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ABSTRACT: A response surface method was utilized for the finite element model updating of a cable-stayed bridge
in this paper to establish a baseline finite element model (FEM) that accurately reflects the characteristics of the actual
bridge structure. Firstly, an initial FEM was established by the large-scale finite element software ANSYS, and the
modal analysis was carried out on the dynamic response measured by the actual bridge structural health monitoring
system. The initial error was obtained by comparing the dynamic characteristics of the measured data with those of
the initial finite element model. Then, the second-order complete polynomial was selected to construct the response
surface model; the corrected parameters were chosen using the sensitivity method. The response surface model (RSM)
was fitted under the test cases designed using the central composite design method. After constructing the objective
function, the RSM was optimized and iterated by the sequential quadratic programming method to obtain the corrected
FEM. Finally, the dynamic characteristics of the modified FEM were compared with those of the actual bridge to get
the final error. The results show that the modified FEM simulates the dynamic characteristics of the actual cable-stayed
bridges more accurately.

KEYWORDS: Finite element model updating; structural health monitoring system; central composite design; response
surface model

1 Introduction
During the establishment of the finite element model (FEM), uncertainties in terms of subjectivity,

geometry, materials, and other aspects lead to a particular deviation between the initial FEM and the actual
bridge structure [1]. In scenarios where high accuracy is demanded, such as in bridge health monitoring
and condition assessment, the initial FEM hardly suffices for the application. Consequently, research on
FEM updating methods has become a prominent issue at present. To date, scholars from both China and
abroad have proposed numerous model updating methods, among which two categories are more commonly
employed. One is the sensitivity method based on sensitivity analysis, and the other is the response surface
model (RSM) method based on Analysis of Variance [2]. Both of these methods hinge on algorithmic
optimization. Due to its operability and computational efficiency, the bridge model updating method based
on the response surface has garnered significant attention from scholars. The RSM method was proposed by
Box and Wilson in 1951, and this method utilizes statistical concepts through specific experimental designs
to convert implicit functional relationships into simple explicit functional relationships.

Lu et al. [3] put forward a combination of RSM and genetic algorithm (GA) for model updating, and
the numerical example results of supported beams demonstrated that the method worked well and achieved
reasonable results. Subsequently, GA was used to update the parameters by minimizing the objective
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function. Zhu et al. [4] proposed a FEM updating method that combined the RSM with the GA. They utilized
the GA to optimize the design parameters of the scientific test frame, which improved the computational
efficiency. Ji et al. [5] proposed a more practical and faster method of combining the RSM and the Fmincon
algorithm (FA) for the correction of the FEM of a new, improved box girder bridge with corrugated steel webs.
This method used the RSM to define the response that minimized the discrepancy between the measured data
and the predictions of the FEM. Ma et al. [6] proposed a multi-scale FEM updating method for steel-tube-
concrete composite truss bridges based on RSM. Wang et al. [7] introduced the robust estimation method
into the response surface optimization solution process, which improved the reliability of the response
surface model updating. Dong et al. [8] combined the peak picking (PP) method and the random subspace
identification (SSI) method with the RSM method to identify the environmental vibration test results of a
prestressed concrete continuous girder bridge to achieve an accurate modification of FEM of the continuous
girder bridge. The corrected model could reflect the current situation of the actual bridge. Zhao et al. [9]
introduced a radial basis function into the RSM as an augmentation term of the polynomial function of
the objective function, which resulted in a higher fitting accuracy of the RSM and led to a substantial
improvement in the convergence speed and accuracy of the optimized solution of the model. Luo et al. [10]
proposed a structural damage identification method based on the combination of RSM updating and cloud
model similarity metric. The method took the first five orders of the intrinsic frequency of a 5-story steel
frame as the response and adopted the central composite design method to establish the response surface
model. To quantify the measurement noise of the structural response, the numerical properties of the cloud
model were introduced, and the accuracy of the RSM was improved through a filtering process. Fang et al. [11]
and Perera successfully carried out model updating of structures by using a quadratic polynomial function
as the response surface function and by applying the D-optimal design of experiments to the RSM.

