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In order to solve the problem that the calculation result of cable force deviates from the measured value because the parameters of
steel strand stay cable are not exactly equal to the designed value in practical engineering, a model updating method selecting the
steel strand stay cable parameters as the updating parameters and using more measured data as the objective function was
proposed. This method selects the central composite design in the response surface method. In the fine-fitting model affected
by the cross-term and high-order terms between parameters, the value of the parameter to be corrected is optimized according to
the measured data. Using the above method, taking a cable-stayed bridge without a backstay as the engineering background, the
model updating is carried out by using the cable force monitoring data during the construction monitoring process. The results
show that using this method, the updated values of the parameters of the cable can be obtained according to the measured data, and
the updated values of the parameters are consistent with the reality. The deviation between the calculated value of cable force and
the actual cable tension obtained according to the parameter updating decreases significantly, and most of the deviation is reduced
from 30% to 50% before the updating to less than 5%. The updating effect is obvious and meets the engineering requirements.

1. Introduction

Cable is the key mechanical component of cable-stayed bridges,
and the accuracy of cable force measurement directly affects the
construction safety and service status of cable-stayed bridges.
The frequency method is an effective method to measure the
cable force indirectly, and the accuracy of cable force identifi-
cation by the frequency method depends on the cable force
calculation formula and the specific values of parameters of
each cable, so it is especially important to get the actual cable
force calculation formula and the parameters of the cable force
calculation. The main factors affecting the cable force calcula-
tion results are cable length, unit cable weight, bending stiffness
of the cable, boundary conditions, shock absorber, and high
density polyethylene (HDPE) casing [1-4].

At the present stage, many scholars have carried out research
on the calculation of cable force and derived the formula for
calculating the cable force considering the influence of various
factors. Yi-Fan and Shuan-Hai [5] equated the cable model
with two ends fixed to the model with two ends hinged and
further deduced the formula of cable dynamic calculation

length. Weixin and Gang [6] derived the formula for the
calculation of the cable force considering the influence of
the cable sag and bending stiffness by analyzing the axially
tensioned beam with two ends fixed and gave the applicable
range of the formula considering the cable sag and bending
stiffness, respectively. Zui et al. [7] derived the calculation
formula of cable force with fundamental frequency and
second-order frequency for cables with fixed ends by numeri-
cal fitting method. Shao-Ping et al. [8] used the energy
method to derive the formula for calculating the cable force
and eliminated the bending stiffness as an implicit function,
which effectively avoided the problem of difficult identifica-
tion of the bending stiffness. Xu-Dong et al. [9] used the
energy method to derive the segmentation formula between
the fundamental frequency and the cable force and give the
limit value of the segmentation formula. Jianfei et al. [10]
obtained a cable force calculation formula based on the first
five natural frequencies under the condition of both ends
being fixed by combining the numerical solution with the
analytical solution and considering the bending stiffness of
the cable. Most of the above formulae highlight the influence
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of one factor and deviate too much when used in specific
bridge cases.

Parallel steel strands or wires are in a discrete state, which
will contact together due to cable tension, cable sag, and
cable hoop, and are not integral. Therefore, there is a big
deviation between the bending stiffness calculated by taking
multiple parallel steel strands as a whole and the actual stiff-
ness. For different cables under different anchorage types,
the real bending stiffness shall be determined in combination
with the actual situation [11]. The diameter of the HDPE
casing outside the cable is larger than that of the cable, so it
will contact with the cable under its own gravity, and the
length of the contact area will vary with the cable length, but
it is difficult to measure directly. The HDPE casing itself is
almost force-free but will generate forced vibration due to
contact with the cable. Therefore, the HDPE casing will have
a certain effect on the cable frequency measurement and
cable force calculation with its different contact area with
the cable, and the size of this contact area cannot be mea-
sured directly, but the effect on the cable force calculation
can be done by modifying the cable linear density. The cur-
rently proposed calculation formula considering the impact
of the damper still requires substitution of the damper stiff-
ness value, but the specific value of the damper stiffness is
more difficult to measure. Considering the difference in
damper stiffness, installation location, and damping coeffi-
cient, the method of correcting the calculated cable length
can be used to reduce the error caused by the damper on the
cable force measurement. The boundary conditions become
very complicated after the two ends of the cable are anchored
by the anchorages, which are neither fully fixed nor fully
hinged [12].

