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Abstract: The dynamic characteristics of bridge structures are influenced by various environmental
factors, and exploring the impact of environmental temperature and humidity on structural modal
parameters is of great significance for structural health assessment. This paper utilized the Covariance-
Driven Stochastic Subspace Identification method (SSI-COV) and clustering algorithms to identify
modal frequencies from four months of acceleration data collected from the health monitoring
system of the Jintang Hantan Twin-Island Bridge. Furthermore, a correlation analysis is conducted
to examine the relationship between higher-order frequency and environmental factors, including
temperature and humidity. Subsequently, a Support Vector Machine Regression (SVR) model is
employed to analyze the effects of environmental temperature on structural modal frequencies. This
study has obtained the following conclusions: 1. Correlation analysis revealed that temperature is the
primary influencing factor in frequency variations. Frequency exhibited a strong linear correlation
with temperature and little correlation with humidity. 2. SVR regression analysis was performed on
frequency and temperature, and an evaluation of the fitting residuals was conducted. The model
effectively fit the sample data and provided reliable predictive results. 3. The original structural
frequencies underwent smoothing, eliminating the influence of temperature-induced frequency data
generated by the SVR model. After eliminating the temperature effects, the fluctuations in frequency
within a 24 h period significantly decreased. The data presented in this paper can serve as a reference
for further health assessments of similar bridge structures.

Keywords: structural health monitoring; environmental temperature; operation modal analysis;
stochastic subspace identification algorithm; environmental humidity; SVR

1. Introduction

With the continuous increase in the number and scale of transportation infrastructure,
there is a growing demand for regular inspection and maintenance to ensure its long-term
stable operation. Through long-term monitoring of bridge structures, real-time monitoring
of the structures can be achieved, aiding in predicting the lifespan of the structures and
formulating rational maintenance plans. Simultaneously, the long-term data collected by
structural health monitoring (SHM) systems can provide robust support for data-driven
decision-making. Combining advanced data analysis techniques, engineers can develop
more precise maintenance strategies and engineering plans, enabling the more efficient
allocation of resources and enhancing overall operational efficiency.

In SHM, changes in the dynamic characteristics of structures are crucial for assess-
ing structural health. Modal frequency variations are among the key parameters used
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to evaluate structural conditions [1-5]. However, the modal frequencies of real engineer-
ing structures are influenced by numerous environmental factors, such as temperature,
humidity, ambient noise, and wind, among others. Changes in modal parameters in-
duced by environmental factors are often significant and can even exceed those caused
by structural damage or operational loads [6-9]. Generally, temperature is recognized
as the primary environmental factor affecting structural frequencies [6]. In recent years,
numerous researchers have undertaken studies to assess the impact of temperature on the
modal parameters of bridge structures and investigate methods to mitigate its influence.

Several researchers have investigated the reasons behind the influence of temperature
changes on structural modal frequencies. Ni et al. [10], based on field-measured acceleration
and temperature data from the Sutong Bridge, studied the variations in natural frequencies
and damping ratios with temperature and vibration levels. Their research revealed that
the natural frequencies of bridge structures decrease with increasing temperature, possibly
due to changes in the elastic modulus of construction materials induced by temperature
fluctuations. Cho and Cho [11] conducted a long-term monitoring study on the dynamic
characteristics of two short-span concrete bridges and found that the natural frequencies of
the bridges decrease with rising temperatures. They validated this modal change through
model updating, attributing it to the temperature-dependent elasticity modulus of concrete.
Similar conclusions were drawn by Zhou and Sun [12], who combined environmental fac-
tors with six years of modal frequency data from the East Sea Bridge. They identified cyclic
variations in frequency and observed that all modal frequencies of the structure decrease
with increasing temperature due to changes in the elastic modulus of structural materials.
Cai et al. [13] analyzed the impact of temperature on the free vibration characteristics of
simply supported beams and theoretically deduced that the influence of temperature on the
natural frequency of simply supported beams is primarily caused by changes in the elastic
modulus of the beam material, with the structural dimensions having a less significant
impact. Anastasopoulos et al. [14] analyzed temperature fluctuations during monitoring
periods using modal data collected from a steel arch railway bridge equipped with Fiber
Bragg Grating Strain Sensors. They found that temperature can induce changes in the
bridge’s overall stiffness, leading to variations in natural frequencies. Sun et al. [15] studied
the relationship between modal frequencies and temperature in a controlled temperature
chamber for concrete continuous beam bridge models and steel cable-stayed bridges. They
observed that the influence of temperature on structural frequencies is closely related to
boundary conditions and that temperature may alter the bridge’s boundary conditions.

Different viewpoints exist among scholars regarding the pattern of modal frequencies
decreasing with rising environmental temperatures. Mosavi et al. [16] investigated the
relationship between modal characteristics and temperature in a two-span steel-concrete
composite bridge. They found that during the noon hours, the first five frequencies of the
main beam were higher than those during the night, with three of the frequencies positively
correlated with temperature. A similar phenomenon was observed at the Saint Michel
Bridge [17]. Michal and Katarina [18] used the Random Subspace Method to identify
acceleration data from a steel bridge and processed it in conjunction with temperature data.
They observed that the first two frequency modes of the structure increased with rising
temperature, and some frequencies showed non-linearity when fitted with linear regression
functions against temperature data.