In the future, more and more algorithms will be combined with the RSM, such as wavelet neural
networks, nature-inspired algorithms [12,13], which will simplify calculations and complex structures. The
research objects of bridge model updating methods can be broadly classified into two categories [14]. One is
the updating method based on static load test results; the other is the updating method based on dynamic
response data. Han et al. [15] utilized the RSM to modify the continuous beam bridge model through static
and dynamic tests, thus overcoming the limitations of relying solely on static or dynamic test data. Zhang
et al. [16] employed the actual monitoring dynamic characteristic parameters to formulate the response
surface equation and objective function suitable for cable-stayed bridge model updating. They also explored
the correlation of weight coefficients within the objective function. Xu et al. [17] selected the parameters of
steel strand stay cables to be corrected and combined the measured data to construct the objective function.
Then, they used the RSM to update the cable-stayed bridge model. Shimpi et al. [18] proposed a response
surface-based model updating method for two-story arcade heritage bridges. They chose the third-order
modal frequencies as the response parameters and obtained a highly precise bridge response surface model,
successfully ascertaining that Bridge No. 493 had sustained damage. Chen et al. [19] proposed a novel FEM
updating method for structural dynamics with uncertainty. It used quadratic polynomials to construct the
RSM between frequencies and updating parameters; that is, it conducted FEM updating based on dynamic
responses and verified the feasibility of this method. Sarehati et al. [20] used modal frequencies and mode
shapes as state parameters to establish a response surface model. They conducted comparative verification
through the numerical model of a supported beam and the laboratory-tested steel frame. This proved that
this response surface model was an adequate substitute for the FEM used for damage detection. Kadir
et al. [21] updated the original finite element model based on the results of in-situ dynamic tests using the
RSM. This method reduced the computational workload and furnished more stable results for the bridge
assessment work. The static load test demands substantial manpower and material resources, and the field
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test conditions are relatively harsh. In contrast, the dynamic load test, which uses environmental excitation to
obtain dynamic response data, is more convenient and expeditious. Numerous studies have been conducted
on finite element updating based on static data, wherein the response values typically comprise deflections
and strains. When the model is updated based on dynamic test data, the response values usually involve mode
frequencies and shapes. Given the convenience of measuring response data via environmental excitation,
this paper focuses on the response data based on dynamic responses.

2 The Basic Principle of Model Updating Based on RSM
The response surface method (RSM) is based on experimental design and statistical analysis, leveraging

statistical theories. It can transform the implicit functional relationship between the original input param-
eters and the output responses into an explicit approximate functional relationship via a limited number
of experiments. This resultant relationship is called the RSM and is also known as the “model of models.”
The crux of the RSM lies in the appropriate selection of parameters and responses within the system. The
experimental design should be carried out within a rational scope. The response values of the sample points
in the experimental design can be acquired through experiments or calculations. Subsequently, statistical
analysis techniques were applied to analyze and fit the actual experimental data, thus constructing a response
surface model that mirrors the relationship between the input parameters and the output responses. The RSM
astutely substitutes the traditional finite element model for repetitive, iterative computations by constructing
the response surface model. Consequently, it does away with the onerous process of invoking the finite
element model in each iteration. It substantially curtails the workload of finite element simulation, boosts
computational efficiency, and safeguards computational accuracy.

The fundamental procedures of the RSM chiefly encompass determining the response surface function,
identifying parameters, carrying out experimental design, constructing the response surface model, and
verifying its accuracy.

In this paper, a cable-stayed bridge was taken as the engineering object, and the first ten-order
frequencies were utilized as the updating target to probe into the accuracy and effectiveness of the updating
method based on the response surface model. The technical route of this paper is shown in Fig. 1.

