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Abstract: Due to the alignment of track bridges directly affecting the safety and comfort of rail traffic
operation, the alignment prediction of track bridges needs to be accurate. However, the structure
of steel-concrete composite beam (SCCB) cable-stayed bridges is more complex, and the alignment
prediction needs to be more accurate. To further improve the accuracy of alignment prediction for
large-span SCCB track cable-stayed bridges, a method based on the response surface method (RSM)
is proposed. In this paper, the Nanjimen Yangtze River Track Special Bridge was taken as a case for
research. Considering the randomness of the influencing factors, the 95% confidence interval was
obtained by using Monte Carlo (MC) sampling analysis, and the predicted values were within the
confidence interval. The results show that the method integrates the confidence interval under each
confidence level by simulating the long-term deformation of different years after bridge completion.
The method could accurately predict the alignment of large-span SCCB track cable-stayed bridges,
and thereby provide technical support for alignment control and ensure the safe and comfortable
operation of rail transit.

Keywords: large-span track bridge; steel-concrete composite beam; cable-stayed bridge; alignment
prediction; response surface method; Monte Carlo

1. Introduction

Bridges are key elements of the transportation system. Health monitoring and as-
sessment of large-span bridges, mastering the evolution law of structural state, predicting
structural performance changes and early warning of emergencies are effective means
to ensure bridge operation safety, and are the priorities and research direction in bridge
engineering. As a response parameter of the bridge structure, the bridge alignment can
directly reflect the overall state and performance degradation of the structure (i.e., force
change, material degradation, stiffness degradation, etc. all could cause the alignment
change) and is an important parameter for assessment of the structure state. Structural
state monitoring, analysis and assessment with bridge alignment as the key index is one of
the important aspects of bridge health monitoring. Bridge alignment prediction is an area
of intense research in academia and industry which has important theoretical significance
and engineering application value.

SCCB are a new type of structure developed on the basis of steel and concrete. This
structure can resist the lifting and opposite sliding at the interface of the steel beam and
concrete bridge deck by setting shear connectors (shear nails, bending bars, etc.) between
the steel beam and the concrete bridge deck, so as to make it work together as a whole.
The SCCB bridge has the advantages of both steel and concrete structures, and is the main
development direction of long-span bridges. The research on the alignment prediction of
SCCB bridges is of great significance. Due to the influence of large traffic volume, narrow
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width, and high frequency of operation, the error between the predicted alignment and
actual alignment of large-span SCCB track cable-stayed bridges can be large. The alignment
state of such bridges directly impacts their safe construction and operation. If the error of
alignment prediction is too large, it can cause a great threat to the safety of the whole bridge.
Alignment analyses of large-span SCCB track cable-stayed bridges have been carried out in
several studies, starting from the response surface method (RSM), and accurate alignment
predictions were obtained.

Changes in bridge alignment are closely related to the bridge structure system, material
characteristics, construction technology, etc. Researchers have carried out a large number of
related studies and achieved fruitful research results. Ahad et al. [1,2] explored the role of
bonding between ultra-high-performance concrete and reinforcement through experiments.
Xiong [3] studied the influence of different influencing factors on the construction control
of SCCB cable-stayed bridges through a geometric control method and identified the
parameter sensitivity affecting the alignment of the main beam.