Research has shown that eliminating the influence of a single environmental tempera-
ture can provide a more accurate assessment of bridge conditions [19,20]. The performance
of temperature effects in the presence of multiple environmental factors has also received
attention. Mao et al. [21] employed the Hilbert-Huang Transform method to identify contin-
uous modals over a year for the Sutong Bridge. They analyzed the impact of environmental
temperature and traffic volume on modal frequencies and found that temperature effects
outweighed traffic volume, being the most significant factor for vertical and torsional modal
frequencies. Yang et al. [22] conducted statistical characterization and probabilistic predic-
tion of environmental load data (wind speed, wind direction, temperature, and humidity)
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and acceleration response data collected by the SHM system of the Jiashao Multi-Tower
Cable-Stayed Bridge. They established mapping relationships between specific load sources
and structural responses. Chu et al. [1] proposed a time-series decomposition method to
divide the time series of structural dynamic characteristics into different time scales and
explore their relationship with periodic environmental loads. Their research indicated
that an increase in temperature leads to a decrease in modal frequencies and damping
ratios, while modal frequencies and damping ratios show no significant correlation with
humidity. He et al. [23] considered the influence of temperature and humidity on frequency
monitoring data and developed a temperature and humidity elimination method based
on BP neural networks, improving the accuracy of bridge condition reliability assessment.
He et al. [24] established a “Frequency-Temperature-Humidity” long-term equilibrium
model based on cointegration theory for monitoring data from a three-span concrete bridge
model. This model can be used to predict the trend of frequency changes and eliminate the
influence of temperature and humidity on frequency. Mu et al. [25] developed a Bayesian
network algorithm to identify the relationship between modal frequencies and various
environmental factors. They found that considering the correlation between temperature
and relative humidity improved the prediction accuracy when predicting modal frequen-
cies. Meng and Zhu [26] quantitatively compared the influence of temperature variations,
temperature gradients, and material properties on the dynamic performance of large-span
suspension bridges through multiscale modeling. They discovered that the time-varying
dynamic characteristics of large-span suspension bridges are primarily induced by thermal
stress-hardening effects. Wang et al. [27,28] proposed an EFR model based on multi-order
frequencies and a local thermal-frequency correlation model incorporating Gaussian mix-
tures to eliminate the variability in modal frequencies caused by temperature, humidity,
and wind speed. They verified the effectiveness of these two methods through experiments
on cable-stayed bridges.

This study analyzes nearly five months of vibration acceleration and temperature and
humidity data collected from four representative vertical acceleration sensors located inside
the main beam of the Jintang Hantan Twin-Island Bridge in Chengdu, China, using the
Covariance-Driven Stochastic Subspace Identification method (SSI-COV). It employs clus-
tering algorithms to automatically identify modal frequencies from steady-state diagrams
and utilizes Support Vector Machine Regression (SVR) analysis to model the identified
frequencies in relation to environmental temperature and humidity. Finally, based on
the fitted model, the influence of temperature on the identified frequencies is eliminated,
and the post-temperature-adjusted frequency fluctuations are observed. Finally, the main
conclusions of the article were summarized, and potential directions for further in-depth
research in the future were discussed.

2. Hardware, Equipment, and Methods
2.1. Bridge Monitoring System Description

The Jintang Hantan Twin-Island Bridge, located in Jintang County, Chengdu City,
Sichuan Province, China, has a total length of 860 m, featuring a primary span of 430 m,
and is constructed as a steel box girder cable-stayed bridge. To enable real-time monitoring
of the bridge’s operational condition, a health monitoring system has been installed on
the main beam of the cable-stayed bridge. The sensors related to acceleration and envi-
ronmental temperature and humidity data in the monitoring system include 13 vertical
acceleration measurement points (with a total of 26 acquisition channels) and 5 tempera-
ture and humidity sections (each section containing 7 temperature and humidity sensors).
The fiber Bragg grating vibration sensor is used to collect acceleration data, while the
environmental temperature and humidity sensor are employed for collecting temperature
and humidity data. The images and detailed parameters of both sensors are shown in
Figure 1 and Tables 1 and 2. The distribution of monitoring points across the entire bridge is
depicted in Figure 2. Due to hardware-related issues with certain sensors, their data output
is not stable. While ensuring the accuracy and effectiveness of frequency identification, this
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paper selected data collected from vertical accelerometers at four locations on the main
span (No. 6,7, 9, and 10), in addition to data from temperature and humidity sensors at 5
cross-sections spanning the entire bridge.

(a) Fiber grating vibration sensor (b) Environmental temperature and humidity sensor

Figure 1. Fiber brag grating vibration sensor and environmental temperature and humidity sensor.

Table 1. Parameters of the fiber brag grating vibration sensor.

Parameters Numerical Value
standard range 2G
measurement precision 2%o E.S.
resolution 0.1%o ES.
measurement frequency 10HZ
natural frequency >2 kHZ
sampling frequency 50 HZ

Table 2. Parameters of the temperature and humidity sensor.