Figure 1: Flowchart of model correction based on RSM

2.1 Updating Parameters and the Selection of the Corresponding Parameters
The selection of updating parameters constitutes a crucial step in the successful updating of FEM. The

suitability of the selected update parameters significantly impacts both the correction accuracy and the
correction efficiency of the model update. This step mainly depends on understanding structural principles,
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sound engineering judgment, and test objectives. Therefore, the selection of updating parameters is mainly
grounded in prior experience and sensitivity analysis of parameters. We usually choose the modulus of
elasticity, density, Poisson’s ratio, damping ratio, friction coefficient, and bearing stiffness of each part of the
bridge materials as the updating parameters.

2.2 Central Composite Design
Currently, the commonly used experimental design methods in civil engineering include full-factorial

design, uniform design, central composite design, and Latin hypercube design. The full-factorial design
method is a basic experimental method with relatively intuitive logic. As the number of parameters to be
corrected increases, the number of experiments increases exponentially (if there are n parameters to be
corrected and the number of levels for each component is L, the number of experiments is m = Ln), so the
full-factorial design method does not apply to complex FEM. The uniform design method focuses on the
uniform distribution of experimental sample points within the research interval, and other factors may be
ignored. Regarding the Latin hypercube design method, the number of sample points must exceed that of
parameters, which is likely to lead to a relatively large workload for generating the sample set.

The central composite design method is one of the most commonly used design methods in RSM, and
it combines the partial factorial experimental design method with the interpolated node method to increase
the number of sample points within a distance of ±δ on the principle that they are over the center point
and parallel to the coordinate axis. The center composite test consists of center, cubic, and axial points with
k parameters to be corrected. The number of cubic points is 2k; the cubic points are used to estimate the
linear and interaction terms but not the bending. The axial points are on the axis of the test space with a total
number of 2k, and the (0, 0) coordinates are the center points, which are used to check the bending, and the
two-factor center composite test is shown in Fig. 2.

Figure 2: Two-factor central composite design diagram

The central composite design method features a uniform distribution of test points, which overcomes
the deficiency of only outputting linear relationships between variables and factors. It can effectively expand
the design space to obtain higher-order information, with the advantages of simple design and fewer trials.
The central composite method design test has a very high advantage over other test design methods,
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making the test results more accurate. Hence, the test design method used in this paper is the central
composite method.

2.3 Response Surface Function (RSF)
The choice of the mathematical functions for the RSM is crucial to the overall response surface analysis

method, and the type of function chosen determines the accuracy of the subsequent corrections [22]. For
large-scale structures, finite element calculations’ structural inputs and outputs are often complex and exhibit
a certain degree of nonlinearity. Thus, the RSM is generally required to reflect the structure of the input-
output relationship and simplify the calculation process. The RSM method smartly substitutes the traditional
FEM for repeated iterative calculations by constructing a response surface model, and it is especially vital to
express the relationship between design parameters and the response using a reasonable function mapping
within an acceptable accuracy range. The RSM demands the selection of an appropriate RSF, which is directly
related to the success of the problem solution.

Polynomial functions are more widely used in response surfaces owing to their strong nonlinear ability
and simple forms. Two aspects need to be considered when choosing a suitable response surface function.
Firstly, the function expression should comprehensively reflect the correlation between the input parameters
and the output values. Secondly, a relatively straightforward function expression should be chosen as it
can reduce the workload associated with the parameters to be corrected and regression analysis. Generally,
second-order and third-order polynomials meet the accuracy requirements for representing the relationship
between the parameters to be corrected and the response values. In the finite element model updating of
bridges, the most prevalently utilized response surface function models are first-order polynomials and
second-order polynomials.

