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Abstract 
It is known that modal parameters such as natural frequencies and mode shapes are sensitive indicators of 
structural damage. However, they are not only sensitive to damage, but also to the environmental 
conditions such as, humidity, wind and most important, temperature. For civil engineering structures, 
modal changes produced by environmental conditions can be equivalent or greater than the ones produced 
by damage. This paper proposes a damage detection method able to deal with temperature variations. The 
objective function correlates mode shapes and natural frequencies, and a Parallel Genetic Algorithm 
handles the inverse problem. The numerical model of the structure assumes that the elasticity modulus of 
the materials is temperature dependent. The algorithm updates the temperature and damage parameters 
together. Therefore, it is possible to distinguish between temperature effects and real damage events. 
Experimental data of the I-40 Bridge validates the algorithm. Four levels of damage were gradually 
introduced to this bridge, later processing of the experimental data revealed that the ambient temperature 
effect played a mayor role in the variation of the modal parameters. Results show that the proposed 
algorithm is able to detect the experimental damage despite the temperature variations. 

1 Introduction 

The assumption of most damage detection methods is that damage will modified the stiffness, mass or 
damping distribution of the structure, which in consequence will alter the measured vibration data. Modal 
parameters such as natural frequencies and mode shapes are sensitive indicators of structural damage. 
However, they are not only sensitive to damage, but also to the environmental conditions such as, 
humidity, wind and most important, temperature. For civil engineering structures, modal changes 
produced by environmental conditions can be equivalent or greater than the ones produced by damage. 
Thus, before comparing sets of modal parameters to detect damage, the effect of changing temperature on 
modal properties must be considered. Although several structures have been instrumented with 
thermocouples, anemometers and humidity sensor, the information gathered by these sensors has not been 
directly applied to damage detection methods. Many existing methods neglect the important effect of 
changing environmental and operational conditions. According to Sohn [1] damage detection techniques 
will not be accepted in practical applications, unless environmental and operational conditions are 
explicitly considered. 

The influence of environmental factors with respect to the modal parameters has been investigated for 
different bridge constructions. Farrar et al. [2] investigated the modal parameters variation of the Alamosa 
Canyon bridge caused by environmental effects, service conditions and data reduction methods. The 
bridge was monitored every two hours over a period of 24 hours. The results show that the most 
significant sources of modal variability are the thermal gradients across the bridge deck. The first natural 



frequency varies approximately 5% during the measured period; this frequency variation shows a clear 
relation to the temperature differentials across the deck. To confirm this relation, a second test was 
performed a year later; once again, a clear correlation is observed. The frequencies of the first, second and 
third modes varied by approximately 4.7%, 6.6% and 5.0% respectively over the 24-hour period. 
Alampalli [3] conducted several tests over nine months on an abandoned steel-stringer bridge with a 
concrete deck. To estimate the sensitivity of modal parameters to environmental variability and to damage, 
the bridge was tested under undamaged and simulated damaged conditions. Simulated damage is 
introduced as a saw-cut across the bottom flanges of both girders; it is found that the changes in natural 
frequencies caused by the freezing of the supports are larger than the changes caused by damage. As a part 
of the SIMCES project a series of test were conducted to the Z24 Bridge in Switzerland. Environmental 
variables, as well as, the bridge modal parameters were monitored during a year. Then, progressive 
damage test were carried out on the bridge. A description of the experimental setup, data acquisition and 
damage introduction is found in [4]. Peeters and De Roeck [5] studied the relation between natural 
frequencies variations and the environmental conditions for the Z24 Bridge.  They showed that the 
frequency changes are mostly related to the temperature variations, a bilinear relation between frequency 
and temperature is identified. This relation can be described by two lines with a knee situated at 0ºC. It 
was demonstrated that this bilinear behavior is related to the asphalt layer on the deck. Although the 
asphalt layer does not play any role at warm temperatures, it adds significant stiffness to the bridge at cold 
temperatures. Rohrmann et al. [6] investigated the technical causes for the variations of measured natural 
frequencies. Experimental data from six years monitoring of the Westend Bridge in Berlin, and a modified 
thermo-mechanical model are used to investigate the influence of the temperature parameters with respect 
to the natural frequencies. They showed that the variation of the natural frequencies could be 
approximately described as being linearly related to the measured temperature, for the simplest case this 
relation was described as, 
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Where f is the change in frequency, T0 is the mean temperature of the structure and grad(T) the 
temperature gradient. He et al. [7] deployed a long term monitoring system on the Voigt Bridge. They 
applied an automated system identification process to the bridge data from a one-year monitoring. It is 
found that the relative changes of the first three identified natural frequencies are of the order of 10%-20% 
during the monitored period. Ko et al. [8] investigated the correlation of natural frequencies with 
temperature for the cable-stayed Ting Kau Bridge. They continuously monitored the bridge during one-
year. The natural frequencies for the first 10 modes are identified at intervals of one hour. Ten multi-layer 
perceptron neural networks, each representing one natural frequency, are trained with the measured data, 
where the temperature is the input data and the natural frequencies the output. The trained neural networks 
are able to predict correctly the natural frequencies given the temperatures for the one-year measured data. 
According to the authors, the well-defined effect of the temperature on the natural frequencies means that 
this effect can be eliminated or separated from the measurements, giving the potential for small structural 
damages to be detected. 

