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Abstract 
This study intends to provide an insight on the possibilities of detecting structural damage 
through the analysis of the measured structural response of a cable-stayed bridge to daily 
and seasonal temperature variations. The Corgo Bridge, where a continuous monitoring 
system has been installed and is acquiring data for more than one year, is selected as case 
study. The characterization of the thermal action in its three components (uniform, linear and 
non-linear) is performed using a finite element thermal analysis in which the boundary 
conditions are defined using the measured wind velocity, radiation, ambient temperature and 
air temperature inside the box-girder. Once the calculated concrete temperatures fit well 
those measured by the embedded temperature sensors, the corresponding time histories of 
the uniform and differential temperature components are applied to a mechanical finite 
element model to obtain the structural response of the bridge. The results of the numerical 
simulations are compared with one year and half of experimental measurements and 
reasonable agreement is found. Finally, two damage scenarios are simulated involving small 
decreases in stiffness of the stay cables. 
The ability of detecting damage using the structural response to thermal loads is evaluated 
applying Multilinear Regression Analysis (MLR) and Principal Component Analysis (PCA) 
to the simulated data sets. Finally, some conclusions are put forward regarding the 
feasibility of early damage detection in the selected cable-stayed bridge using the adopted 
methodology and the installed monitoring system. 

 
1 INTRODUCTION 

Daily and seasonal temperature variations exert a significant influence on the structural 
response of bridges. Several long-term monitoring studies have reported that temperature 
variations can produce strains, displacements or rotations of the same order of magnitude, or 
even larger, than those produced by dead or live loads. In this context, the aim of this study is 
to evaluate the possibilities of detecting structural damage through the analysis of the thermal 
response of a cable-stayed bridge on which a comprehensive long-term monitoring system 
has been installed. 

To properly characterize the bridge thermal action on its three components (uniform, 
linear and non-linear), a finite element thermal analysis is performed using data from a 
meteorological station nearby the case study (wind velocity and radiation) and the readings 
from the bridge monitoring system (ambient temperature and air temperature inside the box-
girder). The results of the thermal model are compared with the experimental data from the 
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temperature sensors embedded in the concrete and reasonable agreement is found. Finally, 
two damage scenarios are simulated and the response of the bridge to the thermal actions is 
obtained by means of a finite element mechanical model previously validated with data 
acquired during the construction stages and during a load test. 

For the purpose of evaluating the ability to detect damage using the structural response to 
thermal loads, Multilinear Regression Analysis (MLR) and Principal Component Analysis 
(PCA) are applied to the simulated data set. The data set corresponds to a monitoring period 
of about one year and a half and comprises measurements of the stay-cable forces, 
longitudinal joint displacements, vertical deck displacements, rotations and strains. Finally, 
some conclusions are put forward regarding the feasibility of early damage detection in the 
selected cable-stayed bridge using the adopted methodology and the installed monitoring 
system. 

2 CASE STUDY: CORGO BRIDGE 

2.1 Description of the bridge 

The viaducts spanning the Corgo valley (Figure 1) have a total length of 2790m, divided 
into three continuous sub-viaducts: the West Sub-Viaduct (WSV), the Central Sub-Viaduct 
(CSV) and the East Sub-Viaduct (ESV) with a length of 855m, 768m and 1167m, 
respectively [1]. The West and East Sub-Viaducts have a continuous deck with 60m long 
spans and were built using movable scaffolding systems. The Central Sub-Viaduct is a cable-
stayed bridge with a 300m long central span (see Figure 2). The suspension system is 
constituted by four symmetric semi-fans with 22 stay-cables each place in a single central 
plane.  

 

 

(a) 

 

(b) 

Figure 1: Corgo Bridge: (a) general view; (b) Cross-section of the CSV. 

The deck holds two carriageways with two traffic lanes each and is constituted by a 3.5m 
high prestressed concrete box-girder with overhangs supported by prefabricated concrete 
struts spaced of 3.0m. The box-girder of the Lateral Sub-Viaducts1 (LSVs) is 25.30m wide, 
while that of the Central Sub-Viaduct is 28m wide in order to provide space for the pylons 
and stay-cables anchorages (see Figure 1 b)). 