First-order polynomials are mostly used for fitting simple linear relationships. Higher-order polynomi-
als are mostly used for fitting complex nonlinear relationships between structural responses and parameters.
Among them, second-order polynomials are the most widely adopted because they can achieve a good
balance between fitting accuracy and computational efficiency. Li et al. [23] fitted the response surface
equations of the parameters to be corrected and the objective function, with and without considering the
parameter cross terms, respectively, and obtained the explicit equations between them and the optimal
values of the parameters to be corrected. Their results indicated that the updating effect was better when
the parameter cross terms were considered during the updating process. Therefore, this paper chose
second-order complete polynomials as the RSF, as shown in Eq. (1).

ŷ = β0 +∑
k
i=1 βi xi +∑

k
i=1 βi i xi

2 +∑i∑ j βi jxi x j + ε, (1)

where ŷ is the response surface function; β0 is the constant term to be determined; βi is the primary term to be
coefficient; βi i and βi j are the quadratic terms to be determined; xi and x j denote the correction parameters
of the structure; k denotes the number of coefficients to be determined; ε is the higher order error and ε∼
N (0, σ 2).

3 Project Overview
This paper uses a cable-stayed bridge on a provincial expressway as the engineering background. The

main bridge’s span arrangement is (108 + 180 + 108) m. The bridge tower and cable-stayed cables are located
in the medial strip. The whole bridge adopts nine pairs of cables. The height of the bridge tower is 435 m. The
main girder cross-section is a prestressed variable section box girder with a single box and three chambers.
The elevation of the cable-stayed bridge is shown in Fig. 3.
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Figure 3: Elevation of the cable-stayed bridge (unit: cm)

The girder at the abutment is 5.8 m high with a 1.1 m thick base plate, and the girder at the middle section
of the span is 3 m high with a 0.32 m thick base plate. The girder height and footing thickness of the girder
section between piers vary according to a quadratic parabola.

The equation for the variation of beam height (H) is given in Eq. (2).

H = x2

842 × 2.8 + 3. (2)

The variation equation for the thickness of the base plate (D) is given in Eq. (3).

D = x2

842 × 0.78 + 0.32. (3)

The equation for the variation of the base plate width (B) is given in Eq. (4).

B = 18.8275 − H
2

. (4)

According to the drawings, the main girder is divided into 29 kinds of single-box, three-compartment
sections. The standard girder section of the main girder is shown in Fig. 4, and the cross-section of the
cable tower is shown in Fig. 5. The piers are divided into 20 cross-sections, and the piers are variable section
thin-walled hollow piers. The transverse bridge dimensions remain constant, and the longitudinal pier cross-
section dimensions change according to the 80:1 inclination. The wall thickness at the middle of the pier is
1.2 m, and Wall thicknesses at the top and bottom of the pier are thickened to 1.8 and 2.2 m, respectively.
The cross-section of the bridge piers is shown in Fig. 6. As shown in the image, the right abutment data is
in parentheses, the left abutment data is outside parentheses, and the rest of the dimensions are common
to both.
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Figure 4: The standard girder section of the main girder (unit: cm)

Figure 5: The cross-section of the cable tower (unit: cm)

Figure 6: The cross-section of the bridge piers (unit: cm)
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4 Establishment of Initial FEM and Analysis of Measured Data

4.1 Establishment of Initial FEM
In this paper, according to the bridge design drawings, the cable-stayed bridge FEM was established and

analyzed with the finite element software ANSYS based on the actual situation. The entire bridge deck was
modeled in the form of a fishbone girder, as shown in Fig. 7, where the longitudinal girder and the transverse
stiffeners are crossed in the shape of a “fishbone.” The transverse rigid arm connects the centroid of the beam’s
cross-section and cable end to transfer the load. The advantage of the “fishbone” mode is that the mass and
the stiffness of the bridge deck system can be concentrated in the central node. Connecting the center of
gravity of the beam section and the cable node through the stiffening arm makes the stiffness modeling of
the main girder more accurate.