Parameters Numerical value

humidity 0~100% RH

standard range temperature —20~+80 °C
meastrement precision humidity +3% RH (11~89% RH, 25 °C)

P temperature +0.5°C (25°C)
sampling frequency >0.02 Hz
, West East |
| 215 | 430 | 215 |

Vertical
Accelerometer 11-13#

Vertical
Accelerometer 4-104

Temperature & Temperature & Temperature & ‘ Temperature &
Humidity Section 2# ~ Humidity Section 34 ~ Humidity Section 4# | Humidity Section 5#

Temperature &
Humidity Section 1#

Figure 2. Location of accelerometers and temperature/humidity sensors.
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2.2. Automated Covariance-Driven Stochastic Subspace Identification Method (SSI-COV) with the
Clustering Algorithm

The automated Covariance-Driven Stochastic Subspace Identification method (SSI-
COV) was developed by Magalhaes et al. [29], and the incorporation of clustering algo-
rithms was inspired by Yonggang [30] and Eric [31]. The Stochastic Subspace Method [32]
is a time-domain approach that effectively mitigates data distortion during time-frequency
conversion. If there are 1 output channels, with r of them being reference channels, the
output data are used to construct a (2i) row X j column Hankel matrix, which is then
decomposed into ‘past” and ‘future’ segments, as shown in Equation (1):

vyt o v
ylief YEEf L. y];ef
o L[ T e S | "
Vil v i o Yitj—1 Y
Yirr Yirz 0 Vi
Yoi-1 Y2 " Yaiqj—2

In which yi‘*f eER" y, € R!, i represents the number of rows in the Hankel matrix, and
j represents the number of columns in the matrix. If all s output data are used for analysis,
then s = 2i 4-j — 1. Subsequently, a Toeplitz matrix is constructed using the Hankel matrix,
as shown in Equation (2):

Ri R - R
Rt R - Ry

T=Ym| S @)
Ry1 Ry - Ry

The Toeplitz matrix is a li X ri dimensional matrix; therefore, the control parameter i
will affect the size of the T matrix, and the scale of the T matrix significantly impacts the
identification results. After obtaining the Toeplitz matrix, identification frequencies can
be obtained through processes such as singular value decomposition and system order
determination. To demonstrate the algorithm’s workflow and identification performance,
this paper extracted acceleration data from the cable-stayed bridge recorded on 28 July from
02:00 to 02:10. The automated SSI-COV method with the Clustering Algorithm was used to
identify the bridge frequencies under different control parameters. The results are shown
in Table 3 and Figure 3. Table 3 displays the numerical solutions of modal frequencies
obtained for the cable-stayed bridge using finite element analysis. It also provides the
results of the automated SSI-COV method for the first 10 mode frequencies identified at
different values of the control parameter i, along with the associated computation times. It
can be observed that as the control parameter i and the Toeplitz matrix size increase, the
number of identified frequencies also increases. However, at the same time, the number
of false modes identified and the computational time required significantly increased. In
this study, for a comprehensive balance between computational accuracy and efficiency, we
chose i = 20 for identification.
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Table 3. Numerical solution and identification results of the automated SSI-COV under different
control parameter i.
Identified Frequencies (Hz) Computation
No. Mode 1 2 3 4 5 6 7 8 9 10 Time (s)
Finite Element 0.293 0.879 1367 1.601 1.758 2.014 \ \ \ \ \
Automated i=20 0.298 0.841 1.350 1.599 1.722 2.026 \ \ \ \ 36.40
SSI- i=40 0.298 0.640 0.841 0.990 1.166 1.262 1.350 1.599 1.722 1.762 39.53
COV i=80 0.298 0.372 0.640 0.685 0.842 0.853 0.990 1.166 1.262 1.350 43.28
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Figure 3. Stability diagrams of auto SSI-COV with the Clustering Algorithm.
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3. Identification Results
3.1. Subsection

The automated SSI-COV method was employed to analyze the acceleration data at
10 min intervals from April to August 2023 for the cable-stayed bridge. After removing out-
liers and missing data, the method successfully identified the first six significant structural
frequencies, as shown in Table 4. It can be observed that each frequency exhibits varying
degrees of fluctuation, with the maximum relative change being 4.2%. Additionally, the
fluctuation magnitude decreases as the mode order increases for the first five modes.

Table 4. Identified frequencies (from April to August, 2023).

Parameters/No. Mean Value/Hz Maximum Minimum Relative
Mode Value/Hz Value/Hz Difference/%
1 0.2977 0.3061 0.2940 4.2
2 0.8412 0.8585 0.8312 3.28
3 1.3480 1.3691 1.3303 2.92
4 1.5959 1.6100 1.5871 1.44
5 1.7602 1.7699 1.7501 1.13
6 2.0217 2.0398 2.0076 1.6

3.2. Correlation Research between Temperature, Humidity and Frequency

In this study, the time intervals for temperature and frequency identification were
both set at 10 min. Due to partial sensor data loss and errors, presenting the accelerometer
data for the entire five months would be challenging as it would be hindered by significant
interruptions in the dataset, making it difficult to observe patterns effectively. Therefore,
the accelerometer data from the week with the highest data volume in July was chosen
for identification and analysis. The synchronized time series of measured frequency and
temperature can be computed as shown in Equation (3).