In order to reduce the influence of the construction process, several researchers have
proposed different methods to improve the efficiency of alignment analysis for large-span
bridges as bridge construction technology continues to mature. Xin et al. [4] proposed a
new method based on improved variational mode decomposition (IVMD) and conditional
kernel density estimation (CKDE) analysis data to obtain a high reliability bridge alignment
prediction. Lu et al. [5] have proposed an agent model which is based on mind evolutionary
computation-back propagation (MEC-BP) to improve the efficiency of the finite dimension
analysis through the assistance of the model, using the model to study the alignment of a
large span of waveform steel webs. Zhou et al. [6] proposed an optimized extreme learning
machine algorithm to obtain the optimum extreme learning machine (ELM) data through
an MEC search and then added in the ELM for the training so as to obtain a model with an
average error of only 0.225 cm to generate a construction alignment prediction of large-span
continuous rigid bridges. Chen et al. [7] established the multivariable grey model (MGM)
(1,2) on the basis of grey system theory in order to combine the grey prediction model
and the characteristics of the arch rib space of the shaped arch. They used the actual work
for comparison to prove that the MGM(1,2) model is an accurate and reasonable method
to predict the arch rib space of a shaped arch bridge alignment. Li and Zhu et al. [8]
evaluated the long-term state of the Qingma Bridge under traffic load by a suspension
cable monitoring system. Li and Wei et al. [9] proposed a cable state evaluation method
based on machine learning, which showed that the cable tension ratio is only related to the
properties of the cable and the transverse position of the vehicle on the deck. The model
analysis showed that the tension ratio can be considered an effective feature reflecting
the cable state which can be used effectively for cable state evaluation. Considering the
inaccuracy of monitoring systems caused by temperature in some specific cases, Li et al. [10]
proposed a method to extract bridge deformation under the influence of temperature and
effectively analyzed the influence of temperature. Zhang et al. [11] established the dual
defects magnetic dipole model with double defects in the cable and evaluated the state of
the cable by quantifying the fracture width. Statistical methods are also becoming more
widely used in the field of civil engineering. Among them, multiple linear regression is
a statistical method that uses mathematical models to describe the relationship between
one or more dependent variables. Yang et al. [12] analyzed eight parameters using the
multiple linear regression method. In this way, the energy consumption of buildings could
be analyzed and predicted. This statistical method is also applicable to the prediction
research of bridge engineering. RSM is often used as a statistical method in engineering
research. Li et al. [13] revised the model of cable-stayed bridges based on RSM. Using RSM,
Ma et al. [14] performed synchronous revision of the structural parameters of the multi-
scale finite element model (FEM) for a concrete-filled steel tube bridge. Xin et al. [15] used
RSM to predict the long-term deformation of track cable-stayed bridges in a probabilistic
sense considering five main structural parameters. Liu et al. [16] combined the RSM
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and equivalent normalization method (JC method) to analyze the reliability of large-span
bridges.

However, the RSM has been applied less to the prediction of the alignment for large-
span SCCB track cable-stayed bridges. There is less research on how to accurately predict
the alignment for large-span SCCB track cable-stayed bridges. In this study, the RSM was
used to conduct the alignment prediction based on environmental factors, actual situation
on site, applicable standards and specifications, and other factors. It can supplement the
alignment prediction research of entire large-span track bridges, and provide a reference
for bridge health monitoring, assessment and reasonable alignment control during the
operation period.

2. Experiment Principles
2.1. Design of Experiments

The structural alignment of bridges is influenced by many factors, many of which are
random. The randomness of influencing factors should be considered in the prediction
of bridge alignment. When selecting the samples of influencing factors, samples that can
reflect the spatial characteristics and laws [17–21] should be selected as far as possible to
improve the accuracy and efficiency of the experiment and achieve more precise results [22,23].

At present, the most common experimental design methods are uniform and orthogo-
nal. Compared with the orthogonal design method, the uniform design method, which
can solve more influencing factors in a shorter test time, is more suitable for large-span
track SCCB cable-stayed bridges. This method is characterized by uniform dispersion,
neatness, and comparability, making it an application of the pseudo MC method [24]. In
this paper, the test sample points were selected with reference to the U8 (88) uniform design
table based on the aspects of design complexity, environmental randomness and practical
stability.

2.2. Experiment Methods
2.2.1. Response Surface Method

The multivariate linear regression method [25–27] is adopted to convert the nonlinear
system into a linear system. The partial least squares method is adopted to optimize and
find the matching function. The method of minimum error squared is adopted to fit the
model prediction. The principle of the method is as follows.

1. The independent variable matrix Aα × β is a standardized treatment to obtain V0 and
its column vectors V01, . . . ,V0β; the dependent variable matrix Bα × δ is a standardized
treatment to obtain M0 and its column vectors M01, . . . ,M0δ, where V0 is expressed as
V0 = (V01, . . . ,V0β)α × β and M0 is expressed as M0 = (M01, . . . ,M0δ)α × β.