A few recent studies can be found in which, by monitoring the features over a long period of time, it is 
possible to eliminate the effect of environmental conditions of the data. Cornwell et al. [10] applied a 
linear regression model to describe the variation of the eigenfrequencies of the Alamosa Canyon Bridge 
caused by changes in the environmental temperature. The regression model is used to compute 95% 
confidence intervals for the first natural frequency. Data from the second test is used to validate the 
confidence intervals, in general the data falls within the intervals except for the largest differential 
temperature. The authors stated that quantification of the environmental and operational variability 
requires measurements over years at different weather conditions. Peeters and De Roeck [11] proposed a 
methodology to distinguish normal frequencies variations from abnormal changes due to damage. An 
ARX model is fitted to the healthy data of the bridge, the bridge is assumed damaged when a natural 
frequency lies outside the confidence interval. This methodology is successfully verified with 
experimental data of the damaged Z-24 Bridge. Sohn et al. [12] presented a novelty damage detection 
method that explicitly takes into account varying environmental and operational conditions. A novelty 



index and its threshold value are computed through an auto-associative neural network. This neural 
network is trained using features extracted from the healthy system under a range of normal conditions. 
The algorithm is demonstrated using a simplified model of a computer hard disk; the results show that the 
algorithm is capable of detecting the presence of damage even under varying ambient conditions. 
Nevertheless, the authors remark the need of further investigations in the structure of the neural network, 
the sensitivity of the index under noisy environments and to establish what degree of changes in the 
novelty index are statistically significant. 

Another group of methods seek to remove the variability due to environment without measuring the 
environmental factors. This can be achieved by extracting features which are strongly sensitive to damage, 
but not very sensitive to the environment variability. Yan et al. [13] proposed a damage detection 
algorithm that can be applied under varying environmental and operational conditions. The method is 
based on principal component analysis (PCA) and novelty detection. It has the advantage that it does not 
require measurements of the environmental variables: only the vibration characteristics are needed. The 
algorithm is validated with two application cases; a simulated bridge and an experimental wooden bridge 
model. Hu et al. [14] studied the influence of temperature on the natural frequencies of the new Coimbra 
footbridge, which is equipped with a long-term monitoring system. First, the correlation between the first 
two natural frequencies and the temperature is investigated using data from a one-year monitoring period. 
The results confirm that temperature is an important environmental factor with a linear relation on the 
identified natural frequencies. Normal temperature changes produce variations of 1.7% and 1.4%. Then, to 
remove the temperature effect, they introduced a PCA and novelty detection methodology. The 
methodology is illustrated with undamaged data from the bridge, as expected no damage is detected 
despite the temperature variations. Deraemaeker and Preumont [15] introduced a new feature based on the 
concept of spatial filters. A spatial filter acts as a single sensor that is built from a linear combination of a 
large network of sensors. A modal filter is designed in a way that the single output mimics the behavior of 
a single DOF system; the filter can be tuned to any mode in the frequency band of interest. It is 
demonstrated that damage is characterized by the occurrence of spurious peaks in the modal filters at the 
resonance frequencies of the structure, whereas global environment changes do not modify significantly 
the output of the modal filter, which makes modal filters an attractive feature for damage detection.  