The existing research mostly adopts the method of mod-
ifying sensitivity parameters, which selects the parameters
that have a significant influence on the objective function
to modify during the model updating process and makes
the modified parameters have clear physical significance by
restricting the value range of these parameters. The objective
function is mostly constructed based on the joint measured
data of the static load test and dynamic load test of the
bridge, and finally, the modified finite element model can
accurately reflect the stiffness information, mass informa-
tion, boundary information, and static and dynamic proper-
ties of the structure [13]. Sensitivity-based correction method
and the response surface method are the most commonly
used methods in the process of model correction. Based on
the central composite design (CCD) experimental design of
response surface method, Yanqiang et al. [14], respectively,
fitted the response surface equation for the parameters to be
corrected and the objective function with or without consid-
eration of the parameter cross-term, obtained the explicit
equation between them and obtained the optimal value of
the parameters to be corrected by the optimization solution,
indicating that the correction effect on the cable force is more
obvious when considering the influence of the parameter
cross-term during correction. Yinping et al. [15] first estab-
lished a finite element model of an arch bridge and carried
out the model correction based on the response surface
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method, and finally obtained the explicit response surface
equation between the objective function and the parameters
to be corrected by combining the results of the parameter
significance analysis, and the structural parameters were cor-
rected by combining the measured data.

According to different scholars deriving the calculation
formula under different conditions, in order to get the actual
value of various influencing factors under different cable
types, this paper puts forward the finite element model mod-
ification of stay cable based on the response surface method.
By using the response surface method combined with field
measurement data, the actual calculation parameters of the
stay cable can be obtained more accurately to improve the
calculation accuracy of the cable force.

2. Engineering Background

This paper is based on the Yingcheng Bridge, whose span
arrangement is 35+ 60 m. The bridge elevation is shown in
Figure 1. The main girder is a separated single box double
chamber corrugated steel web integral box girder, as shown
in Figure 2. Stay cables are made of filled epoxy-coated paral-
lel steel strands with XL15-43 specifications, whose standard
tensile strength is 1,860 MPa and the modulus of elasticity is
1.95e5 Mpa, with HDPE casing protection on the outer side
and FSM15-43 anchorages on both ends. One stay cable is set
every 6 from 16 m away from the main pier, and seven pairs of
stay cables are set in parallel on the left and right sides. Each
stay cable consists of 43 parallel steel strands. The horizontal
inclination angle of the cable is 30°. All stay cables are of the
same type. The specifications and parameters of the stay cable
are shown in Table 1, and the sectional drawing and structural
drawing of the stay cable are shown in Figures 3 and 4,
respectively.

2.1. Cable Force Monitoring Field Test. After each group of
stay cable tensioning is completed, the tensioning jack cable
force value is recorded, and the frequency measurement of
the former cable is also carried out after the subsequent cable
tensioning is completed in order to combine with the stress
and deformation monitoring in the field to corroborate each
other. The initial cable force is recorded after the completion
of tensioning of the stay cable construction. In the subse-
quent construction stage, the frequency measurement of the
constructed cable is measured by the cable force dynamom-
eter, which is tied to the outside of the HDPE casing against
the middle of the cable, where the HDPE casing and the cable
fit together, as shown in Figure 5.

The cable force dynamic tester wirelessly transmits the
collected vibration acceleration signal to the computer end
for Fourier transformation analysis to obtain the frequency
of each order of the cable, as shown in Figure 6, which is the
frequency result displayed after analysis and processing. The
abscissa value corresponding to each wave peak displayed in
Figure 6 is the frequency value of each order of the stay cable.

