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1. Introduction 
 

The use of vibration-based damage identification 

methods has increased steadily in the past few decades 

(Masciotta et al. 2016, Ahmadi et al. 2018). There are lots 

of new approaches has been developed in design procedures 

of the structures. It is desirable to find the optimum inputs 

to obtain the best performance of the system (or output). In 

Meymian et al. (2018) used FEM along with a neural 

network algorithm to find the optimum design parameters 

of an structure which resulted in the desired target natural 

frequency of the structure and reduced probability of fatigue 

failure. Nabizadeh et al. (2018) studied and applied the 

survival analysis of bridge superstructures in Wisconsin. 

Survival analysis techniques can provide such a global 

probabilistic model given availability of large-scale data. 

Conventional methods for structural damage detection 

consist of observational and non-destructive Evaluation  
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(NDE) methods. For example, the observational method 

relies on an expert checking the appearance of cracks in 

structures. Non-destructive methods use computed 

tomography, laser scanning, ultrasonic and acoustic 

methods. These approaches are most suitable for local 

damage detection. However, the weakness of this method is 

evident especially in large and complicated structures in 

invisible or closed environments. In addition, structures 

need to be checked locally, which can be very time 

consuming (Masciotta et al. 2016). Usually, bridges are 

built over natural barriers such as valleys and rivers or man-

made barriers such as roads and railroads. Because of these 

obstacles, bridge inspection is associated with danger and 

difficulty. Although small bridges can be inspected with a 

ladder, boat or other simple types of equipment, large 

bridges or high-altitude bridges are not easily available. In 

other words, in civil engineering, non destructive methods 

and observational inspections are very common, but they 

are time-consuming and laborious (Yan et al. 2005, Ahmadi 

et al. 2015). Considering the difficulties and shortcomings 

of the methods, vibration-based methods as a global way to 

evaluate the structural condition are expanding (Zhang et al. 

2014).  

Generally, health monitoring and damage detection 

methods consist of two main processes that are called 

feature extraction and pattern recognition. Various methods 
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for feature extraction and pattern recognition have been 

proposed by researchers. During the last two decades, many 

joints research regarding vibration based methods has been 

done, leading to the development of various algorithms and 

techniques (Doebling et al. 1996, Sohnet al. 2003). These 

methods can be divided into modal and signals methods. 

The modal methods use measured changes in modal 

parameters to detect damage. The methods have been 

applied to determine the dynamical properties of structural 

systems (Najafabadi et al. 2018). Changes in the modal 

shapes are a well-known technique in modal methods. 

Although modal methods can generally be used for health 

monitoring and damage detection, signal methods in 

comparison with modal methods are more efficient and are 

used in various fields such as mechanical engineering, 

aerospace engineering, and civil engineering (Qiao 2009, 

Bayat et al. 2015, Shao et al. 2017, Walia et al. 2015, 

Jorquera et al. 2016, Lee et al. 2016, Yang et al. 2018, Du  

et al. 2019, Nabizadeh 2015, 2018, Tabatabai et al. 2016, 

Kia et al. 2016, 2017, Duran et al. 2018, Sakka et al. 2018, 

Liu et al. 2017, Yin et al. 2016, Kutanaei et al. 2015, 2016, 

2019). 

In signal-based methods, changes in the structural 

characteristics are directly obtained from the measured time 

histories. According to various signal processing 

techniques, signal-based methods are classified into three 

categories: time domain methods, frequency domain 

methods and time–frequency domain methods. Structural 

engineers are familiar with the basic concepts of frequency 

domain, such as natural frequency and mode shapes. 

Because of this, and also with regard to capability and 

applicability of frequency domain methods, they have been 

widely used to diagnose damage in structures. Researchers 

have proposed several frequency domain methods that use 

modal data such as natural frequency ( Kimet et al. 2003, 

Pau et al. 2011), mode shape (Cornwell et al. 1999, Li et al. 

2008), strain mode shape (Yan et al. 2012, Liu et al. 2014) , 

mode shape curvature (Wahab et al. 2001, Sazonov et al. 

2005), response power spectra (Tang et al. 2011, Zhang et 

al. 2012, Yan et al. 2012), frequency response function ( 

Rahmatalla et al. 2012, Pradhan et al. 2012, Bernal et al. 