The piers have a constant octagonal-shaped box cross-section and heights up to 113m. 
With the exception of piers P15 and P22, each pier is equipped with two pot bearings for 
                                                 
1 Lateral Sub-Viaducts refer to the West and East Sub-Viaducts. 
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supporting the box-girder. Expansion joints dividing the CSV and the LSVs are located in the 
alignments of piers P15 and P22, which are therefore equipped with 4 bearings, two for each 
deck. The two pylons of the CSV are monolithically connected to the box-girder, having a 
total height of about 190m. The 130m high pylon segment below the deck has an octagonal-
shaped box cross-section, with variable transverse dimension along the height. Above the 
deck the pylons have an inverted “V” shape in the longitudinal direction.  

2.2 Monitoring system 

A comprehensive structural monitoring system was implemented in the Corgo Bridge, 
with a particular focus on the Central Sub-Viaduct. The structural monitoring system 
contemplates the measurement of bearing displacements, span deflections, rotations, cable 
forces and accelerations, average concrete strains, ambient and concrete temperature, ambient 
and concrete humidity and durability indicators. A general overview of the locations 
monitored cross-sections is given in Figure 2. For the measurement of these quantities both 
fiber-optic and electric sensors were used. The system has been used to follow the main 
construction stages [2] and the load test performed after the bridge was completed in 2013 [3] 
and since 2014 is acquiring data continuously without significant interruptions. Some 
measurement gaps were unavoidable during the first year after completion of the bridge due 
to site constraints, but now the system is operating continuously for more than half a year. 
Further details about the implemented structural monitoring system may be found in Félix et 
al. [4]. 

 
Figure 2: Side elevation of the Central Sub-Viaduct with the location of the monitored sections. 

3 SIMULATION OF THE STRUCTURAL RESPONSE TO TEMPERATURE 
VARIATIONS 

3.1 General 

The simulation of the structural response of the Corgo Bridge to thermal actions is divided 
in three steps. First, the hourly temperature fields in the most representative cross-sections 
using a 2D finite element thermal analysis were calculated, being the boundary conditions 
defined using data from a meteorological station 40km away the case study (providing the 
wind velocity and solar radiation) and the readings from the bridge monitoring system 
(ambient temperature at shade and air temperature inside the box-girder). Then, the 
calculated temperature fields are decomposed into uniform ( )uT , differential ( and )My MzT T   

and nonlinear NLT  temperature. Finally, the calculated uniform and differential temperatures 
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time histories are applied to a beam finite element model of the bridge to obtain the 
corresponding structural response bridge to the imposed temperature variations. The obtained 
results are then compared to those measured by the monitoring system so as to access the 
validity of the numerical model. 

3.2 Thermal analysis 

In order to obtain the thermal field of the Corgo Bridge, eight representative cross-sections 
of the bridge were modelled. The transient thermal analyses were done using the finite 
element code TNO DIANA [5]. Theconvection heat transfer coefficient was assumed to be 
function of the wind velocity v [6]: 

 
0.78

5.6 3.95 , 5m/s

7.6 , 5m/s
c

v v
h

v v

      (1) 

and the solar radiation was modelled as heat flux which is function of the solar orientation of 
the concrete face and of the solar radiation measurements obtained from a weather station 
40km East from the bridge site [7]. The adopted material properties for concrete and asphalt 
are resumed in Table 1, where the concrete properties were defined in function of the 
concrete composition. 
 

Parameter Symbol Unit Concrete Asphalt 
Conductivity k   W.m-1K-1 2.5 0.83 
Specific heat c   J.kg-1.K-1 836 800 
Specific mass    kg/m3 2364 2200 

Solar absorptivity surf   - 0.50 0.90 

Emissivity    - 0.88 0.92 
Table 1: Adopted material properties. 