Figure 7: Fishbone-shaped main beam

The main material parameters and their corresponding components of the initial FEM are shown
in Table 1.

Table 1: The main material parameters of the initial FEM

Material names Elastic
modulus

(MPa)

Poisson
ratio

Volumetric
weight

(KN/m3)

Corresponding component Element

C55 3.55 × 104 0.2 25 Main girder, cable tower BEAM4
Concrete C50 3.45 × 104 0.2 25 Pier shaft BEAM4

C30 3.00 × 104 0.2 25 Tower base, pile cap BEAM4
Steel strand1860 1.95 × 105 0.3 78.5 Inclined cable LINK8

The main girder, cable tower, and pier of the bridge are simulated by the BEAM4 element, which is
a uniaxial force unit that can withstand tension, compression, bending, and torsion, and this unit has six
degrees of freedom at the nodes, which are the linear and angular displacements in the X, Y, and Z directions.
The cable is simulated by the LINK8 element, a three-dimensional rod unit that can only withstand tension
and compression, and the unit has three degrees of freedom at each node: displacement in the X, Y, and Z
directions. The initial FEM of the cable-stayed bridge is shown in Fig. 8.

This paper calculated the first ten modes of the cable-stayed bridge. The first five vibration modes are
shown in Fig. 9, and the first ten vibration frequencies are listed in Table 2.
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Figure 8: The initial FEM of cable-stayed bridge

Figure 9: (Continued)
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Figure 9: The first five-order frequency-vibration mode diagrams

Table 2: Measured and calculated frequencies of the first 10 orders of modes of the cable-stayed bridge and their
comparison

Mode order Measured frequency (HZ) Calculated frequency (HZ) Relative error (%)
1 0.550 0.583 5.626
2 0.585 0.639 8.451
3 0.946 1.090 13.211
4 1.338 1.493 10.382
5 1.438 1.565 8.115
6 1.600 1.692 5.437
7 1.667 1.763 5.445
8 1.802 1.855 2.857
9 1.893 1.866 −1.447
10 2.402 2.463 2.477
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4.2 Analysis of Measured Data
The monitoring contents of the bridge monitoring system used in this paper include vibration monitor-

ing, cable force monitoring, and deflection monitoring. There are nine unidirectional acceleration sensors,
and the layout diagram of sensor measuring points is shown in Fig. 10.

Figure 10: Layout diagram of sensor measuring points

The traditional Bayesian Fast Fourier Transform (FFT) method is susceptible to adverse conditions and
may fail to converge under such circumstances. Li et al. [24] devised an Expectation-Maximization (EM)
algorithm for calculating the second-order Taylor approximation of the logarithmic posterior probability
density function (PDF) at the local maximum. When the traditional algorithm fails to converge in modal
analysis, this method can substitute for the conventional one and enhance computational efficiency. Com-
pared with the traditional algorithm, the improved Bayesian Fast Fourier Transform (FFT) algorithm can
identify structural responses with greater accuracy and higher efficiency.

In light of the theory underlying the improved Bayesian FFT algorithm, the acceleration monitoring data
of the cable-stayed bridge from the first quarter of 2021, which is presently accessible and closest to the bridge’s
initial state, was chosen to perform modal analysis on the measured vibrations of the cable-stayed bridge.

The modal analysis was conducted using ANSYS to obtain the first 10 orders of modes of the cable-
stayed bridge. The measured and calculated frequencies of the first 10 orders of modes of cable-stayed bridges
and their comparison are shown in Table 2, except for the third-order modes with the largest relative error
of 13.211%, and the fourth-order modes with a relative error of 10.382%. The relative error of the rest of the
modes is less than 10%.