2. The transpose matrix of V0 and M0 are denoted by VT
0 and MT

0 . The characteristic
vectors ϕ1, ϕ2 corresponding to the maximum eigenvalues of VT

0 M0 MT
0 V0 and VT

1
M0 MT

0 V1, respectively, are calculated. Then t1 and t2 are calculated, where t1 = V0 ϕ1,

V1 = V0 − t1G1
′, G1’ = VT

0 t1

‖t1‖2 , t2 = V1 ϕ2, V2 = V1 − t2G2
′, and G2’ = VT

1 t2

‖t2‖2 . This step is

repeated until step m when tm, and Vm−1 are obtained.
3. To establish a suitable model, m finite components t1, . . . , tn are selected. After

executing to step m, the regression equation can be obtained, which is given as:

M0k = αk1V01 + · · ·+ αkβV0β + Mk (1)

where αk1, . . . , αkβ are the regression coefficients.
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2.2.2. Accuracy Test

After obtaining the data, the accuracy of the model needs to be tested. The multivariate
RSM model was used in this work, so it is reasonable to use an R2 test to judge the accuracy
of the model. which is given as:

R2 = 1−
∑m

j=1

[
f (x)j − f̂ (x)j

]2

∑m
j=1

[
f (x)j −

−
f (x)

]2 (2)

where f (x)j is the jth sample point response value, f̂ (x)j is the calculated value of the

response surface corresponding to the jth sample point, and
−
f (x) is the average value,

which is obtained from
−
f (x) = 1

m ∑m
j=1 f (x)j. The calculated R2 is between 0 and 1, and the

closer the value is to 1, the more accurate it is.

2.2.3. Monte Carlo Sampling Analysis

In order to improve the accuracy of the predicted values represented by the response
surface function, sample selection is significant. The MC method was selected for sampling
in this study. To begin with, xi (i = 1, 2, . . . , n) are the independent random parameters
in the influence model function f (x), and each corresponding independent parameter xi
(i = 1, 2, . . . , n) is randomly sampled to obtain a random sample of x1, x2, . . . , xn. Then,
xi is substituted into a specific program for repeated random sampling and analysis. The
response values of the M group structure are obtained, which are denoted as f (x)1, f (x)2,
. . . , f (x)m. Furthermore, the average value µ and standard deviation σ of f (x) are calculated,
which can be expressed as:

µ =
−
f (x) =

1
m

m

∑
j=1

f (x)j (3)

σ =

√√√√ 1
m− 1

m

∑
j=1

[
f (x)j − µ]2 (4)

3. Application Analysis
3.1. Project Profile

The Nanjimen Yangtze River Track Special Bridge connects Yuzhong District and
Nan’an District and is an important link in the second phase project of Chongqing Rail
Transit Line 10. The main bridge is a five-span double-cable plane and high-low tower
cable-stayed bridge with a semi-floating system. The span arrangement of the main bridge
is 34.5 + 180.5 + 480 + 215.5 + 94.5 m. The main girder is a SCCB, and the portal tower form
is used. The bridge type layout, cross-section view of the main beam, the main tower, and
the cable are shown in Figures 1–4, respectively.
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3.2. Finite Element Analysis

MIDAS/Civil was used to carry out the FE numerical analysis model of the Nanjimen
Yangtze River Track Special Bridge (Figure 5). The model used beam elements to simulate
the main tower, pier, and main beam, and truss elements to simulate the cables. The
boundary conditions of the model included complete consolidation between the main
tower and the pier, a rigid connection between the main tower and the stay cable, and
tri-directional restraint at the boundary of the auxiliary pier. In this model, the shrinkage
and creep of concrete were considered, and the material properties given in the design
drawings were used. At the same time, according to the “Code for Design of Railway
Bridges and culverts” (TB10002-2017) issued by the National Railway Administration, the
time-dependent characteristics were considered, and the software was used to automatically
calculate the most adverse effects of shrinkage and creep loads.
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Figure 5. The FEM numerical analysis model of the Nanjimen Yangtze River Track Special Bridge.