Figure 6 shows the cable force measurement results of S5,
S6, and S7. According to the cable force measurement results
obtained from Figure 6, the fundamental frequency value
and frequency order can be judged according to the principle
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FiGure 1: Layout of bridge elevation (unit: cm).
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FIGURE 2: Box girder section (unit: cm).

TasLE 1: Cable specifications and parameters.

Number of parallel steel strands of =~ Length of single cable L Unit cable weight HDPE casing unit weight

Cable number

single-stay cable (piece) (m) (kg/m) (kg/m)
S1 43 34.2 47.257 9.943
S2 43 449 47.257 9.943
S3 43 55.5 47.257 9.943
S4 43 66.2 47.257 9.943
S5 43 76.8 47.257 9.943
S6 43 87.5 47.257 9.943
S7 43 98.1 47.257 9.943

of similar frequency difference. The fundamental frequency
and each order frequency can also be directly judged for the
result with a large frequency amplitude. For the result with a
small amplitude, it is necessary to calculate the fundamental
frequency value by several high-order frequency values with
large amplitude according to the principle of similar fre-
quency difference.

2.2. Calculation Results of Practical Formula of Cable Force.
Taking the seven cables listed in Section 2.1 as an example,
the seven cable force calculation formulas were used in com-
bination with the field-measured frequency values of the
seven cables and compared with the theoretical tensile force
of the cables to analyze the size of the deviation produced by
each formula when applied to the bridge. The possible values
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FIGURE 4: Diagram of cable structure.
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of various calculation parameters used here were obtained
according to the specifications and related literature [16-19],
and the results and deviations of the cable force calculations
are shown in Table 2 and Figure 7.

According to the data results in Figure 7, the calculated
results of the tensile string formula for short cables, ignoring
boundary conditions, bending stiffness, and other factors, show
a large deviation with a maximum deviation of 45.08%. For
long cables, although the calculated results have relatively
small deviations, reaching around 9.88%, there is still room
for further optimization. The beam vibration formula takes
into account the influence of bending stiffness but shows
similar overall calculation deviations as the string formula,
with a maximum deviation of 44.97%. Yi-Fan and Shuan-
Hai [5] calculate cable force using corrected cable length
and achieve a maximum deviation of 35.31%, but for long
cables S5, S6, and S7, the deviations are relatively small within
7.2%. The calculation formula proposed by Weixin and Gang
[6], considering the sagging degree, is not applicable to bridge
calculations as it still yields a maximum deviation of about
44% even when considering bending stiffness effects with an
additional maximum deviation of approximately 9.88%. Zui
et al. [7] consider flexural stiffness, drape effects, and bound-
ary conditions; using fundamental frequency yields a maxi-
mum deviation result of 39.44%, while using second-order
frequency calculation gives a result with a maximum devia-
tion of 34.14%. Shao-Ping et al. [8] eliminate bending stiffness
in their calculation formula, resulting in a maximum devia-
tion of calculated results at 49.54%.

As can be seen from Figure 7, the deviation of the for-
mula for the long cable is less than that for the short cable,
and the deviation of the cable force calculation gradually
decreases with the increase of the cable length, which indi-
cates that the boundary conditions and bending stiffness and
other influencing factors have a greater impact on the short
cable. It can be seen that, in the actual calculation, if the
actual situation is not considered on the impact of the
parameters of the cable, the design value of the parameters
of the cable as the actual value of the formula for calculation,
the calculation deviation will not meet the requirements of
engineering accuracy, especially for the short cable, the cal-
culation deviation will be difficult to accept.

3. Establishment of Initial Finite Flement
Model of Cable

For the uniform cable structure under the action of self-
weight, the self-weight is uniformly distributed along the
length direction of the cable curve, so its exact line should
be catenary. In this paper, the horizontal and vertical com-
ponents of the cable force T and the stress-free length of the
cable are obtained by solving the cable catenary equations
and iteratively calculating them, respectively, and the corre-
sponding cable shapes are applied to ANSYS software to
establish the cable catenary model to simulate the response
of the cable.