5 FEM Updating of Cable-Stayed Bridge Based on RSM

5.1 Selection of Updating Parameters
In this paper, we initially select certain parameters based on experience. Subsequently, through

parameter sensitivity analysis, we select the parameters with higher sensitivity to update.
When multiple correction parameters are within the structure, their units are not identical. Eq. (5) can

be employed to calculate the dimensionless sensitivity values to avoid this kind of interference. This facilitates
an intuitive evaluation of the degree of influence the updated parameters exert on the state variables.
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∂F
∂p
= (F

′′ − F′)/F
Δp/(p0 + Δp) , (5)

where p represents the parameter to be corrected, p0 is the initial value of the parameter to be corrected, Δp
is the slight change amount of the parameter to be corrected, and F is the state parameter of the structure.
When p = p0, the state variable F′ in this case can be calculated through ANSYS. Keeping other parameters
unchanged and making a small change to the parameter to be corrected p, that is, p = p0 + Δp, the state
variable F′′, in this case, can also be calculated through ANSYS.

Initially, the elastic modulus and density of main girders, bridge towers, abutments, and diagonal cables
were chosen as the parameters to be updated. Specifically, the elastic modulus and density of the main
girder are E1 and D1, and the elastic modulus and density of the bridge tower are E2 and D2. The elastic
modulus and density of the bridge abutment are E3 and D3. The elastic modulus and density of the diagonal
cable are E4 and D4. By employing the parameter perturbation method, each of the eight preliminarily
screened parameters to be corrected was increased by 10% to analyze their sensitivities to the first 10 orders of
frequencies. The original values and perturbed values of the parameters to be updated are shown in Table 3.
The frequency sensitivity analyses of each parameter are shown in Fig. 11. When the parameter analysis is
based on sensitivity, the parameter with high sensitivity is usually selected as the parameter to be updated,
because the high sensitivity parameter controlled the objective function. In contrast, the low sensitivity
parameter tends to increase the model error. Consequently, the elastic modulus and density of the main
girder, bridge tower, and abutment are selected as the parameters to be updated.

Table 3: Original and perturbed values of parameters to be updated

Parameters E1 D1 E2 D2 E3 D3 E4 D4

Original values 3.55 × 1010 2500 3.55 × 1010 2500 3.45 × 1010 2500 1.95 × 1011 7850
Perturbed values 3.91 × 1010 2750 3.91 × 1010 2750 3.80 × 1010 2750 2.15 × 1011 8635

Note: The units of elastic modulus in the table are Pa, and the units of mass density are kg/m3.

Figure 11: Frequency sensitivity analysis of each parameter
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5.2 Experimental Design and Response Surface Fitting
By comparison, the frequency of cable-stayed bridges exhibits a higher sensitivity to the parameters of

the main girders. Therefore, the variation rates of the density and elastic modulus of the main girders are
1 ± 0.2, while those of the remaining parameters are 1 ± 0.3, and parameters to be updated and their respective
variation rates are shown in Table 4.

Table 4: Parameters to be updated and their respective variation rates

Object to be updated Updating
parameter

Initialization
value

Cubic point
coordinates

Axial point
coordinates

Elastic modulus of the main girder x1 35.5 GPa 1 ± 0.2 1 ± 0.2α
Main girder density x2 2500 kg/m3 1 ± 0.2 1 ± 0.2α

Elastic modulus of the bridge tower x3 35.5 GPa 1 ± 0.3 1 ± 0.3α
Bridge tower density x4 2500 kg/m3 1 ± 0.3 1 ± 0.3α

Elastic modulus of the pier x5 34.5 GPa 1 ± 0.3 1 ± 0.3α
Piers density x6 2500 kg/m3 1 ± 0.3 1 ± 0.3α

To establish the response surface equations, the central composite design method is used to devise the
experimental conditions for the response surface. Given that there are six parameters to be corrected, the
number of factors is thus six. There are 64 cubic points and 12 axial points, with the value of α being 2.828.
The finite element analysis results for each representative test case are shown in Table 5, where cases 1 to 64
are cubic points, cases 65 to 76 are axial points, and cases 77 to 82 are center points. The calculated results
in Table 5 are used to construct the response surface equations.