The above damage detection methods provide an indication only about the presence of damage in a system 
of interest. These methods do not give information about the location and extent of the damage. A 
methodology to detect, locate, and quantify damage under temperature varying conditions is proposed by 
Kim et al. [16], although this algorithm is limited to beam structures. Based on experiments of a model 
girder bridge they constructed a statistical damage-warning model. An empirical frequency correction is 
formulated based on the relation between temperature and frequency ratios and a frequency-based damage 
index method is used for damage location and quantification. Although the methodology can correctly 
detect the occurrence of damage, location and quantification accuracy decreased as the temperature gap 
between the undamaged and damaged models increases. 

To detect, locate and quantify damage accurately in any kind of structure model-based methods are 
needed. Hence, it is necessary to model directly the impact of the environment on the dynamical 
characteristics of a structure. The above investigations indicate that the most significant source of modal 
variability is temperature. Thus, to implement a model-based damage detection algorithm able to deal with 
environment variability, the numerical model must take into account the effect of temperature variations in 
the dynamic response of the structure. Pham [17] presented and interpreted the effects of ambient 
temperature on the dynamic properties of a bridge using field experiments and numerical analysis of the 
Attridge Drive Overpass located in Saskatoon, Saskatchewan. Pham concluded that the change of ambient 
temperature mainly affects the elastic modulus of the construction materials and therefore the stiffness of 
the entire bridge. 

The present study proposes a model-based damage detection method able to deal with temperature 
variations. The damage detection algorithm developed in [18] is extended to include temperature 
variations. The objective function correlates mode shapes and natural frequencies, and a Parallel Genetic 
Algorithm (PGA) handles the inverse problem. The numerical model of the structure assumes that the 
elasticity modulus of the materials is temperature dependent. The algorithm updates the temperature and 
damage parameters together. Therefore, it is possible to distinguish between temperature effects and real 



damage events. Experimental data of the I-40 Bridge [19] validates the algorithm. Four levels of damage 
were gradually introduced to this bridge, later processing of the experimental data revealed that the 
ambient temperature effect played a mayor role in the variation of the modal parameters. 

2 Formulation of the optimization problem 

Damage is represented by an elemental stiffness reduction factor i, defined as the ratio between the 
stiffness reduction to the initial stiffness. To consider the effect of varying temperature conditions, the 
temperature is included as a variable of the numerical model. Hence, the stiffness matrix depends on the 
stiffness reduction factors and the temperature: 
 

  
i
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Where Ki(T) is the stiffness matrix of the ith element and T is the temperature. The value i=0 indicates 
that the element is undamaged whereas 0< i 1 implies partial or complete damage. The problem of 
detecting damage is a constrained nonlinear optimization problem, where the damage reduction factors i 
are defined as updating parameters. The objective function correlates mode shapes and natural 
frequencies. To avoid the need of an accurate numerical model, its initial correlation is added to the 
objective function.  

The error in natural frequencies is represented by the ratio between the experimental and analytical 
eigenvalues, 
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The subscripts A and E refer to analytical and experimental respectively and the subscript 0 refers to the 
initial undamaged state. i is the ith eigenvalue and i is the ith natural frequency. 

The difference between modes is represented by the Modal Assurance Criterion (MAC). MAC is a factor 
that expresses the correlation between two modes. A value of 0 shows no correlation whereas a value of 1 
shows two completely correlated modes. The error is defined by, 
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Where A,i and E,,i are the ith analytical and experimental mode shape. The subscript 0 refers to the initial 
undamaged modes.  If the number of measured DOFs is lower than the numerical DOFs, a partial MAC is 
used. Hence, no mode shape expansion is needed. In equations (3) and (4), the goal is not to reach a 
perfect match between the numerical and experimental parameters, but rather to reach the same correlation 
than in the undamaged case. This considers initial errors in the numerical model.  