FC:(fﬂli,f(Z?,...fﬁn,...fﬁ/[) }

T= (tllfz,"'tm,’”tM) 3)

where f, and tm, represent the frequency and temperature data for the m-th 10 min interval,
respectively, with the superscript ¢ denoting the frequency order.

The time history curves of temperature, humidity, and the 6th-order frequency of the
cable-stayed bridge from 27 July to 2 August are shown in Figure 4. From the figure, it
can be observed that temperature, humidity, and frequency all exhibit relatively regular
fluctuations on a daily basis. To better illustrate the temperature, humidity, and frequency
variation patterns, Figure 5 presents the curves of temperature and 6th-order frequency, as
well as humidity and 6th-order frequency for 29 July. It is evident from the figure that the
modal frequency of the structure significantly decreases with increasing temperature.

To further investigate the correlation between temperature and frequency, a linear fit
was applied to the temperature and 6th-order frequency data from April to July. The fitting
results are shown in Figure 6. The correlation coefficient between the 6th mode identification
frequency and temperature from April to July was —0.8283, while the correlation coefficient
with humidity was 0.3209. Combined with a 95% confidence interval, it can be observed
that the temperature-frequency data are concentrated on both sides of the fitted curve. This
indicates a strong negative correlation between the modal frequency of the Jintang Hantan
Twin Island Bridge and temperature, while there is no significant linear correlation between
humidity and frequency.
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Figure 4. Time-history curve of temperature and frequency from 27 July to 2 August 2023.
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Figure 6. Distributions of No. 6 modal frequencies and the linear regressions respective to tempera-
ture and humidity.

4. Temperature-Frequency Nonlinear Model Analysis

The Support Vector Machine (SVR) regression model was employed to analyze the
relationship between modal frequency and environmental temperature. Since humidity
was found to have a minor impact on modal frequencies through correlation analysis
in the previous sections, this study only established a model for modal frequencies and
environmental temperature, excluding humidity as a predictor. It should be noted that, due
to the limited sample data collected, the model established in this study is only applicable
to the range of normal atmospheric temperature variations. The data used were collected
during the spring and summer seasons in Chengdu, with temperature variations ranging
from 14.8 to 38.2 °C. Effective monitoring data from April to August (i.e., no missing data
for frequency and temperature) were selected for this study. The total number of collected
samples amounted to 547 sets. Following a ratio of 0.85:0.15, the collected samples were
randomly divided into training and testing sets. Among these, 465 sets of data were selected
as training samples to build the model, denoted as fi;ain and tyain. Subsequently, 82 sets of
data were employed as testing samples to assess and verify the predictive capability of the
model, labeled as fiest and tegt.

4.1. Nonlinear Model Based on SVR Regression Analysis

Support Vector Regression (SVR) is a non-linear regression analysis method derived
from Support Vector Machine (S§VM) technology. The core of SVR lies in mapping complex
non-linear problems to a new linear space using a kernel function. The linear equation in
the new space can be expressed as follows:

y(x) =wlo(x)+b+e )

where w is the weight vector, b is a constant, e represents the error, and ¢(x) is the
transformation function with respect to the input vector x. If there is a training sample
{x,y;}(i = 1,2,---,N), then the SVR model can be transformed into an optimization
problem for solving [33]. This results in a system of linear equations,

0 Inx1 bl 10
lixNn Q+’)/_1IN] [a} o |:Y:| ©®)
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whereY = [y, -+, y\] Tanda = [, -, ocN]T are Lagrange multipliers, 7 is the regular-
ization parameter. () is the kernel matrix computed based on the kernel function. Each
element in () can be calculated using Equation (6),

Q5 = o(x) 9(x5) = K(xi, %)) (6)

Thus, by solving Equation (4), the required fitting model can be obtained. Observing
Equation (5), it is not difficult to find that in the SVR method, the kernel matrix Q) is
determined by the kernel function K(x;,%;). Therefore, we do not need to know the exact
expression of the transformation function ¢(x); we only need to determine the kernel
function K(x;,Xj) to determine the regression model. There are many types of kernel
functions to choose from, depending on the specific circumstances. In this study, the
commonly used Gaussian radial basis function (RBF) K(x;, xj) = e~ Ixi=x]1*/26% (a5 selected
for modeling and analysis.

In this study, 6th-order recognition frequency was selected for investigation. The key
model parameters of the SVR model are listed in Table 5, and the calculation results of the
regression model are shown in Figure 7. It can be seen that both the fitting and prediction
results closely match the curves of the measured samples. Therefore, it is evident that
the SVR regression method based on the radial basis kernel function can also establish
a reasonably effective model for the temperature-frequency relationship. As a contrast,
the random forest model is also used to train and predict the same frequency data; the
number of decision trees constructed is 10. The recognition results are shown in Figure 8.

The accuracy of the random forest model will be discussed in a subsequent section.