Table 5: Representative test cases

Test case Frequency (HZ)

f 1 f 2 f 3 f 4 f 5 f 6 f 7 f 8 f 9 f 10

1 0.565 0.729 1.092 1.461 1.542 1.685 1.702 1.784 1.835 2.415
2 0.638 0.851 1.281 1.740 1.760 1.840 1.859 2.028 2.055 2.813
3 0.492 0.670 0.974 1.250 1.337 1.464 1.553 1.738 1.800 2.136
4 0.555 0.793 1.154 1.495 1.587 1.732 1.732 1.816 1.896 2.540
5 0.566 0.736 1.105 1.467 1.552 1.701 1.704 2.220 2.294 2.435

65 0.565 0.729 1.092 1.461 1.542 1.685 1.702 1.784 1.835 2.415
66 0.638 0.851 1.281 1.740 1.760 1.840 1.859 2.028 2.055 2.813
67 0.492 0.670 0.974 1.25 1.337 1.464 1.553 1.738 1.800 2.136
68 0.555 0.793 1.154 1.495 1.587 1.732 1.732 1.816 1.896 2.540
82 0.566 0.736 1.105 1.467 1.552 1.701 1.704 2.220 2.294 2.435

According to the calculation and analysis results of the FEM under each test case, the least squares
method is adopted to regress the undetermined coefficients βi in the response surface equations, and the βl̇
of the RSFs for each order of the frequencies are shown in Table 6.
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Table 6: Undetermined coefficients of the RSFs for each order of the frequencies

f 1 f 2 f 3 f 4 f 5 f 6 f 7 f 8 f 9 f 10

β0 0.465 1.290 0.847 1.034 1.103 3.634 0.823 1.962 2.638 1.568
β1 0.371 0.016 0.774 0.88 1.037 −0.142 1.839 0.059 0.006 1.649
β2 −0.366 −1.108 −0.529 −0.738 −0.828 −2.181 −0.849 −0.884 −1.731 −1.235
β3 0.029 −0.063 0.526 0.576 0.224 −0.435 −0.029 0.767 0.972 −0.291
β4 −0.050 −0.109 −0.262 −0.326 −0.167 −0.856 0.123 −0.850 −0.827 0.587
β5 0.317 0.044 0.169 0.337 0.549 −0.017 0.481 0.416 0.122 1.233
β6 −0.095 −0.100 −0.263 −0.016 −0.028 −0.721 0.041 0.226 −0.285 −0.527
β7 −0.047 −0.001 −0.033 −0.013 0.031 0.090 −0.216 0.049 −0.192 0.067
β8 0.003 −0.008 0.101 0.471 0.339 0.165 0.226 0.045 −0.601 0.129
β9 −0.008 0.001 −0.137 −0.495 −0.334 −0.121 −0.109 −0.004 0.448 −0.167

5.3 Comparison of Updating Results
This paper utilized the measured first 10 order frequencies of the bridge structure and the corresponding

first 10 order frequencies obtained from the response surface calculation. It calculated the sum of the
squares of their relative errors as the objective function. The relative error of the frequency was adopted
as the objective function rather than the absolute error. This was mainly due to the consideration that the
magnitudes of frequencies of each order vary, aiming to avoid the error resulting from inconsistent weighting
magnitudes. The constructed objective function was given as in Eq. (6).

y = min∑8
i=1 (

fAi − fE i

fE i
)

2

. (6)

Here, fE i is the measured value of the frequency, and fAi is the calculated value of the response
surface of the frequency, and i = 1, 2, . . . , 8. Once the objective function has been constructed, iterative
optimization can be carried out to seek the objective function’s minimum value under the parameters’
constraints. This paper conducted optimization iteration on the MATLAB platform using the sequential
quadratic programming method. The percentage error of the objective function values between two adjacent
model updates during the optimization iteration process was used to judge whether convergence had been
achieved. If the percentage error of the objective function value was less than 1% for two consecutive times
and this situation occurs twice in a row, it was deemed that convergence has been reached. Then, the optimal
values of the design parameters can be obtained. The comparison of the model updating parameters before
and after correction is shown in Table 7.