The objective functions is defined as the normalized sum of the errors plus a damage penalization term,  
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F,0, and Fmac,0 refers to the initial values of the sums (=0). FD is a damage penalization function. Damage 
penalization helps to avoid false damage detection caused by experimental noise or numerical errors [20, 
21]. Two damage penalization functions are used: 
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The first penalizes the total amount of damage. The second, on the other hand, penalizes the number of 
damage locations. Depending on the damage pattern expected one can use the first function, the second or 
a combination of both. The value of the constants 1 and 2 depend on the confidence in the numerical 
model and the experimental data. 

The optimization problem is defined as, 
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3 Damage detection algorithm 

The optimization is handled by a parallel GA programmed in Matlab and run in a cluster. The gene of 
each chromosome is the stiffness reduction factor of each element. Each chromosome represents one 
possible damage distribution. The algorithm employs a multiple population GA with five populations and 
a neighborhood migration. The penalization function selected is the sum of FD,1 and FD,2 (see equation (6)) 
with 1=2=.  

A normalized geometric selection is used as was recommended by Meruane and Heylen [21]. To ensure 
an effective search with an adequate balance between exploration and exploitation, each population works 
with a different crossover, being the following ones: arithmetic crossover [22], heuristic crossover [23], 
BLX-0.5 crossover [24], two point crossover [25] and uniform crossover [26]. In addition, each population 
applies both boundary and uniform mutations. Each population has a size of 40 individuals and the 
crossover and mutation probabilities are: pc=0.80 and pm=0.02 respectively.   

The migration interval is automatically adjusted. If a population has no improvement after a predefined 
number of generations, the GA stops and exchanges the individuals with their neighbors. This exchange of 
individuals is synchronous i.e., the algorithm waits until the five populations are ready to perform the 
migration. At each migration, each population sends its best individual, whereas its worse individual is 
replaced by the received individual. Before each migration, the best individuals from all populations are 
compared, if they are all the same the optimization is finished. Figure 1 illustrates this process. 

Because the appropriate value for  it is not known, its value is dynamically adjusted as shown in Figure 2. 
First the solution with =0 is computed, next the value of  is increased by  and the solution is 
recomputed. This process is iterated until a stable solution is reached and stops. The solution is defined 
stable if after three consecutive steps it remains the same. The value of  used is 0.02. 

The variables of the damage detection algorithm are the stiffness reduction factors and the temperature. To 
model the temperature variations, it is assumed that the temperature of the whole structure is the same, 
thus the temperature varies uniformly along the structure. It should be noted that a uniform variation of 
temperature is a strong assumption since in most civil engineering structures gradients of temperatures are 
reported [2]. Nevertheless, since we do not count with any temperature measurements, a uniform variation 
is the best choice. In addition, it is assumed that temperature changes only affect the material properties 



and produce thermal contraction and expansion. The boundary conditions of the structure are assumed not 
to change with temperature. The relations between Young’s modulus of steel and concrete with 
temperature are shown in Figure 3, these are the same curves used by Yan et al.  [13]. 

 

Figure 1: Parallel optimization Figure 2: Damage detection algorithm 

a) b)

Figure 3: Young modulus of a) steel and b) concrete versus temperature. 



4 Application case 

The algorithm is applied to the experimental data of the I-40 Bridge over Rio Grande in New Mexico. 
This bridge was tested by Farrar et al. [19] to investigate the performance of modal parameters as 
indicators of structural damage. The experimental data obtained from the I-40 Bridge have become one the 
most studied data sets. Several independent damage detection methods have been applied to the 
experimental data from this test. Figure 4 illustrates an elevation view of the portion of the bridge that was 
tested, it consist of three spans. The end span are of equal length, 39.9m, and the center span is 49.7m 
long. A cross section view is shown in Figure 5, the bridge is made up of a concrete deck supported by 
two welded-steel plate girders and three steel stringers. Loads from the stringers are transferred to the 
plate girders by floor beams located at approximately 6.1m intervals. Cross bracing is provided between 
the floor beams. The portions of the plate girders over the piers had increased flange dimensions compared 
with the mid-span portions to resist the higher bending stresses at these locations. The report of Farrar et 
al. [27] provides a complete description of the bridge geometry. 