3.3. Model Establishment
3.3.1. Selection of Parameters to Establish the Model

For the alignment analysis of large-span SCCB track cable-stayed bridges, it is neces-
sary to select suitable random parameters and obtain the average value and coefficient of
variation of these parameters. In this study, the random parameters and their statistical
characteristics were selected considering the environmental factors, actual situation on the
site, applicable standards and specifications, and other factors of the Nanjimen Yangtze
River Track Special Bridge. The statistical characteristics of the random parameters are
shown in Table 1, where X1 is the strength of the main beam, X2 is the mean annual humid-
ity of the main beam environment, X3 is the concrete age at the beginning of main beam
shrinkage, X4 is the strength of the main tower, X5 is the mean annual humidity of the main
tower environment, X6 is the concrete age at the beginning of the main tower shrinkage, X7
is the volume weight of the main beam, and X8 is the volume weight of the main tower.
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Table 1. Statistical characteristics of random parameters.

Statistical
Character-

istics

Strength of
the Main

Beam
X1/(N/mm2)

Mean
Annual

Humidity
of the
Main

Beam Envi-
ronment
X2/(%)

Concrete
Age at the
Beginning

of Main
Beam

Shrinkage
X3/(day)

Strength of
the Main

Tower
X4/(N/mm2)

Mean
Annual

Humidity
of the
Main

Tower En-
vironment

X5/(%)

Concrete
Age at the
Beginning

of the
Main
Tower

Shrinkage
X6/(day)

Volume
Weight of
the Main

Beam
X7/(N/mm3)

Volume
Weight of
the Main

Tower
X8/(N/mm3)

Type of dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Normal dis-
tribution

Average
value 60 79 3 50 79 3 26 26

Coefficient
of variation 0.15 0.20 0.22 0.14 0.12 0.26 0.11 0.11

3.3.2. Selection of Samples to Establish the Model

To study the long-term deformation of the entire bridge, six different time nodes were
selected for analysis, namely, 1/2 year, 1 year, 2 years, 3 years, 5 years, and 10 years since
the bridge completion. The vertical deformation of the mid-span position of the main span
for these time nodes was studied. The structural influence values were denoted as S1/2, S1,
S2, S3, S5, and S10, respectively, and the uniformity experiment was carried out according
to the uniform design table of U8(88). Eight sample points were obtained by testing each
set of data, with the deformation of the main beam defined as negative when vertically
downward and positive when vertically upward. In this way, the sample points of the
uniform design (Table 2) and the structural response data were obtained (Table 3).

Table 2. Sample points based on uniform design.

Serial
Number X1/(N/mm2) X2/(%) X3/(day) X4/(N/mm2) X5/(%) X6/(day) X7/(N/mm3) X8/(N/mm3)

1 59.40 78.2 2.12 49.44 78.530 1.96 25.56 25.56
2 59.55 78.4 2.34 49.58 78.648 2.22 25.67 25.67
3 59.70 78.6 2.56 49.72 78.766 2.48 25.78 25.78
4 59.85 78.8 2.78 49.86 78.884 2.74 25.89 25.89
5 60.00 79.0 3.00 50.00 79.002 3.00 26.00 26.00
6 60.15 79.2 3.22 50.14 79.120 3.26 26.11 26.11
7 60.30 79.4 3.44 50.28 79.238 3.52 26.22 26.22
8 60.45 79.6 3.66 50.42 79.356 3.78 26.33 26.33

Table 3. Structural response data (mm).

Serial
Number S1/2 S1 S2 S3 S5 S10

1 −21.810 −37.231 −50.194 −61.070 −76.402 −98.043
2 −22.271 −34.782 −50.784 −61.656 −77.336 −99.256
3 −22.732 −35.310 −51.350 −62.803 −78.614 −100.498
4 −23.231 −35.639 −52.549 −64.103 −80.249 −101.795
5 −25.981 −39.213 −55.915 −67.192 −83.015 −104.833
6 −25.245 −38.547 −55.291 −66.585 −82.416 −104.202
7 −17.659 −27.846 −36.506 −41.716 −48.309 −55.856
8 −14.690 −24.974 −33.767 −39.047 −45.754 −52.834
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3.4. Response Surface Analysis
3.4.1. Response Surface Model Fitting

By fitting the data in Tables 2 and 3 with the least square method, six response models
were obtained, which are expressed as:

S1/2 = −237.4451 + 0.6211X1 + 0.4659X2 + 0.4235X3 + 0.6655X4 + 0.7896X5 + 0.3584X6 + 0.8470X7 + 0.8470X8 (5)