A 3D finite element model of the stay cable is established
using a general finite element program, in which the stay

cable is simulated using a beam element, and a total of
2,000 elements are divided along the length of the cable,
and the cable force is considered by applying a temperature
load to the beam element. Boundary conditions of the stay
cable are very complex, not completely solidified or articu-
lated, but rather a composite state between the two. Currently,
there is no unified conclusion on the study of boundary con-
ditions. Considering the presence of anchor devices at both
ends of the cable, the boundary conditions lean towards solid-
ification. This paper establishes an analysis of the solidifica-
tion end boundary under a finite element model of the cable.
In actual projects measuring cable frequency, a cable force
dynamometer is attached to the upper surface of the cable;
therefore, in finite element modeling analysis, only vibrations
in the vertical plane are considered.

In this paper, the finite element model of the cable under
the end fixed boundary is established for analysis, and the
natural frequency of the cable under specific cable force can
be obtained by eigenvalue analysis of the finite element
model of cable. The natural frequency of the cable under
specific cable force is different with different model parame-
ters, so it is necessary to determine the cable parameters as
reasonably as possible according to the actual situation. The
catenary finite element model of stay cable S7 is shown in
Figure 8, which is divided into 2,000 units and 2,001 nodes.

4. Cable Finite Element Model Updating

Due to the difference between the ideal assumptions and
boundary simplifications in the modeling process, the finite
element model established based on the initial design param-
eters of the cables has a certain deviation from the actual
structural response, and the finite element model correction
can significantly reduce this deviation. Factor design can deter-
mine the significance of parameters and parameter interaction,
and the response surface method is used to determine the
explicit functional relationship between the parameters to be
corrected and the objective function. Then, the optimal values
of the parameters to be corrected are solved iteratively through
the explicit functional relationship according to the measured
data. The bridge has seven pairs of stay cables. This paper only
takes cable S7 as an example to illustrate the process and key
aspects of the parameter correction of the cable finite element
model.

4.1. Parameter Screening Test. The CCD test was used for the
experimental design, and the high-level value and low-level
value of each parameter were determined based on the coef-
ficient of variation of each parameter. The objective function
fan (n=1,2,3...7) was determined by combining the mea-
sured data during the construction monitoring process, and
the f,, is measured fundamental frequency of the cable Sn.
Table 3 shows the value ranges of the three parameters to be
modified, which are determined by referring to the existing
specifications and literatures and according to the coefficient
of variation of the response.

4.2. CCD Test Fit Response Surface Equation. Combining the
actual measured values of the objective function and the
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FiGure 8: Catenary finite element model of cable S7.

TABLE 3: Parameters to be modified.

CCD test code (unit) Parameter Design value Low level High level Coefficient of variation
X (kN -m?) Cable bending stiffness 0.4EIL .« 0.1 El .« 0.7 Elpax 0.10
Y (m) Calculated length of cable L-L, L-2L, L 0.05
Z (kg) Unit weight of stay cable m + 0.5m, m m+ m; 0.20

Note. El,x is the maximum bending stiffness of the cable. L is the length between anchor positions at both ends of the stay cable, and L, is the length from the
anchor end to the shock absorber. m is the sum of the unit weight of 43 parallel steel strands, and m; is the unit weight of the HDPE casing.

parameters to be corrected selected in Table 3, a 5-level CCD ~ In Table 4, —1, 0, and 1 represent the low-level, design value,
test with three parameters and one objective function was  and high-level values of the parameters, respectively, and
conducted with S7 cable as an example, and a total of 20 test ~ +1.68, respectively, represent the maximum and minimum
scenarios were designed and obtained, as shown in Table 4.  values of the parameters. Sample 1 in Table 4 indicates that
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TaBLE 4: CCD test design scheme of S7 cable.