Forced vibration tests were conducted on the undamaged and damaged bridge. The bridge was excited by 
a hydraulic shaker and the structure response was measured in 26 points as shown in Figure 6. The 
structure was excited by a uniform random signal between 2Hz and 12Hz. Modal parameters (mode 
shapes, resonant frequencies and modal damping) are determined through a time domain MDOF algorithm 
in a commercial modal analysis software. 

 

 
Figure 4: Elevation view of the portion of the I-40 Bridge that was tested 

 

 

Figure 5: Geometry cross-section of the I-40 Bridge 



 
Figure 6: Experimental setup 

4.1 Damage introduction 

The introduced damage intends to simulated fatigue cracking that has been observed in plate girder 
bridges. Four levels of damage are introduced to the middle span of the north plate girder. These different 
levels of damage are introduced by making various torch cuts in the web and flange of the girder, Figure 7 
illustrates them. The first level consist of a 0.61m long, 10mm wide cut through the web, in the second 
level this cut was extended to the bottom of the web. For the third level the flange is cut halfway from 
both sides. At last, the bottom flange is completely cut to produce the fourth damage level. 

 

 

Figure 7: Damage scenarios 

After each damage case, the structure is subjected to an experimental modal analysis. Table 1 summarizes 
the observed changes in the modal properties at each case. No significant changes in the dynamic 
properties are observed until the last level of damage.  At the final level the resonant frequencies of modes 
1 and 2 are reduced in a 7.87% and 4.05%, respectively, and drops in the MAC values of modes 1, 2 and 4 
are observed. Since the magnitude of the bridge's natural frequencies are proportional to its stiffness, the 
natural frequencies are expected to decrease with the progressive introduction of damage. However, the 
results presented in Table 1 show that the frequencies magnitude increases for the first two damage levels. 
The increase of the natural frequencies magnitude is explained by a reduction of the ambient temperature. 

 



Table 1: Changes in experimental modes and frequencies after the introduction of damage 

Case 1 Case 2 Case 3 Case 4 
Mode 

E% MAC E% MAC E% MAC E% MAC 

1 1.46 0.999 1.81 0.998 -0.62 0.999 -7.87 0.860 

2 0.98 0.999 1.11 0.999 -0.36 0.999 -4.05 0.894 

3 2.22 0.999 0.93 1.000 -0.25 0.999 -0.03 0.998 

4 1.13 0.982 0.70 0.994 -0.60 0.985 -2.30 0.910 

5 1.19 0.996 0.82 0.999 -0.57 0.999 -0.30 0.997 

6 1.39 0.999 0.93 1.000 -0.84 0.999 -2.28 0.976 

 

4.2 Numerical model 

To build the numerical model the bridge cross section has been idealized as shown in Figure 8. The 
numerical model is built in Matlab, with 4-node shell elements to model the concrete deck and the web of 
the plate girder, and three dimensional beam elements to model the flanges of the girder, stringers, floor 
beams and the concrete piers. Generic material properties are used. Figure 9 shows the numerical model. 
Three springs connected at the top of the last pier are used to simulate the stiffness added to this pier by 
the next section that shares the pier. Farrar et al. [27] determined the individual spring constants. At the 
bottom of the piers the 6 DOF are constrained, at the abutment all translation DOF and rotations about the 
Y and Z axes are constrained. The nodes corresponding to the bottom of the plate girder at Piers 1, 2 and 3 
are constrained to have the same translation in the X, Y, and Z directions and the same rotation about the 
Y and Z axes. Rotational degrees of freedom were deleted from the FE model using the Guyan reduction 
technique [28]. As a result, the model has a total of 711 DOF. The initial properties of the numerical 
model were updated to match the experimental mode shapes and frequencies. Figure 10 shows a 
comparison and correlation between the numerical and experimental modes. The minimum MAC value is 
0.979 and the maximum frequency difference is 2.35%.  

 

 

Figure 8: Idealized cross-section used in the numerical model 



 
Figure 9: Finite element model 

 
Figure 10: Comparison between experimental and numerical modes 



5 Damage detection results 

It is assumed that the initial temperature of the undamaged bridge is 20ºC. Therefore, in the damaged 
cases a uniform temperature change was imposed relative to this base condition of 20ºC. Since we do not 
have any temperature measurements, the temperature of the bridge is updated together with the stiffness 
reduction factors. Thus, it is assumed that the algorithm can differentiate changes in the modal parameters 
produced by damage, temperature or a combination of both. The temperature is assumed to be positive, 
i.e. the relation between temperature and the natural frequencies is linear. The numerical model does not 
consider the bilinear relation between temperature and the modal characteristics that is observed with 
temperatures below freezing. 