S1 = −403.5580 + 1.0634X1 + 0.7976X2 + 0.7251X3 + 1.1394X4 + 1.3518X5 + 0.6135X6 + 1.4501X7 + 1.4501X8 (6)

S2 = −638.1748 + 1.6983X1 + 1.2737X2 + 1.1579X3 + 1.8196X4 + 2.1589X5 + 0.9798X6 + 2.3159X7 + 2.3159X8 (7)

S3 = −883.0270 + 2.3753X1 + 1.7814X2 + 1.6195X3 + 2.5449X4 + 3.0194X5 + 1.3703X6 + 3.2390X7 + 3.2390X8 (8)

S5 = −1262.020 + 3.4276X1 + 2.5707X2 + 2.3370X3 + 3.6724X4 + 4.3571X5 + 1.9774X6 + 4.6740X7 + 4.6740X8 (9)

S10 = −1879.095 + 5.1519X1 + 3.8639X2 + 3.5127X3 + 5.5199X4 + 6.5490X5 + 2.9723X6 + 7.0253X7 + 7.0253X8 (10)

3.4.2. Response Surface Model Validation

To verify the statistical relationship between the structure and the selected random
variables, the accuracy of the six fitted response surface models was tested. The results are
shown in Table 4.

Table 4. Accuracy tests of response surface models.

Models R2 Models R2

S1/2 0.8993 S5 0.9455
S1 0.8714 S10 0.9425
S2 0.8788 Average value 0.9091
S3 0.9173

As shown in Table 4, the average value of the six response surfaces is 0.9091. More
than 90% is due to changes in the model parameters, indicating that the model has high
fitting accuracy and is more reliable.

3.5. Deformation Data Analysis
3.5.1. Deformation Data Analysis since Closure of the Main Span

To verify the applicability of the method, the measured values, FEM calculated values
and statistically calculated values (calculated by the MC-RSM method) of the vertical defor-
mation data since closure of the main span were compared and analyzed. The measured
deformation data was obtained from the health monitoring system (HMS) of Nanjimen
Yangtze River Track Special Bridge. Using phase shift regression analysis, an empirical
regression equation [28,29] was established to exclude the influence of temperature effects,
and then compared with the calculation results. The results are shown in Figure 6.

As shown in Figure 6, the measured values of vertical deformation in the mid-span
since closure of the main-span are relatively close to the FEM calculated values, with small
fluctuations around the FEM calculated values. However, the engineering prediction values
are low due to the fluctuation. At the same time, the statistically calculated values obtained
by the MC-RSM method envelop the measured values. Although there is a gap between
the statistically calculated and measured values, the statistically calculated values are more
certain because they focus on the calculation and analysis of the sample data, and there
is also some defect tolerance while maintaining accuracy and reliability. In addition, the
statistically calculated values only consider some of the influencing factors and cannot
include all the actual influencing factors, leading to partial deviation of the calculated
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results. If there were more factors studied, the statistically calculated results would be
closer to the actual situation.
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Figure 6. Comparison of vertical deformation at the mid-span of the main span.

3.5.2. Predictive Analysis of Deformation after Bridge Completion

When predicting deformation at the mid-span of the main span, the MC method was
applied, selecting a sample number of 10,000. The shrinkage and creep of the Nanjimen
Yangtze River Track Special Bridge were analyzed randomly based on the variability of the
material parameters. The average value and standard deviation of vertical deformation at
the mid-span of the main span were analyzed by selecting six time nodes from 1/2 year to
10 years after bridge completion. The results are shown in Table 5.

Table 5. Random analysis results for deformation at the mid-span of the main span.

Working Conditions Design Expected
Values (mm)

Measured Values
(mm)

Statistical Characteristic Values

Average Values
(mm)

Standard
Deviation

Time after bridge
completion

1/2 year −21.33 −20.02 −21.70 3.54

1 year −33.56 −25.13 −34.19 4.77

2 years −47.28 / −48.29 7.86

3 years −56.60 / −58.02 10.40

5 years −69.46 / −71.51 14.31

10 years −86.60 / −89.66 20.52

Table 5 shows that the difference between the design expected values and the average
values (obtained by sampling statistical analysis) is small, according to the parameters
selected in this paper. It shows that the maximum vertical deformation at the mid-span of
the main span can be well predicted. Furthermore, it can be seen that the standard value
increases over time, indicating the discreteness of the deformation increment gradually
increases.

