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Abstract 

 

This paper describes the Short Time Frequency Domain Decomposition (STFDD) method for 

identification of bridge mode shapes using the responses measured in a passing vehicle. Several 

segments are defined on a bridge and a truck-trailers system is employed to measure the signals. 

Subtraction of the responses measured from following axles on the truck-trailers is used to remove 

the effect of road profile. The sensitivity of the STFDD method to sampling time interval and 

vehicle velocity is investigated using numerical studies. It is shown that selecting an optimum time 

interval may improve the accuracy of the results obtained. Furthermore, keeping vehicle speed 

below 4 m/s provides enough data for successful identification of bridge mode shapes.  

 

1. Introduction 

 

Bridges are key components of transportation infrastructure. The ability to monitor the condition of 

a bridge structure to detect damage or changes in condition at early stages is of significant interest. 

The basic idea behind bridge structural health monitoring (BSHM) is that dynamic parameters of 

the structure (natural frequencies, damping ratios and mode shapes) are functions of physical 

properties of the structure. Therefore, a change in physical properties, such as reduced stiffness 

resulting from damage, will cause a measurable change in these dynamic properties. 

 

Traditionally, a number of sensors are installed directly on the structure to identify the dynamic 

parameters through vibration test which is referred direct method (Fan and Qiao, 2011). In contrast, 

the use of data collected from a passing vehicle over a bridge called indirect method (Yang et al., 

2004). Recently, indirect method has gained considerable interests as they have some advantages 

comparing to direct methods. The traditional direct methods need many efforts in terms of 

installation, power supply and maintenance of the equipments on the bridge while using indirect 

methods, all the equipments are installed on the vehicle.   

 

Some authors have extracted the first natural frequency of a bridge from the response measured on 

a passing vehicle (Yang et al., 2004, Yang and Lin, 2005). It was shown that the measured vehicle 

response is significantly influenced by the bridge dynamic properties. The practical feasibility of 

the idea was subsequently confirmed (Lin and Yang, 2005). Several other studies have been carried 

out to improve the results and overcome the challenges in indirect frequency monitoring of bridges 

(McGetrick et al., 2009, Yang and Chang, 2009b, Yang and Chang, 2009a, Malekjafarian and 

OBrien, 2014a). In addition, a number of studies have investigated the potential of indirect methods 

for the identification of bridge damping (McGetrick et al., 2009, McGetrick et al., 2010, Gonzalez 

et al., 2012). A critical review of indirect methods for bridge monitoring is provided by 

(Malekjafarian et al., 2015). Recently, studies have sought to identify bridge mode shapes from 



 

 

indirect measurements (Yang et al., 2014, Oshima et al., 2014, Malekjafarian and OBrien, 2014b). 

This idea has significant potential as bridge mode shapes include local information and are more 

sensitive to damage (Fan and Qiao, 2011).  

 

In this paper, a recent method (Malekjafarian and OBrien, 2014b) proposed by the authors for the 

identification of bridge mode shapes from the indirect measurements is described and the efficiency 

of the method using different vehicle speeds and sampling times is studied. This method applies 

Frequency Domain Decomposition (FDD) to the responses measured from two following axles in 

specified segments of a bridge to extract the local mode shapes. The global bridge mode shapes are 

then constructed by applying a re-scaling process to the local mode shapes. Numerical case studies 

are used to assess the performance of the method at higher vehicle speeds and for different 

sampling time intervals. It is shown that the method works more effectively with lower vehicle 

speeds and higher sampling frequencies due to the need for a sufficient quantity of data. 

 

2. Finite Element Modelling of VBI 

 

González (2010) describes coupled and uncoupled vehicle bridge interaction (VBI). A coupled 

Finite Element (FE) model similar to that used by (Malekjafarian and OBrien, 2014b) is used here 

for the numerical analysis. The truck-trailers system shown in Fig. 1 is used here to represent the 

vehicle. The vehicle body and axle component masses are represented by ms and mu (sprung and 

unsprung). The axle mass connects to the road surface via a spring with linear stiffness kt which 

represents the tyre. By imposing equilibrium of all forces and moments acting on the masses and 

expressing them in terms of the degrees of freedom, the equations of motion of the vehicle model 

are obtained: 

  

                                            Mvÿv+Cvẏv+Kvyv= f
int

                                                      (1) 

where Mv, Cv and Kv are the respective mass, damping and stiffness matrices of the vehicle and ÿ
v
, 

ẏ
v
 and y

v
 are the respective vectors of nodal acceleration, velocity and displacement. f

int
 is the time-

varying dynamic interaction force vector applied to the vehicle degrees of freedom. 

 

The bridge is represented by a simply supported beam of total span length L, flexural rigidity EI and 

mass per unit length m*, using the FE method. The model consists of 20 discrete beam elements, 

each with 4 degrees of freedom (2 per node). The response of the beam model to a series of moving 

time-varying forces is given by the system of equations: 

 

                                            Mbÿb+Cbẏb+Kbyb= f
int

                                                     (2) 

 

where Mb, Cb and Kb are global mass, damping and stiffness matrices of the beam model, 

respectively and ÿ
b
, ẏ

b
 and y

b
 are the vectors of nodal bridge accelerations, velocities and 

displacements, respectively. 

 

The dynamic interaction between the vehicle and the bridge is implemented in MATLAB. The 

vehicle and the bridge are coupled at the tyre contact points via the interaction force vector. 