2009), flexibility matrix (Zheng et al. 2015) and power 

spectral density (Gallego et al. 2015). However, the use of 

frequency domain methods can be very appropriate to 

identify damage in structures (Gallego et al. 2015). 

Despite the many studies that have been done on 

damage detection methods, the existing methods still have 

problems and defects in detecting damage and identifying 

its locations. This is particularly difficult in large and 

complex structures. Another challenge to identify damage in 

civil engineering structures is the number of sensors to 

measure the responses. Usually, the number of sensors is 

subject to constraints, and therefore the recording of 

structural responses is accompanied by problems. Many 

civil structures have hundreds and even thousands of 

degrees of freedom (DOFs), while, in practice, due to 

limitations, only a small number of them can be registered. 

However, providing methods that can identify and locate 

damage with the minimum number of sensors is very 

important. 

In this research, a novel algorithm and damage index for 

concrete piers of bridges are derived. Based on this 

simplified algorithm, the power spectral density function is 

used to process structural responses. Then, using the 

information obtained from the system identification, the 

damage is identified and its location in the piers is detected. 

To diagnose the damage, a new damage index is proposed 

based on the least square distance. The numerical model of 

W180 bridge is used to demonstrate the efficacy of the 

proposed methods. The calculated results show that the 

proposed algorithm and also damage index are able to 

accurately detect, and locate the damage_ in bridge piers. 

An important feature of the algorithm is its simplicity and 

applicability. Meanwhile, damage detection is only done 

using a sensor in each of the piers. Not needing to measure 

the exciting loads along with  creating the analytical model 

of the bridge, are other advantages of the proposed 

algorithm. 

The modal amplitude for each frequency is closely 

dependent to its spectral density or power spectral density 

(PSD). The power spectral density explains the distribution 

of power considering frequency. It is calculated by the 

Fourier transform of the autocorrelation function.  The 

autocorrelation function for analytical signal x(t) is defined 

as (Stoica et al.2005 ) : 
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herein, * indicates complex conjugation and ε{…} denotes 

the expected value. Generally, the autocorrelation function 

denotes how similar the process is at times tl and t2. 

However, PSD of the signal can be written as (Havelock 

et al. 2008) : 
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The autocorrelation function can be defined from PSD 

as: 
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The PSD is related to the autocorrelation function by the 

Wiener-Khintchine theorem. In fact, this theory states that 

the physically meaningful power spectral density can be 

calculated by: 
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2. Least square distance 
 

One of the well-known methods for pattern recognition 

and damage detection is the matching method (Qiao et al. 

2012). Generally, the matching method is used for 

determining the similarity between two Curves, shapes, etc. 

The matching method is widely used in speech 

identification and fingerprint recognition. With the match 

between the new patterns with stored patterns in the 

database, the matching method detects damage. Three 

known algorithms in the matching method are a) 

Correlation algorithm, b) Least Square Distance algorithm 

and c) Cosh spectral distance algorithm. Regarding the 

capability of Least Square Distance (LSD) algorithm, this 

method has been used for this research. LSD algorithm has 

been widely used for speaker identification and fingerprint 

recognition. The results obtained from the PSD are as 

follows: 





= h

in
Sh

i
Sh

i
Sh

i
PSD ...

21
 

(7) 





= d

in
Sd

i
Sd

i
Sd

i
PSD ...

21
 

(8) 

where, S represents the value of PSD matrix and n is the 

number of values. h and d indicate healthy and damaged 

structure, respectively. i is the pier number. 
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Herein, k is equal to the number of piers. For each of 

piers, the D-Index is calculated. The lower value of the 

index reflects the similarity between the PSDs of the 

healthy and damaged structure, and vice versa. The 

calculated indices are normalized to the largest value.  
 
 

3. Proposed algorithm to damage detection  
 

After the damage event, the structure and consequently 

the bridge can not behave like it was originally designed. In 

fact, after the damage occurs, the stiffness of the bridge is 

usually decreased and its damping is increased. The 

structural elements of the bridge due to damage probably 

experience some variations in dynamic properties and 

modal parameters. Depending on the severity of the 

damage, changes in the dynamic properties are different. 

