2e-5 3.5 4e-4 0.8 1e-4 

In order to verify the capability of the updated FEM to reproduce the seismic response 
used for parameter identification, the A5 and A7 at the longer pipe, the valve related 
measurement points A8-A12 and the A14 at the shorter pipe were selected to compare the 
measured and theoretical responses. Fig. 8 shows the overlap of the measured and 
theoretical PSD curves.  
As shown in Fig. 8, the resonance frequency exhibited by the PSD curve as calculated 
using the updated model is excellently consistent with the experimental result. In 
addition, as the damping coefficients had been manually updated meticulously, the 
resonance peaks of the two PSD curves were shown to be basically identical. 

 
Figure 8: Comparison of PSD curves between theoretical (represented by a blue line) 
and measured (represented by a red line) of the VPS under the artificial seismic wave-I 
in Y-direction 

The updated model reproduces the seismic response. The theoretical and measured 
responses of the VPS under the effect of artificial seismic wave II were compared to 
demonstrate that the updated 2D-FEM is capable to predict the seismic response of the 
VPS under different conditions of excitation. Nevertheless, it was found out that the 
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amplitude of the theoretical response was greater when compared to the measured result. 
Therefore, with the maximum response of A2-A15 measured in case 3 as the target, the 
damping coefficients of each part of the VPS were manually updated again. The updated 
results are shown in Tab. 5.  

Table 5: Damping updated result by using test data of case 3 in Y-direction 

As revealed by the comparison drawn between Tabs. 4 and 5, the Rayleigh damping 
coefficients corresponding to the VPS show an insignificant increase as the excitation 
amplitude is on the rise. The re-updated damping coefficients were assigned to the updated 
model for the seismic response under the Case 3 to be re-predicted. Fig. 9 presents the 
comparison of PSD curves between the measured and theoretical response of the VPS 
under the excitation of artificial earthquake wave II. 

 
Figure 9: Comparison of PSD curves between theoretical (represented by a blue line) and 
measured (represented by a red line) of the VPS under the artificial seismic wave- II in Y-
direction 

As shown in Fig. 9, after the damping coefficients are updated again, under the excitation 
of artificial seismic wave II, the PSD curve for each measurement point as obtained by 
theoretical analysis is broadly consistent with the measurement result in respect of 
waveform. However, the relatively conservative theoretical resaults were obtained for A8, 
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coefficient α β α β α β 

Correction results 1.2 6e-5 3.5 5.5e-4 1.2 3e-4 
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A9 and A12 located at the horizontal part of the valve body, which is attributed to the 
differences between Rayleigh damping and the actual energy consumption mechanism of 
the system, rather than the inaccurate identification results 

4.3 Identification in Z direction 
Due to the noticeable increase of Wbz sensitivity to VCEE, when the frequency combination 
shown in Tab. 3 were applied to identify the parameters along the Z-direction, λ was 
assigned a larger value for the purpose of ensuring that Wbz would change within a 
reasonable range. Consequently, only Wbz changed at each time of iteration. Therefore, it is 
essential to increase the value of the frequencies used for updating to enhance the 
sensitivity of other parameters to VCEE. In addition, the measured data in Z direction are 
greatly affected by noise, and the accuracy of the measured data can be ensured by 
choosing higher frequency points. Meanwhile, the initial estimation of updating parameters 
should be as accurate as possible to ensure the smooth completion of the correction process. 
Taking the theoretical and measured fundamental frequencies as the goal and referring to 
the updated results in the Y direction, the initial estimation of the parameters in the Z 
direction is made. The initial estimate information and final updated results of the updating 
parameters in the Z-direction FEM of the VPS are shown in Tab. 6. 