The calculated and the experimental temperatures for two sensors placed in the top and 
bottom slabs of a deck cross-section of the ESV are depicted in Figure 3. A good 
resemblance between the calculated and the experimental temperatures was obtained, in 
particularly in the sensor placed in the bottom slab of the box-girder, where the differences 
between the calculated temperature and the readings are, for the majority of the time steps, 
less than 2ºC. For the sensors placed on the top slab of the box-girder, the difference between 
the calculated and the experimental temperatures are usually less than 2ºC. For these sensors, 
the daily amplitude of the measured temperatures is also, for the majority of the time steps, 
higher than the ones obtained via the thermal finite element model. The encountered 
differences may have several reasons and sources, more specifically, the real sensor position 
can be some centimeters far from the planed position; the wind velocity in the bridge site 
may be in fact larger than that in the metheorologic station location; or due to the fact that the 
adopted ambient air temperature is being measured near the concrete surfaces of the 
overhangs and webs and consequently the readings may be somewhat affected by the 
concrete temperature surface of the web and overhang surface. Even though, the calculated 
temperature field can be considered to have a good approximation to the experimental results. 

3.3 Decomposition of the temperature field 

The temperature field of a cross-section can be decomposed into uniform ( )uT , differential 
( and )y zT T   and nonlinear NLT  temperature components. For a generic cross-section with 
area A and a temperature field T, it can be obtained from the integrals present in equations (2)
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-(3), where hz is the cross-section depth, Iy is the moment of inertia of the section about the y 
axis and Gz  is the ordinate of the centre of gravity. 

 
1

u A
T T dA    (2) 

 ( )z
z

y
g

h
T T z z dA

I
     (3) 

It should be noted that significant differences on the range of variation were achieved 
between zT  and the difference between the top and bottom temperature sensors , )( z sensorsT  
and a hysteresis can be observed when they are plot against each other (see Figure 4). These 
differences can be a source of errors when adjusting, for example, regression models between 
the structural responses and the measured concrete temperatures. 

 

 
Figure 4: Linear vertical temperature gradient ( )zT  vs linear vertical temperature gradient of the sensors 

,( )z sensorsT . In red a daily variation in a summer day and in blue in a witter day. 

 

(a) 

 

(b) 

Figure 3: Calculated versus experimental concrete temperatures for two sensors placed in the top (a) 
and bottom (b) slabs of a EWS deck cross-section. 
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3.4 Structural response 

In the scope of the work of Tomé et al. [2], a finite element model (FEM) of the Central 
Sub-Viaduct was developed. The FEM, which was elaborated in the software Evolution [8], 
comprises not only the geometry of the structure but also all the constructive stages of the 
Central Sub-Viaduct and was validated with experimental data both during the construction 
stages [2] and during the load test [3]. This FEM is now used to obtain the structural response 
of the bridge to thermal loads using the uniform and differential temperature components 
calculated in the previous section. The temperature in the stay cables were obtained directly 
from the bridge structural monitoring system.  

In Figure 5 are depicted the calculated versus the experimental west bearing displacement 
for one week in July 2015 and the vertical displacement at the mid-span of the main span of 
the cable-stayed bridge for a week in February 2016. A good agreement between the 
experimental and calculated responses were achieved and it was noticed that the majority of 
the sensors responses are mainly function of the uniform temperature component of the 
different structural elements. 

 

  
(a) (b) 

Figure 5: Experimental versus calculated results: (a) west bearing displacement and (b) vertical displacement at 
the mid-span of the main span of the bridge.  

4 REMOVING THE ENVIRONMENTAL EFFECTS 

4.1 Adopted methodology 

With the aim of removing the environmental effects and detect the presence of damage, 
two well-established multivariate statistical tools used on the scope of structural health 
monitoring (SHM) were sequentially applied, following the methodology proposed by 
Magalhães et al. [9]. First, a multilinear regression model, where the vertical displacements 
of the deck and the cable forces are the dependent variables and the concrete temperatures are 
the independent variables, is fitted using the first year of data. Therefore, the principal 
component analysis is used to remove the environmental effects not explained by the 
regression model. Finally, the identification of damage is done using the Hotelling T2 control 
chart. 