Using the eigenvalue equations, the healthy and damaged 

structure can be described as follows: 
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Figure 1 Sine exciting force 

 

 

Figure 2 Cosine exciting force 
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in which, [K]h and [K]h are the healthy global stiffness 

matrix and the damaged global stiffness matrix of the 

structure. [M] is the mass matrix of the structure. λn and {ϕn 

} are the nth eigenvalue and eigenvector of the structure 

which they are distinguished by h and d superscript for the 

healthy and damaged structure, respectively. Changes in the 

stiffness of the structure caused by damage can be defined 

as below: 
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[ΔK] is the change matrix, represents changes in the 

stiffness matrix due to the damages. By using equations 12 

and 13, the following equation is obtained: 
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(15) 

In fact, the changes in the stiffness matrix are directly 

related to changes in the dynamic characteristics of the 

structure. Using the PSD and processing of responses, the 

dynamic properties of the structure can be extracted. 

Nevertheless, by evaluating and comparing the calculated 

characteristics, damages in the structure can be detected. 

The main hypothesis of this study is based on the fact 

that the damage in the pier of the bridge causes disruption 

in the dynamic responses near its location. Nevertheless, the 

dynamic responses resulting from the vibration of the 

bridge’s piers in the damaged state changes in comparison 

to the healthy state. These differences between the dynamic 

responses of the pier, usually cannot be distinguished from  

59



 

Mahmoud Bayat, Hamid Reza Ahmadi and Navideh Mahdavi 

 

 

the recorded signals. But if the signals are processed by the 

PSD, these changes are likely to be determined. 

In this research, a new algorithm is proposed to identify 

damage in concrete piers of bridges. The proposed 

algorithm is easy, usable and applicable to identify damage 

in bridge piers. Based on the algorithm, an accelerometer 

sensor should be installed at the midpoint of each pier 

height of the bridge. After installing the sensors, an exciting 

load is applied to the bridge and its responses at the piers 

are recorded. After the damage event, the exciting load is 

applied again to the bridge and its responses are registered. 

The recorded signals are processed by PSD and the modal 

amplitude for each frequency is calculated. The processing 

results are evaluated using the least squares method. In the 

proposed algorithm, it is not necessary to measure the input 

power that is the algorithm’s characteristic. In addition, this 

algorithm, unlike many other methods, does not need to 

create an analytical model of the bridge. In this study, since 

there was no possibility of creating damage in the real 

bridge, the analytical model of the real bridge has been 

used. For this purpose, the bridge model has been excited 

by two low amplitude exciting loads. The first is a sine  

function of angular frequency equal to (Figure 1), and the 

second is a cosine function of angular frequency equal to 

(Figure 2). 

Using PSD function, the recorded responses were 

processed and dynamic characteristics were extracted. The 

pattern recognitions on the computed information were 

done using the least squared distance method.  
 

 

4. Evaluate the proposed algorithm  
 

To evaluate the proposed algorithm, the analytical 

model of W180 bridge was selected as the structural 

sample. In the following subsections, the bridge model is 

first introduced. Based on the algorithm, the bridge 

responses under exciting loads are registered and their 

features are extracted by PSD function. Moreover, for 

pattern recognition and damage detection, LSD method is 

used. 

 
4.a Analytical Model of W180 Bridge 
 

W180 is a concrete bridge of 205 meters in length. The 

width and height of the bridge deck are 16.37 meters and 

1.75 meters, respectively. W180 bridge has 4 spans and 3 

piers. The cross-section of piers is circular with a diameter  

 

Table 1 Damage scenarios in the piers 

row damaged element severity of damage 

scenario1 Pier 2-ele#1 50% 

scenario2 Pier 2-ele#4 30% 

scenario3 Pier 2-ele#9 10% 

scenario4 Pier 1&3-ele#5 30% 

scenario5 Pier 1&3-ele#8 15% 

 

 

of 1.8 meters. The analytical model of W180 bridge was 

first used by researchers at the University of California, 

Berkeley, and the University of Central Florida (Aviram et 

al. 2008). A view from the bridge model and dimensions of 

the model are shown in Figure 3 and Figure 4, 

respectively.The first period of the bridge is 1.55s and the 

second period is 1.04s. 

The stress-strain relation for concrete is defined by 

Mander model. Furthermore, piers and deck are modeled by 

the frame element. The bridge model has 36 nodes and 45 

frame elements. The model was analyzed with regard to the 

gravity loads. 