Table 7: Comparison of model correction parameters before and after correction

Design parameter Initialization value Corrected value Deviation before and
after correction (%)

E1 (Pa) 3.55 × 1010 3.36 × 1010 −5.352
D1 (kg/m3) 2500 2608 4.320

E2 (Pa) 3.55 × 1010 3.41 × 1010 −3.940
D2 (kg/m3) 2500 2583 3.320

(Continued)
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Table 7 (continued)

Design parameter Initialization value Corrected value Deviation before and
after correction (%)

E3 (Pa) 3.45 × 1010 3.37 × 1010 2.319
D3 (kg/m3) 2500 2574 2.960

The comparison between the pre-updating frequency and the post-updating frequency is shown
in Table 8. It could be seen that after the model update, the vibration frequency values calculated by the finite
element method (FEM) were closer to those monitored from the actual bridge structure. Through the model
updating, the absolute error values between the vibration frequency values calculated by the FEM and the
monitored ones changed from ranging between 1.426% and 15.222% to a range of 1.162% and 5.216%. The
most significant error occurred in the third-order vibration frequency, which decreased from 15.222% to
2.643%, thus showing better agreement with the actual vibration frequency value.

Table 8: Comparison of frequency before updating and frequency after updating

Mode order Measured
amplitude-
frequency

(HZ)

Analysis
frequency

(HZ)

Relative
error (%)

Corrected
value

Updating
error (%)

f1 0.550 0.583 6.000 0.563 2.364
f2 0.585 0.639 9.231 0.605 3.419
f3 0.946 1.090 15.222 0.971 2.643
f4 1.338 1.493 11.584 1.372 2.541
f5 1.438 1.565 8.832 1.513 5.216
f6 1.600 1.692 5.750 1.639 2.438
f7 1.667 1.763 5.759 1.749 4.919
f8 1.802 1.855 2.941 1.836 1.887
f9 1.893 1.866 −1.426 1.871 −1.162
f10 2.402 2.463 2.540 2.459 2.373

6 Conclusion
This paper developed a dynamic model updating method for cable-stayed bridges predicated on the

RSM, thereby achieving the FEM updating of cable-stayed bridges.
(1) Crucial issues about the dynamic model updating of cable-stayed bridges were addressed, including

the establishment of response surface equations, the solution of the objective function, and the implemen-
tation of the optimization algorithm. Subsequently, the general procedure for the dynamic model updating
of cable-stayed bridges was deduced.

(2) The error between the modal frequency value computed by the modified finite element method
(FEM) and the modal frequency value monitored from the actual bridge structure was reduced from the
range of 1.426% to 15.222% down to the range of 1.162% to 5.216%. Notably, for the third-order vibration
frequency, the error was decreased from 15.222% to 2.643%. The results show that the modified FEM with
the response surface method is much more accurate than the actual bridge structure.
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In recent years, the RSM has found extensive application in bridge and structural engineering domains.
Particularly in the FEM updating of cable-stayed bridges and suspension bridges, it has demonstrated a
robust development momentum. This study offers a valuable reference for future endeavors concerning FEM
updating of large and complex structures. It aids subsequent research in deepening the comprehension of
model modification for cable-stayed bridges. It enriches the reservoir of knowledge outcomes, possessing
strong practicality and promising application prospects in engineering practice.

Simultaneously, the proposed methodology’s limitations should be addressed in our forthcoming work.
In this paper, we mainly focused on the finite elements of cable-stayed bridges based on frequency, and
future research will involve the concurrent selection of multiple static and dynamic responses for updating,
to further compare and validate the correction results.
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