Given the reduced number of response locations measured during the experimental tests (26 responses), 
the number of possible damage locations must be restricted to a minimum. Otherwise, it is feasible to find 
combinations of damages that produce the same or a better correlation at the measured DOF than the real 
damage. On account of this, only the web elements of the plate girder are considered possible damage 
locations. The web of the north and south plate girders are divided into 24 elements each, giving a total of 
48 possible damage locations and 48 stiffness reduction factors to be updated. Figure 11 illustrates the 
element numbering of the north web plate girder and the damage location. Damage is located at element 
12 close to element 13 of the north plate girder, thus it is expected to detect damage in one of these two 
elements. 

 

 

Figure 11: Element numbering of the north web plate girder and damage location 

The first six modes of the bridge are used in the damage detection algorithm. Figure 12 shows the damage 
detection results for the different values of the damage penalization parameter . In general, it is observed 
that false damages are sequentially deleted by increasing the value of  until they are completely avoided 
and a stable solution is reached, once this condition is obtained the algorithm stops. Table 2 presents the 
final damage and change of temperature detected, the numbers of the elements refer to the north plate 
girder, since as expected no damage is detected in the south plate girder. With the exception of case 1, 
damage is correctly detected only at the middle of the north plate girder and the magnitude of the detected 
damage increases with an increment of the experimental damage. However, in the first case a different 
behavior is observed; first the amount of damage detected is higher than in cases 2 and 3 and second false 
damage is detected in element 20. In addition, from the experimental modal changes due to damage 
resumed in Table 1, it is observed a larger mode shape variation in case 1 than in cases 2 and 3. This 
behavior can be explained by the large temperature reduction detected in case 1. If the temperature of the 
undamaged bridge is lower than 17.6ºC, the temperature of the bridge in case 1 would be lower than 0ºC. 
In that scenario, the bridge properties would change caused by the freezing of the asphalt layer [11], and a 
different numerical model would be necessary. Another possible cause is the presence of gradients of 
temperature instead of a uniform temperature along the bridge. While a uniform temperature variation 
does not alter significantly the mode shapes, gradients of temperature certainly do. This can explain the 
larger mode shape variation observed in case 1 compared to cases 2 and 3. Hence to improve the accuracy 
of the damage detection algorithm temperature measurements at different points of the structure are 
needed. 

 



 
Figure 12: Damage detection results. Left - Damage detected on the north plate girder, Right - Damage 

detected on the south plate girder 

Table 2: Damage and change of temperature detected in each case 

Case Elements Damage % Temperature change (ºC) 

1 12, 20 32.67, 11.65 -17.6 

2 12 26.12 -9.67 

3 12 34.19 4.26 

4 12, 13 91.41, 91.87 12.16 



6 Conclusions 

A model-based damage detection method able to deal with temperature variations has been proposed. The 
damage detection algorithm developed in [18] is extended to include temperature variations. The objective 
function correlates mode shapes and natural frequencies, and the optimization is handled by a Parallel 
Genetic Algorithm (PGA). The elasticity modulus of the materials is assumed to be temperature 
dependent. The temperature and damage parameters are updated together. Therefore, it is possible to 
distinguish between temperature effects and real damage events. The method is validated with 
experimental data of the I-40 Bridge.  

The damage detected shows a good correspondence with the experimental damage in the four damaged 
cases. Despite the presence of experimental noise, modeling errors and varying temperature conditions, 
damage is correctly detected at the middle of the north plate girder and with the exception of the first case, 
the magnitude of the detected damage increases with an increment of the experimental damage. It is 
demonstrated that the algorithm is able to detect, locate and quantify damage despite the temperature 
variations. However, before the algorithm can be used with confidence the following issues need to be 
addressed; it is crucial to measure the temperature at different locations in the structure, the numerical 
model must include the effects of gradients of temperature and the effect of temperature of the boundary 
conditions should be investigated and incorporated into the numerical model. 
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