The MC method obtained the probability distribution of vertical deformation at dif-
ferent time nodes, with the distribution results shown in Figure 7. The confidence levels
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under five representative percentages were selected, which were 35%, 55%, 75%, and 95%,
respectively.
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The vertical deformation predicted interval at each chosen time node for different
random factors was plotted for these five different confidence levels. Figure 8 shows the
results for the vertical deformation of different deformation intervals in 10 years.

Furthermore, the predicted values obtained by the FE calculation were compared
with the confidence interval at the 95% confidence level. The predicted values for vertical
deformation at the mid-span of the main span were obtained using MIDAS/Civil consid-
ering different time nodes after bridge completion. Under the same random parameters,
the confidence intervals at the 95% confidence level were obtained by the MC method
sampling, and the comparison results are shown in Figure 9.

Figure 9 illustrates that the predicted values obtained by the proposed model fall
within the 95% confidence interval, demonstrating the high accuracy of the parameter dis-
tribution and analysis method. The 10-year deformation amplitude of the bridge calculated
by the finite element software and the variation value of the lower limit of 95% confidence
level are shown in Figure 10. It can be seen that the 10-year deformation interval calculated
by the finite element software is (−86.5963, −21.3299) mm, and the variation value is
65.2664 mm. Using the uncertainty analysis method of MC-RSM, the variation interval
of the lower limit of the 95% confidence level is (−133.64, −33.68) mm, and the variation
amplitude of the lower limit of the 95% confidence level is 99.96 mm. The deformation
difference between the two methods increased from 12.35 mm at half a year to 47.04 mm
at 10 years. The deformation amplitude of the mid-span of the bridge at 10 years after
completion (calculated by the FE method) and the lower limit of the 95% confidence level
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(predicted by the MC-RSM method) and the deformation difference obtained by the two
methods in 10 years are shown in Figure 10. The vertical deformation at the mid-span of
the main span is relatively discrete, resulting in small calculation values by the FE method,
which is due to the influence of parameter randomness. It can be concluded that environ-
mental factors, material factors, and other factors should be considered comprehensively
when analyzing the alignment of large-span track SCCB cable-stayed bridges.
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4. Conclusions

In this paper, an alignment prediction of a large-span track SCCB cable-stayed bridge
was carried out by RSM considering the environmental factors, actual situation on site,
applicable standards and specifications of the Nanjimen Yangtze River track Special Bridge.
The deformation change of eight factors under the influence of randomness was discussed.
The following main conclusions were obtained.

1. Combining different influencing factors with the alignment of the entire large-span
track SCCB cable-stayed bridge, the RSM method was used to solve the problem of
low accuracy of alignment prediction for large-span SCCB track cable-stayed bridges.
Accurate alignment prediction was realized under the randomness of influencing
factors.

2. The MC method was combined with the RSM method for analysis. The partial least
squares method was used to verify the analysis according to the influencing factors
combined with the uniform design method. The long-term deformation for different
years after bridge completion was predicted. In addition, the finite element calculated
value interval of (−86.5963, −21.3299) mm is included in the 95% confidence interval
of (−133.64, −33.68) mm.

3. RSM can be used to analyze different influencing factors. In this paper, eight influ-
encing factors, such as the strength of the main beam, were analyzed, to realize the
alignment prediction of the bridge. In addition, other influencing factors could be
analyzed and studied quickly and effectively through this method, reducing the test
cost and time, and improving work efficiency.

4. RSM was used to predict and analyze the alignment of SCCB cable-stayed bridges,
and the predicted values at different years over 10 years were obtained. Alignment
prediction is an important consideration in the field of bridge health monitoring.
The prediction method based on RSM provides a theoretical basis and engineering
application reference for reasonable alignment control and state evaluation of bridges.

Due to the limited space, only the randomness of the eight influencing factors of the
bridge was analyzed and studied in this paper, which resulted in the deviation between the
predicted results and the actual results. To obtain more accurate results, further research on
more influencing factors is required.

In addition, the time since the bridge completion is relatively short, so the deformation
data for only one year after closure of the main span have been compared in this paper. As
more extended deformation data becomes available, further verification is needed.
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