4.2 Regression analysis 

The regression analysis is probably the simplest multivariate statistical tool to relate the 
observed environmental and/or operational factors with the observed structural responses 
and/or features. This statistical tool can be used to predict one or more responses (dependent 
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variables) from a collection of predictors (independent variables) and to assess the influence 
of the predictors on the dependent variables [10]. Therefore, the multilinear regression model 
is [10]: 

  Y Z εβ   (4) 
where Y  is a n-by-m matrix of the dependent variables, being n the number of the 
observations and m the number of dependent variables, Z  is a n-by-r matrix with the 
corresponding n values of r selected independent variables, β  is a r-by-m matrix with the 
parameters to be determined that weight the contribution of each independent variable, and ε  
is a n-by-m matrix with the random error of the model. The estimates of the model 
parameters ̂( )β  are usually obtained through the least squares method, being given by: 

 1ˆ ( )T T Z Z Z Yβ   (5) 
Therefore, the obtained model can be used to obtain predictions of the dependent variables 

ˆ( )Y , being the error of the forecasts the difference between Y  and Ŷ . Within the scope of 
SHM, the multilinear regression model should ideally be constructed using data of an entire 
year [9].  

4.3 Principal component analysis (PCA) 

PCA can be defined as a statistical tool concerned with explaining the variance-covariance 
structure of a set of variables through linear combinations of these variables [10] and it has 
been extensively used on the scope of SHM, namely for the evaluation of patterns in the data, 
data cleansing and data compression [11]. 

Considering a m-by-n matrix Y  with the original variables, where m is the number of 
sensors or/and features and n is the number of observations in time, a transformation to 
another set of m variables Z , the principal component scores, can be made by: 

  Z T Y   (6) 
where T  is the transformation matrix, an m-by-m orthonormal matrix that applies a rotation 
to the original coordinate system [9]. Considering that the covariance matrix of the original 
variables, Σ , is related to the covariance matrix of the principal component scores, Λ , by the 
following equation, 

 T  Σ T Λ T   (7) 
the T  and Λ  matrixes are obtained by the singular value decomposition of the covariance 
matrix Σ  of the original variables: 

 T  Σ U S U   (8) 
where the columns of U  are the singular vectors and the diagonal matrix S contains the 
singular values of the matrix ∑ in descending order . The matrix U  can be used to obtain the 
transformation matrix ( )TT U . The singular values stored in S are the variances of the 
components ofZ . Moreover, the matrix S can be split in a matrix with the first p singular 
values and in a matrix with the remaining m-p singular values, which are not relevant to 
explain the variability of Y. 

After the choice of p, the first p components of the matrix Z  can be calculated using 
equation (6) and a loading matrix T̂  built with the first p columns of U . Those first p 
components can be re-mapped to the original space [9, 12] using the following equation: 

 ˆ T T    Y T Z T T Y   (9) 
being then the residual error matrix estimated from: 

 ˆ ε Y Y   (10) 
The residual error matrix ε  is expected to be insensitive to the effects modelled by the 
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PCA and can be used to detect damage. However, it should be borne in mind that this 
approach assumes that the environmental factors have a linear or a weakly non-linear effect 
on the structural responses [12]. Once again, to account for a large range of variation, with 
the aim of removing environmental effects from the monitored structural responses, the 
covariance matrix to which singular value decomposition applied should be estimated from 
an entire year of data. 

Finally, this tool can be used alone to remove the environmental factors on the structure 
response [12] or it can be used to remove the environmental factors not explained by the 
regression model [9]. On the scope of this work, better results were obtained using the second 
approach, which corresponds to the results presented in the following sections. 

4.4 Hotelling T2 control chart 

After removing the environmental factors from the measured structural response, a control 
chart can be used to track the existence or not of abnormal values, which can be related to the 
presence of damage. The so called control limits define the accepted process variability. If an 
observation exceeds those control limits, the observation is said to be an out-of-control 
observation. In context of SHM, this out-of-control observation may be associated with the 
presence of damage in the structure. 

In order to have only one control-chart instead of having one for each variable, the 
multivariate Hotelling T2 control chart was adopted, being the T2-statistic calculated from the 
following expression: 

 2 1) )( (Tr  T x x S x x   (11) 
where r is the number of observations considered (window size), x  is the average of the 
observations inside the window, x  is the process average when it is in control and S  is the 
process covariance matrix, also estimated in the reference period. The lower control limit is 
zero and the upper limit control (UCL) is obtained from: 

 1,
( 1)( 1)

( )
1 s r s mm

m s r
UCL F

s r s m
   

        (12) 

where 1, ( )s r s mmF      is the   percentage point of the F  distribution with m  and 1s r s m     
degrees of freedom, being m  the number of sensors and/or features and s  the number of 
subgroups (or windows) collected during the reference period. 