To validate the applicability of the proposed algorithm, 

three different damage scenarios were considered in 

thebridge model. Each of the piers is divided into 9 

elements at a height. The damages considered in different 

scenarios are presented in Table 1. In order to inflict 

damages on the analytical model, the stiffnesses of the 

considered elements were reduced. 
 

4.b Feature extraction 
 

As already mentioned, in this study a new algorithm is 

suggested to damage detection in the piers of bridges. Based 

on the algorithm, two excitation forces, including sine and 

Cosine Transient force were applied to the analytical model 

and before and after happening the damage, its responses at 

the piers are registered. The responses were processed by 

Power Spectral Density function. The diagrams of Power 

Spectral Density related to the response signals of the pier 

No. 2 are shown in figures 5 and 6. 
 

4.c Damage detection 
 

Now using the results of PSD, the performance of the 

method and damage index is evaluated. The results of using 

the proposed method are shown in Figures 7 to 11. Based 

on Scenario 1, pier 2 has been damaged. As shown in Fig. 7, 

the damaged pier is appropriately identified by the proposed  

 
Figure 3 View from the analytical model of W180 bridge 

 

Figure 4 Dimension of the analytical model of W180 bridge 
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Figure 5 Diagrams of Power Spectral Density Function 

Based on the Recorded Responses of the Healthy Pier2, 

Affected by a) Sine Exciting Force and b) Cosine 

Exciting Force 
 

 

 
Figure 6 Diagrams of Power Spectral Density Function 

Based on the Recorded Responses of the Damaged 

Pier2in scenario1, Affected by a) Sine Exciting Force and 

b) Cosine Exciting Force 

 

 

index. Based on the results presented in Fig. 8, the value of 

the index at pier 2 is equal to 100. While in piers 1 and 3, it 

is calculated equal to 60 and 70, respectively. However, the 

D-Index correctly diagnosed the damaged pier in Scenario 

2. According to Fig. 9, the performance of the proposed 

method in Scenario 3 is also good and the damaged pier is 

identified. The error rate has increased with decreasing 

severity of damage. This is because by reducing the severity 

of damage, the similarity of the recorded signals in both 

healthy and damaged conditions increases. As shown in 

Table 1, in scenarios 4 and 5, the damage is considered 

simultaneously in two piers. In accordance with Fig. 10, the 

calculated value of D-Index in piers 1, 2, and 3 is 100, 60 

and 100, respectively. Therefore, despite the damage event 

in two different columns, the suggested index correctly 

 
Figure 7 Diagnosis the damaged pier in scenario 1 using 

the D-Index 

 

 
Figure 8 Diagnosis the damaged pier in scenario 2 using 

the D-Index 

 

 
Figure 9 Diagnosis the damaged pier in scenario 3 using 

the D-Index 

 

 
Figure 10 Diagnosis the damaged pier in scenario 4 using 

the D-Index 

 

 

identified the damaged columns. The D-Index correctly 

detects damaged piers in scenario 5. The results of the 

calculations for scenario 5 are shown in Fig. 11. According  
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Figure 11 Diagnosis the damaged pier in scenario 5 using 

the D-Index 

 

 

to the results, the proposed method and Index, despite its 

simplicity and applicability, correctly identified the damage 

and determined its location. 

Accordingly, it is clear that the proposed algorithm has 

presented the very good performance in damage detection 

and generally, in the identification of damage location. 
 

 

 5. Conclusion 
 

In this study, a new algorithm based on power spectral 

density function and Least Square Distance method, was 

proposed to detect damage in concrete piers of bridges. The 

new algorithm is presented in a way that is as simple and 

practical as possible and also demonstrates it performs 

well.In this algorithm, the vibrations of the columns are 

recorded only through an accelerometer sensor. Besides, the 

algorithm does not need the numerical model for system 

identification and damage detection. In addition, the 

proposed approach does not need to measure the input 

force. In other words, the algorithm can extract the dynamic 

properties of the bridge and detect possible damage_ only 

through recorded responses from bridge piers. 

To evaluate the proposed algorithm, the analytical 

model of W180 bridge, was selected as the structural 

sample. In addition, 5 different damage scenarios were 

considered. The damage is assumed in different piers with 

different intensities. Based on the calculated results, the 

proposed algorithm and index correctly detects damages in 

all scenarios. Therefore, considering the simplicity and 

applicability of the proposed algorithm and D-Index, they 

can be used in health monitoring of bridges.   
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