Table 6: Identification results of uncertain parameters in Z-direction 

As indicated by Tab. 6, Ky1, Ky2 and Kz1, Kz2 are basically the same, which indicates that 
the supports provide the identical constraint for the VPS in the Y and Z directions. 
Besides, the bending rigidity of elements 8 and 9 in the Z direction is greater than in the 
Y direction. Elements 10 and 11 exhibited compressive stiffness in the Z direction, as a 
result of which Wc10 and Wc11 showed a larger value. The natural frequencies of the first 
two orders corresponding to the updated 2D-FEM in the Z-direction were 8.94 Hz and 
38.5 Hz, the deviation of which from the experimental results is 0.45% and 3.02%, 
respectively. The damping coefficients in the Z direction were manually updated in the 
same way, the results are shown in Tab. 7. 
So far, the construction of the 2D-FEM of the VPS in the Z direction has been complete. 
The comparison performed between the measured and theoretical response results of the 
Z-direction VPS under the effect of artificial seismic wave I is illustrated in Fig. 12. 

 

 

Updating 
parameters 

Frequency points 
participate in 
identification 

Initial 
estimation Variation range Identification 

results 

Kz1 (N mrad-1) 
7.84 Hz, 8.00 Hz,  
8.22 Hz, 
8.38 Hz, 8.53 Hz 

1.50e5 9.00e4-3.00e5 1.52e5 
Kz2 (N mrad-1) 1.50e5 9.00e4-3.00e5 1.48e5 
Wbz (N m6) 5.00e4 4.00e4-1.00e5 4.03e4 
Wc10 (N m4) 2.00e6 1.00e6-3.00e6 1.75e6 
Wc11 (N m4) 2.00e5 1.00e5-3.00e5 1.77e5 
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Table 7: Damping updated result by using test data of case 6 in Z-direction 

Element No.  1, 2, 3, 4, 5, 6, 7 8, 9, 10, 11 12, 13, 14, 15 

Damped coefficient α β α β α β 

Correction results 1 8e-5 3.5 2.5e-4 1 8e-5 

As shown in Fig. 12, the measured PSD curve corresponding to A11 has relatively larger 
amplitude within 4 Hz due to the effect of noise. Despite this, the resonance frequency and 
the amplitude at the resonant frequency shown by the PSD curves of the theoretical and 
experimental measurement points exhibited a remarkable consistence, which suggests that 
the updating parameters in the 2D-FEM along the Z direction were precisely identified 
using the seismic response. 

 
Figure 12: Comparison of PSD curves between theoretical (represented by a blue line) 
and measured (represented by a red line) of the VPS under the artificial seismic wave-I in 
Z-direction 

5 Conclusion 
Based on the VCEE as the objective function, a FEM updating method which can identify the 
structural parameters in the VPS directly by seismic response is proposed. Subsequently, the 
initial FEM of the VPS whose 80% of its total mass is comprised of valve was updated with 
the method, and the prediction ability of the updated model was verified. The following 
conclusions were drawn: 
1, The VCEE-based FEM updating method avoids the use of modes and provides a 
simple way for the identification of unknown structural parameters of VPS’s within NPP. 
A major advantage of the method is that the structure parameters of VPS can be 
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accurately identified even if the seismic response for the updating contains only the 
fundamental frequency information, hence greatly lowering the difficulty in which the 
test data needed for updating can be obtained. 
2, 2D-FEMs have the ability to accurately predict the dynamic characteristics of VPS’s. It 
is important that the valve and pipe are not rigidly connected in the 2D-FEM. The 
physical parameters of the beam elements used to simulate the valve must be identified 
by the FEM updating method. 
3, The computation simplicity of Rayleigh damping have given it an edge in its anti-
seismic applications for NPP, but this experiment has shown that it is possible for the 
Rayleigh damping coefficients corresponding to a VPS to increase slightly with the 
increase of excitation amplitude. NPPs tend to adopt conservative measures due to safety 
reasons, a theoretical result that is greater than the measured value is acceptable. The 
updated damping coefficients should be appropriately reduced when using the updated 
model to predict the responses under a seismic excitation that is smaller than that used in 
the identification process. 
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