5 DAMAGE DETECTION 

Two damage scenarios were simulated, involving the reduction of 1.5% of the stiffness of 
the stay cables T19L17 and T19L22, respectively, the 6th and the 1st stay cables of the pylon 
P19 counting from east to west. These stiffness reduction corresponds to an area reduction of 
about 155mm2 and 137mm2, respectively, which is close to the area of one prestress strand 
(150mm2). These stay cables were chosen because they are relatively far away from the 
location of the vertical displacement transducers and of the instrumented stay cables. 

For the construction of the multilinear regression model and the PCA model, the first year 
of data was used in order to account for the yearly variation of the environmental action. 
Fifteen sensors were selected as dependent variables (5 vertical displacements and 10 stay 
cable forces). Five independent variables were chosen: the air temperature, the box-air 
temperature, the stay cable temperature, the average of the concrete temperature sensors of a 
girder cross-section of the ESV, and the average of the concrete temperature sensors in a pier 
of the ESV. Only concrete temperature sensors from the ESV were chosen to simulate what 
happened in reality, where the optic temperature sensors of the CSV were not read in a part 
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of the period of the simulated data. In other to make the present study more realistic, noise 
was added to the (simulated) dependent variables. The noise of the vertical displacements 
was assumed to follow a uniform distribution with a range of 1mm and the noise of the cable 
forces was assumed to follow a uniform distribution with a range equivalent to 0.002Hz (note 
that most of the stay cable forces are measured indirectly using accelerometers). The 
temperature series were rounded to the first decimal case and standardised. 

The residuals of the adjusted regression model are then used to construct the PCA model, 
being the residuals standardised in order not to bias the model due to the different scale of the 
considered variables. Then, to construct the matrix T̂  the first seven principal components 
were chosen, which correspond to 80% of the variance of the data set. 

Finally, the Hotelling T2 control charts are constructed using a window size of 14 days and 
a time step for calculation of the T2-statics of one day. Therefore, each point of the control 
charts depicted in Figure 6 corresponds to one day. It should be borne in mind that the 
window size adopted for the calculation of the T2-statistic is inversely proportional to the 
level of damaged to be detected [9] and this was the smallest window size that allows the 
detection of these damages. Once the assumptions for the construction of the limits of the 
control charts are not always respected by the used data set, the equation (12) led to a 
considerable number of false alarms even during the reference period. Then, the UCL was 
established such that there are not two consecutive points outside the control limits during the 
reference period. Therefore, damage is detected when two or more points are out of the 
control limits in a row. The simulated damages were detected 14 days after the time instant of 
its introduction.  

  
(a) (b) 

Figure 6: T2 control charts for a stiffness reduction of 1.5% in the stay cables: (a) T19L17 (a) T19L22. The 
green dashed vertical lines correspond to the end of the reference period and the blue dashed vertical lines 

correspond to the time instant of introduction of damage. 

9 CONCLUSIONS 

The ability to detect damage using data-driven techniques under environmental loads in 
the Corgo Bridge with the existent structural monitoring system was studied in this work. A 
realistic simulation of the bridge behaviour under environmental actions was developed for 
the application of the damage detection algorithms. The temperature field of the bridge was 
simulated using data from a meteorological station and from the structural monitoring system 
and the structural response obtained with a validated FEM of the bridge. The detection of two 
damages occurrences in two stay cables was performed using two multivariate statistical 
tools: regression analysis and principal component analysis. With the adopted methodology, 
it was shown the ability to detect a reduction of 1.5% of the stiffness of two stay cables. 

However, it should be noted that the simulated data sets are simpler than the experimental 
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ones due to the fact that some effects were not included in the simulations, as for instance the 
concrete rheological effects and the humidity variations. It was also found that using only the 
time series of the stay-cables forces the damage threshold had to be increased in order to be 
detected using the adopted statistical tools. In further works, other types of damages and the 
ability to detect them when there are missing values both in the reference period and test 
period should be evaluated, as well as the application of this methodology to the real datasets. 
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