Table 5. The key model parameters of SVR model.

Parameters Numerical Value
C 20
gamma 2
epsilon 0.01
tol 0.001

—#— Test Sample
—e—Regression Fitting

Frequency (Hz)

0 50 100 150 200 250 300 350 400 450
Sample serial number

(a) Training sample fitting
T T T T T

T

I
—*—Test Sample
—6—Regression Fitting

N N

o =3

& =
T

Frequency (Hz)
»
S

g
=]

[N]

Sample serial number

(b) Test sample prediction

Figure 7. Regression of the 6th-order frequency based on the SVR nonlinear model.
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(b) Test sample prediction

Figure 8. Regression of the 6th-order frequency based on a random forest model.

4.2. Model Quality Analysis

To assess and compare the fitting quality of the models, an analysis of the model’s

residuals was conducted. If the fitting model is denoted as F¢(t;,), then the fitting residuals
—C — —~C —~

are defined as ef(h) = f;, —F°(t}), and the prediction residuals as e (h) = f}, —F(tp).
Based on the fitting residuals and prediction residuals, four evaluation metrics were cal-
culated: root mean square error (RMSE), coefficient of determination (R?), kurtosis, and
skewness. The root mean square error (RMSE) is the square root of the second sample
moment of the difference between predicted values and observed values, reflecting the
accuracy of the model. The kurtosis of the residuals is defined as:

Kurt = hH:1 5 (7)
HL (ef— eﬂ
h=1
The skewness of the residuals can be defined as,
H
B Y (ef—e)
Skew = — =1 ®)
- REE
ERICET
h=1
The root mean square error (RMSE) can be defined as,
1N 0y
RMSE = N Y (F(th) — f1) ©)
h=1

where N is the length of fiain OF frest.
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The coefficient of determination (R?) can be defined as,

. SStes

RZ=1
Sstot

(10)

where SS;es = Zef\z is the sum of squares of residuals, SSiot = Y- (F¢(ty) — Fc(th))2 is the
h h

total sum of squares.

Root Mean Square Error (RMSE) reflects the accuracy of the model, and its value
is always non-negative, with a value of 0 indicating a perfect fit to the data. In general,
a lower RMSE is better than a higher one. The coefficient of determination (R?) is used
to assess the goodness of fit of a regression model, with a value closer to 1 indicating
a higher degree of fit. The kurtosis and skewness of residuals are both measures of the
normality of their amplitude distribution. Kurtosis is used to assess the steepness of the
residual distribution: Kurt < 3 indicates that the residual distribution is flatter than the
normal distribution, while Kurt > 3 indicates that the residual distribution is sharper
than the normal distribution. Skewness is used to evaluate the asymmetry of the residual
distribution: Skew < 0 indicates that the majority of residual values (including the median)
are located to the right of the mean, while Skew > 0 indicates that the majority of residual
values (including the median) are located to the left of the mean. Therefore, when Kurt
is closer to 3 and Skew is closer to 0, it indicates that the residual distribution is closer to
normal. A residual distribution closer to normality indicates a higher model quality.

Figure 9 shows the residual distribution of the support vector machine model, and
Table 6 shows the error evaluation parameters of the SVR model and random forest model
for identifying the 6th-order frequency. Comparing the residual distribution with the
normal distribution curve, it is evident that the distribution of fitting residuals is closer to
normal than that of prediction residuals, and the parameters of the residual distribution
perform relatively well. Both the coefficient of determination R? for fitting and prediction
are close to 1, and the root mean square error values are small. This indicates that the
fitting and prediction have achieved a high level of accuracy, effectively reflecting the true
state of the training samples. Compared to the SVR model, the Random Forest model
performs better in terms of RMSE for fitting results. However, both the R? for fitting results
and the RMSE and R? for prediction results are worse than those of the SVR model. This
indicates that the SVR model demonstrates superior overall performance in both fitting
and prediction.
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Figure 9. Residuals distribution of the 6th-order frequency based on the SVM model.
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Table 6. Error parameters of regressive models.

Identification Frequency

Model Error Type (Hz)

Root mean square error (RMSE) 0.0082823

Coefficient of determination (R2) 0.82141

Fitting Kurtosis 4.4081
Support vector machine Skewness —0.13324
regression Root mean square error (RMSE) 0.0024545

o Coefficient of determination (R?) 0.89251

Prediction Kurtosis 3.3516
Skewness 0.054079
Fitting Root mean square error (RMSE) 0.0035515

Coefficient of determination (R2) 0.8158

Random forests

Prediction Root mean square error (.RMSE) 0.0035456

Coefficient of determination (R2) 0.78096

4.3. Eliminate Temperature Effects

To mitigate the influence of temperature on the identified frequencies, the temperature-
frequency model proposed by Fan et al. [34] and validated on the Tingjiu Bridge was
adopted. The formula for this model is shown in Equation (11).