Sample number

Code of parameters in CCD test

X (bending stiffness) Y (calculated length) Z (unit weight)
1 0 0 —1.68
2 0 0 0
3 —1.68 0 0
4 1 -1 -1
5 0 0 0
6 0 1.68 0
7 1 -1 1
8 0 0 0
9 0 0 0
10 -1 1 -1
11 0 0 0
12 1 1 -1
13 -1 -1 -1
14 1.68 0 0
15 1
16 -1 1 1
17 0 —1.68 0
18 0 0 1.68
19 —1 -1 1
20 0 0 0

TasLE 5: Calculation results of the objective function.

Objective function results

Sample number Sample number

Objective function results

Objective function results
Sample number

Rf7 Rf7 Rf7

1 1.537 1.409 15 1.156
2 1.409 1.409 16 1.145
3 1.393 10 1.260 17 1.618
4 1.613 11 1.409 18 1.308
5 1.409 12 1.272 19 1.454
6 1.235 13 1.600 20 1.409
7 1.466 14 1.417

when each parameter to be corrected is taken at each level,
the results of the combination of the parameter levels are
used as a set of test scenarios for calculation and analysis of
the finite element model as a sample, and the meaning of
other samples 2-20 is the same as that of sample 1.

By substituting each test sample into the initial finite
element model in turn to calculate the analysis, the corre-
sponding 20 groups of objective function calculation results
can be obtained, as shown in Table 5.

According to the calculation results in Table 5 and the
results of the significance analysis of the objective function,
the significance analysis was performed for the parameters
single term, higher term, and cross term, considering that
the fitted model is a second-order model, so only the squared
term was considered for the higher term. According to the
significance analysis, this test parameter s=3, test sample
n=20, take the significance level @¢=0.05, and can be

calculated Fj 5(2, 17) =3.59. The ANOVA significant results
are shown in Figure 9.

It can be seen from the significant results of variance
analysis in Figure 9 that, for the stay cable S7, only the cable
calculation length X, cable unit weight Y, and square term
X?Y have significant influence on the objective function, and
the square terms of other parameters have no significant
influence on the objective function. The cable bending stiff-
ness X is not significant for S7 cable, which shows that the
influence of cable bending stiffness on the calculation of long
cable is very small.

According to the parameter significance results, the test
design is conducted for each parameter. The response surface
model of each parameter to the objective function f;; can be
obtained by the CCD test, as shown in Figures 10-12.

Based on the results of the parametric significance analysis,
some terms that have no significant effect on the target response
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FIGURE 11: Response surface model of parameters X and Z.
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TaBLE 6: Fitting accuracy test of the response surface.

Objective function R? R} RMSE
Ry, 0.9793 0.9643 0.0259
TasLE 7: The range of parameters to be modified and the result.

Parameter to be corrected Range of initial values Initial value Corrected value

X (0.1 EI,,,00.7E],,,.) 04 EI,, 0.352 El.x

Y (L-2L,, L) L, L-0.979L,

V4 (m, m + my) m+ 0.5m, m+0.198m,
TasLE 8: The range of parameters to be modified and the result of S7 cable.

Objective function Measured value Uncorrected calculated value/deviation Corrected calculated value/deviation

R 1.563 1.409/9.8% 1.566/0.19%
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FIGURE 13: Deviation of cable force calculation results of formula.

are ignored, and a quadratic polynomial is fitted. After solving
the undetermined coefficient, the quadratic response surface
equation is obtained, as shown in Equation (1):

Ry; =1.41 4 0.0063X — 0.114Y — 0.0665Z + 0.0078YZ
—0.0115X2 — 0.004Y? — 0.0052Z% — 0.0485X2Y

(1)

After obtaining the response surface equation, the fitting
accuracy test is required, and the specific calculation results
are shown in Table 6.