£ =1+ — F(ty) (11)

where £ represents the expected value of the cth order frequency, and Afi is the frequency
value identified from measured data. Figure 10 shows the time history of the 6th-order
frequency after eliminating the temperature effect. The frequency after eliminating the effect
of temperature had a maximum change of 1.6% and an average change of 0.4% compared
to the frequency before elimination. It can be observed that after removing the temperature
influence, the frequency fluctuations with a 24 h periodicity have been significantly reduced.
Therefore, this obtained frequency can better characterize changes in structural properties
in structural health monitoring. Additionally, this result also demonstrates the excellent
capability of the support vector machine nonlinear model in effectively modeling the
relationship between modal frequency and environmental temperature.

2.0500

----- Recognition Frequency
2.0400 ] Eliminate Temperature Effects
N
<
B~ 2.0300
g
& 2.0200
&
&
2.0100
2.0000

Time(Hour)

Figure 10. Frequency variation after the elimination of temperature influence.

5. Discussion and Conclusions

Based on four months of acceleration and temperature-humidity data from the Jintang
Hantan Twin Island Bridge health monitoring system, this study successfully employed the
Covariance-Driven Stochastic Subspace Identification (SSI-COV) method and clustering
algorithm to identify acceleration data, obtaining stable higher-order frequencies. Subse-
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quently, a correlation analysis was conducted to investigate the influence of environmental
factors on these higher-order frequencies. It also employed Support Vector Machine Regres-
sion (SVR) for modeling analysis and analyzed the residuals of the SVR model. Finally, the
real structural frequencies, free from environmental influences, were obtained. The specific
conclusions are as follows:

1.  Linear regression was used to observe the relationship between identified frequencies
and environmental temperature. The results indicated a significant negative correla-
tion between the bridge’s frequency and environmental temperature, while humidity
showed no significant correlation with modal frequencies.

2. A nonlinear Support Vector Machine (SVM) model was employed for fitting and
modeling. Residual analysis of the model revealed a clear linear relationship between
frequency and temperature. The SVM model effectively fit the sample data and
provided reliable predictive results.

3. After obtaining temperature-induced frequency data from the SVR model, the original
structural frequencies were smoothed, and temperature influences were eliminated.
It was observed that, after eliminating temperature effects, the frequency fluctuations
with a 24 h period significantly decreased.

In this study, the influence of temperature and humidity on the modal frequencies
of large-span cable-stayed bridges was analyzed, and the higher-order modal frequencies
after eliminating the temperature influence were obtained. It can serve as a reference
for the health monitoring of similar large-span cable-stayed bridge structures in practical
engineering and can also serve as a foundation for further research on the impact of other
environmental factors on bridge structural modal parameters.

Due to the complexity of the relationship between non-uniform temperature fields
and structural frequencies and the limited number of existing bridge measurement points,
this study only included uniform temperature effects without considering the non-uniform
temperature field caused by structural spatial distribution and sunlight factors. Addition-
ally, the impact of other environmental and operational factors (such as wind, vehicle loads,
and noise interference) on the modal frequencies of the cable-stayed bridge should be
addressed in future research phases.

Author Contributions: Conceptualization, ].X. and T.X.; methodology, ] X. and T.X.; software, Y.L.;
validation, ].X. and Y.L.; formal analysis, Y.H.; investigation, Y.H.; resources, X.W.; data curation, Q.P;
writing—original draft preparation, J.X.; writing—review and editing, T.X. and Y.L.; visualization,
Y.H,; supervision, Q.P,; project administration, Q.P. and X.W.; funding acquisition, X.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Guangxi Science and Technology Plan Project of China
(No. AA21077011); the Sichuan Science and Technology Plan (2021Y]J0054); and the basic scientific
research business expenses of central colleges and universities-science and technology innovation
project (2682022CX003).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data are unavailable due to privacy or ethical restrictions.

Acknowledgments: The author would like to thank the resource supplied by Qianhui Pu and
Xuguang Wen and the reviewers for their insightful comments.

Conflicts of Interest: The authors declare no conflict of interest.

1. Chu, X.; Cui, W.; Xu, S.; Zhao, L.; Guan, H.; Ge, Y. Multiscale Time Series Decomposition for Structural Dynamic Properties:
Long-Term Trend and Ambient Interference. Struct. Control Health Monit. 2023, 2023, 6485040. [CrossRef]

2. Wang, Z.; Yang, D.H.; Yi, T.H.; Zhang, G.-H.; Han, ]J.-G. Eliminating Environmental and Operational Effects on Structural Modal
Frequency: A Comprehensive Review. Struct. Control Health Monit. 2022, 29, €3073. [CrossRef]


https://doi.org/10.1155/2023/6485040
https://doi.org/10.1002/stc.3073

Sensors 2023, 23, 9442 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Sun, L.; Shang, Z.; Xia, Y.; Bhowmick, S.; Nagarajaiah, S. Review of Bridge Structural Health Monitoring Aided by Big Data and
Artificial Intelligence: From Condition Assessment to Damage Detection. J. Struct. Eng. 2020, 146, 04020073. [CrossRef]

Wang, X.; Gao, Q.; Liu, Y. Damage Detection of Bridges under Environmental Temperature Changes Using a Hybrid Method.
Sensors 2020, 20, 3999. [CrossRef] [PubMed]

Locke, W.; Sybrandt, J.; Redmond, L.; Safro, I.; Atamturktur, S. Using Drive-by Health Monitoring to Detect Bridge Damage
Considering Environmental and Operational Effects. |. Sound Vib. 2020, 468, 115088. [CrossRef]

Li, H,; Li, S,; Ou, J.; Li, H. Modal Identification of Bridges under Varying Environmental Conditions: Temperature and Wind
Effects. Struct. Control Health Monit. 2010, 17, 495-512. [CrossRef]

Kulprapha, N.; Warnitchai, P. Structural Health Monitoring of Continuous Prestressed Concrete Bridges Using Ambient Thermal
Responses. Eng. Struct. 2012, 40, 20-38. [CrossRef]

Teng, J.; Tang, D.-H.; Zhang, X.; Hu, W.-H.; Said, S.; Rohrmann, R.G. Automated Modal Analysis for Tracking Structural Change
during Construction and Operation Phases. Sensors 2019, 19, 927. [CrossRef]

Jang, J.; Smyth, A.W. Data-driven Models for Temperature Distribution Effects on Natural Frequencies and Thermal Prestress
Modeling. Struct. Control Health Monit. 2020, 27, 2489. [CrossRef]

Ni, Y.C,; Zhang, Q.W,; Liu, ].F. Dynamic Property Evaluation of a Long-Span Cable-Stayed Bridge (Sutong Bridge) by a Bayesian
Method. Int. J. Struct. Stab. Dyn. 2019, 19, 1940010. [CrossRef]

Cho, K.; Cho, J.R. Effect of Temperature on the Modal Variability in Short-Span Concrete Bridges. Appl. Sci. 2022, 12, 9757.
[CrossRef]

Zhou, Y.; Sun, L. Effects of Environmental and Operational Actions on the Modal Frequency Variations of a Sea-Crossing Bridge:
A Periodicity Perspective. Mech. Syst. Signal Process. 2019, 131, 505-523. [CrossRef]

Cai, Y,; Zhang, K,; Ye, Z; Liu, C; Lu, K.;; Wang, L. Influence of Temperature on the Natural Vibration Characteristics of Simply
Supported Reinforced Concrete Beam. Sensors 2021, 21, 4242. [CrossRef] [PubMed]

Anastasopoulos, D.; De Roeck, G.; Reynders, E.P.B. One-Year Operational Modal Analysis of a Steel Bridge from High-Resolution
Macrostrain Monitoring: Influence of Temperature vs. Retrofitting. Mech. Syst. Signal Process. 2021, 161, 107951. [CrossRef]
Sun, L.; Zhou, Y.; Min, Z. Experimental Study on the Effect of Temperature on Modal Frequencies of Bridges. Int. ]. Struct. Stab.
Dyn. 2018, 18, 1850155. [CrossRef]

Mosavi, A.A.; Seracino, R.; Rizkalla, S. Effect of Temperature on Daily Modal Variability of a Steel-Concrete Composite Bridge. J.
Bridge Eng. 2012, 17, 979-983. [CrossRef]

Gentile, C.; Saisi, A. Long-Term Dynamic Monitoring of the Historic “San Michele” Iron Bridge (1889). In IABSE Symposium
Report; International Association for Bridge and Structural Engineering: Ziirich, Switzerland, 2013; Volume 99, pp. 22-37.
Venglar, M.; Lamperova, K. Effect of the Temperature on the Modal Properties of a Steel Railroad Bridge. Slovak J. Civ. Eng. 2021,
29, 1-8. [CrossRef]

Kromanis, R.; Kripakaran, P. Data-driven Approaches for Measurement Interpretation: Analyzing Integrated Thermal and
Vehicular Response in Bridge Structural Health Monitoring. Adv. Eng. Inform. 2017, 34, 46-59. [CrossRef]

Deng, Y.; Li, A.; Feng, D. Probabilistic Damage Detection of Long-Span Bridges Using Measured Modal Frequencies and
Temperature. Int. |. Struct. Stab. Dyn. 2018, 18, 1850126. [CrossRef]

Mao, J.X.; Wang, H.; Feng, D.M.; Tao, T.-Y.; Zheng, W.-Z. Investigation of Dynamic Properties of Long-Span Cable-Stayed Bridges
Based on One-Year Monitoring Data Under Normal Operating Condition. Struct. Control Health Monit. 2018, 25, e2146. [CrossRef]
Ding, Y.; Ye, X.W.; Guo, Y. Data Set from Wind, Temperature, Humidity, and Cable Acceleration Monitoring of the Jiashao Bridge.
J. Civ. Struct. Health Monit. 2023, 13, 579-589. [CrossRef]

He, X,; Tan, G.; Chu, W.; Zhang, S.; Wei, X. Reliability Assessment Method for Simply Supported Bridge Based on Structural
Health Monitoring of Frequency with Temperature and Humidity Effect Eliminated. Sustainability 2022, 14, 9600. [CrossRef]
He, H.; Wang, W.; Zhang, X. Frequency Modification of Continuous Beam Bridge Based on Co-integration Analysis Considering
the Effect of Temperature and Humidity. Struct. Health Monit. 2019, 18, 376-389. [CrossRef]