As can be seen from Table 6, both R* and Ridj of the
response surface model are close to 1, and the RMSE is close
to 0, indicating that the calculated value of the fitted response
surface model is highly consistent with the calculated value of
the real finite element model. Therefore, the response surface
model can accurately reflect the corresponding relationship
between the parameters and the objective function within the
reasonable range of the parameters and can be used to replace
the finite element model for model updating.

4.3. Finite Element Model Updating of S7 Cable. According to
the obtained quadratic response surface model and in com-
bination with the measured results of the objective function,
the parameters to be corrected are optimized and solved
within the parameter value range, and a group of optimal
values of the parameters to be corrected are obtained. The
results are shown in Table 7.

As can be seen from Table 7, the corrected bending stift-
ness of S7 cable is 0.352 El,,,, which is 29.6% less than the
design value because the long cable is less affected by the
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bending stiffness, and with the increase of the cable length,
the degree of impact will become smaller and smaller, and
the results obtained are consistent with the existing literature
cognition; The calculated cable length of the modified S7
cable is L-0.979L,, which is close to the length before the
dampers at both ends of the S7 cable. In combination with
the installation of the dampers on site and considering that
the stiffness of the S7 cable damper is large, the existence of
the damper has changed the vibration mode and frequency
of the S7 cable, and the dampers at both ends can be approx-
imately considered as the cable boundary condition is fixed;
The unit weight of S7 cable after considering HDPE casing is
m+0.198 ml, and the HDPE casing is not in full contact with
the stay cable, so it is unreasonable to directly add the weight
of HDPE casing. The corrected parameters are consistent
with the actual situation, and the results of parameter cor-
rection are within the range of parameter variability.

The corrected parameters were substituted into the initial
S7 cable finite element model for analysis and calculation,
and the comparison of the corrected fundamental frequency
of S7 cable and the initial fundamental frequency was
obtained, as shown in Table 8.

From Table 8, it can be seen that the deviation between
the calculated and measured values of S7 cable fundamental
frequency is reduced from 9.8% to 0.19% before the correc-
tion, and the correction effect is obvious.

The results of cable force calculation and the deviation
from the theoretical cable force are shown in Table 9 and
Figure 13, after the analogy of the corrected values of each
parameter of S1-S6 cables with reference to S7 cables.

From Table 9 and Table 2, it can be seen that the devia-
tion of cable force calculation after correction is significantly
reduced compared with that before correction. The deviation
of $4-57 cable using classical string theory and beam theory
formulas is within 3%, which meets the engineering require-
ments, while the deviation of S1-S3 cables is more than 3%,
in which the deviation of S3 cable reaches 6.36%; The devia-
tion of S4-S7 cables calculated by the rest of formulas is
within 5%, and most of the deviations are within 3%, and
the deviations of the calculated force of S1-S3 cables are
relatively large within 10%, and most of them are within 7%.

Referring to Figure 13, it can be seen that the deviation of
the calculation result using the fundamental frequency is
smaller than that using the second-order frequency, so the
deviation of the calculation result using the fundamental
frequency is smaller.

5. Conclusions

The following conclusions can be obtained from the analysis
and study of the modification of the parameters of the stay
cable model.

(1) Most of the existing cable force calculation formulas
only consider the influence of one factor alone.
When these formulas are substituted into the initial
parameters of the cable to calculate the cable force,
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the deviation is large, and the deviation is up to
30%-50%, which does not meet the engineering
requirements.

(2) The response surface model based on the response
surface method has high fitting accuracy. In the rea-
sonable range of each parameter, the response sur-
face model can effectively reflect the corresponding
relationship between each parameter and the objec-
tive function and can be used to replace the finite
element model for model updating.

(3) According to the obtained optimal solution of
parameter correction, the parameters are resubsti-
tuted into each formula for calculation, and the cal-
culation deviation is significantly reduced compared
with that before the correction. The calculation devi-
ation of each cable is below 5% in most of the for-
mulas after the correction, and the correction effect is
significant and meets the engineering requirements.
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