Mu, H.Q.; Zheng, Z.].; Wu, X.H.; Su, C. Bayesian Network-Based Modal Frequency-Multiple Environmental Factors Pattern
Recognition for the Xinguang Bridge Using Long-Term Monitoring Data. J. Low Freq. Noise Vib. Act. Control 2020, 39, 545-559.
[CrossRef]

Meng, Q.; Zhu, J. Fine Temperature Effect Analysis—Based Time-Varying Dynamic Properties Evaluation of Long-Span Suspension
Bridges in Natural Environments. J. Bridge Eng. 2018, 23, 04018075. [CrossRef]

Wang, Z.; Yi, TH.; Yang, D.H.; Li, H.-N.; Liu, H. Multiorder Frequency-Based Integral Performance Warning of Bridges
Considering Multiple Environmental Effects. Pract. Period. Struct. Des. Constr. 2023, 28, 04023011. [CrossRef]

Wang, Z.; Yi, TH,; Yang, D.H,; Li, H.-N.; Liu, H. Eliminating the Bridge Modal Variability Induced by Thermal Effects Using
Localized Modeling Method. J. Bridge Eng. 2021, 26, 04021073. [CrossRef]

Magalhaes, F.; Cunha, A.; Caetano, E. Online Automatic Identification of the Modal Parameters of a Long Span Arch Bridge.
Mech. Syst. Signal Process. 2009, 23, 316-329. [CrossRef]

Lu, Y. Fast Hierarchical Clustering Method—PHA. MATLAB Central File Exchange. 2021. Available online: https://www.
mathworks.com/matlabcentral/fileexchange /46134-fast-hierarchical-clustering-method-pha (accessed on 4 February 2021).
Ogier, E. Hierarchical Clustering. MATLAB Central File Exchange. 2021. Available online: https://www.mathworks.com/
matlabcentral/fileexchange /56844-hierarchical-clustering (accessed on 4 February 2021).


https://doi.org/10.1061/(ASCE)ST.1943-541X.0002535
https://doi.org/10.3390/s20143999
https://www.ncbi.nlm.nih.gov/pubmed/32708422
https://doi.org/10.1016/j.jsv.2019.115088
https://doi.org/10.1002/stc.319
https://doi.org/10.1016/j.engstruct.2012.02.001
https://doi.org/10.3390/s19040927
https://doi.org/10.1002/stc.2489
https://doi.org/10.1142/S0219455419400108
https://doi.org/10.3390/app12199757
https://doi.org/10.1016/j.ymssp.2019.05.063
https://doi.org/10.3390/s21124242
https://www.ncbi.nlm.nih.gov/pubmed/34205726
https://doi.org/10.1016/j.ymssp.2021.107951
https://doi.org/10.1142/S0219455418501559
https://doi.org/10.1061/(ASCE)BE.1943-5592.0000372
https://doi.org/10.2478/sjce-2021-0001
https://doi.org/10.1016/j.aei.2017.09.002
https://doi.org/10.1142/S0219455418501262
https://doi.org/10.1002/stc.2146
https://doi.org/10.1007/s13349-022-00662-5
https://doi.org/10.3390/su14159600
https://doi.org/10.1177/1475921718755573
https://doi.org/10.1177/1461348418786520
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001279
https://doi.org/10.1061/PPSCFX.SCENG-1181
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001775
https://doi.org/10.1016/j.ymssp.2008.05.003
https://www.mathworks.com/matlabcentral/fileexchange/46134-fast-hierarchical-clustering-method-pha
https://www.mathworks.com/matlabcentral/fileexchange/46134-fast-hierarchical-clustering-method-pha
https://www.mathworks.com/matlabcentral/fileexchange/56844-hierarchical-clustering
https://www.mathworks.com/matlabcentral/fileexchange/56844-hierarchical-clustering

Sensors 2023, 23, 9442 16 of 16

32.  Van Overschee, P.; De Moor, B.L. Subspace Identification for Linear Systems: Theory—Implementation—Applications; Springer Science
& Business Media: Berlin/Heidelberg, Germany, 2012.

33.  Van Gestel, T.; De Brabanter, J.; De Moor, B.; Suykens, ].A K.; Vandewalle, ]. Least Squares Support Vector Machines; World Scientific:
Singapore, 2002.

34. Ke-qing, EA.N,; Yi-qing, N.I; Zan-ming, G.A.O. Research on Temperature Influences in Long-Span Bridge Eigenfrequencies
Identification. China J. Highw. Transp. 2006, 19, 67.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction 
	Hardware, Equipment, and Methods 
	Bridge Monitoring System Description 
	Automated Covariance-Driven Stochastic Subspace Identification Method (SSI-COV) with the Clustering Algorithm 

	Identification Results 
	Subsection 
	Correlation Research between Temperature, Humidity and Frequency 

	Temperature-Frequency Nonlinear Model Analysis 
	Nonlinear Model Based on SVR Regression Analysis 
	Model Quality Analysis 
	Eliminate Temperature Effects 

	Discussion and Conclusions 
	References