Combining equations (1) and (2), the coupled equation of motion is formed as: 



 

 

 

                                            Mgü+Cgu̇+Kgu = F                                                          (3) 

 

where Mg and Cg are the combined system mass and damping matrices, respectively, Kg is the 

coupled time-varying system stiffness matrix and F is the system force vector. The equations for the 

coupled system are solved using the Wilson-Theta integration scheme (Tedesco et al., 1999). The 

optimal value of the parameter θ =1.420815 is used for unconditional stability in the integration 

scheme. The initial condition of the solution is considered to be zero displacement, velocity and 

acceleration in all simulations.  

 

Figure 1: The truck-trailers model. 

 

3. Short Time Frequency Domain Decomposition Method 

FDD is an output-only modal analysis method first proposed by Brincker et al., (2000). The method 

identifies dynamic properties of the structure using decomposition of the power spectral density 

matrix of the response by applying Singular Value Decomposition (SVD). A Short Time FDD 

(STFDD) has been proposed by the authors (Malekjafarian and OBrien, 2014b) for the estimation 

of bridge mode shapes from indirect measurements. The method contains two fundamental parts:  

1. Applying the FDD method to the measured response of two following vehicles in several 

stages and,  

2. Correction of the estimated local mode shapes in each stage using a rescaling procedure.  

The method is based on the fact that, if the FDD method is applied to the measured signals from 

sensors installed on the two following axles in short discrete time periods, the approximate bridge 

mode shapes can be obtained. 

 

The bridge is divided into n equal segments with the length of each segment equal to the axle 

spacing (Fig. 2). Allowing for the arrival and departure of the 2-axle vehicle, there will be (n – 1) 

stages in which two short signals can be measured. For example, signals measured from the first 

and second segments are used in the first stage. The initial locations of the axles in the first stage 

are shown dotted in Fig. 2 and the final locations with solid lines.  

 



 

 

 

Figure 2: Bridge segments. 

 

The local mode shape vector for each stage is estimated by applying the FDD method to the 

measured data from that stage. In order to estimate the global mode shape vector, a rescaling 

procedure is used to establish a link between the local mode shape vectors from the different stages. 

As a result, a global mode shape vector is obtained which incorporate contributions to the mode 

shape from each segment of the bridge. The basis of the method is that the measured signal from 

each segment of the bridge represents the dynamic behaviour of the bridge for that segment. More 

details of the STFDD method are provided in the literature (Malekjafarian and OBrien, 2014b). 

 

4. Numerical case study 

A case of a truck towing two trailers (Fig. 1 and Table 1) is investigated travelling over a bridge 

with the properties given in Table 2.  

Table 1. Properties of the truck and trailers. 

  Truck Trailers 

Property Unit Symbol Value Symbol Value 

Body mass kg ms1 27100 ms2 4000 

Axle mass kg mu1 700 mu4 = mu5 

= mu6 

50 

mu2 = mu3 1100 

Suspension stiffness N/m ks1 4×10
5
 ks4 = ks5  = 

ks6 

4×10
5
 

ks2 = ks3 1×10
6
 

Suspension damping Ns/m cs1 10×10
3
 cs4 = cs5  = 

cs6 

10×10
3
 

cs2 = cs3 20×10
3
 

Tyre stiffness N/m kt1 1.75×10
6
 kt4 = kt5 = 

kt6 

1.75×10
6
 

kt2 = kt3 3.5×10
6
 

Moment of inertia kg m
2
 Is1 1.56×10

5
 Is2 2401.67 

Distances  m D1 4.57 D4 = D5 1.25 

D2 1.43 

D3 3.23 

Body mass frequency  Hz fbody,1 1.32 fbody,2 2.02 

Axle mass frequency  Hz faxle,1 8.82 faxle,4 33.01 

faxle,2 10.17 faxle,5 33.04 

faxle,3 10.20 - - 

Distance of two 

trailers and truck to 

trailer  

m d1 1 D2 1 

   



 

 

Table 2. Properties of the bridge. 

Properties Unit Symbol value 

Length m L 15 

Mass per unit kg/m m 28125 

Modulus of 

elasticity 
MPa E 35000 

Second moment of 

area 
m4 J 0.5273 

 

The bridge is divided into six equal segments (n = 6), so the mode shape vector obtained from the 

method has six elements. The truck-trailer travels over the bridge at a speed of 2 m/s to provide 

enough data for the method to work effectively. Four acceleration signals measured from the 

trailers' axles are defined as ÿ
5
, ÿ

6
, ÿ

7
 and ÿ

8
, using a time interval, dt = 0.001 s. To remove the 

effect of road profile from the measured signals, two difference signals are defined as ẍ1=ÿ6- ÿ4 and 

ẍ2=ÿ7- ÿ5. The first two mode shapes of the bridge obtained from the method are shown in Fig. 3. 

The Modal Assurance Criteria (MAC) approach is used to compare the calculated mode shapes to 

the exact shapes obtained from the FEM method and shows a good match. 

 

  

 
       (a) 

 
        (b) 

Figure 3: The first two mode shapes of the bridge. (1) First (MAC = 0.9992) and (b) second (MAC = 0.9968). 

 

4.1 Effect of sampling time interval 

In frequency analysis of discrete time signals, the sampling time interval plays a significant role in 

the accuracy of results. This is more important when only a short signal is available as there may be 

an insufficient quantity of data. Therefore, the effect of time interval on the accuracy of the 

calculated mode shapes is investigated in this section. The same procedure as in the previous 

section is used here but employing several time intervals: 0.01, 0.005, 0.001 and 0.0005 s.  

 

Fig. 4 compares the first and second bridge mode shapes obtained from the STFDD method using 

the different time sampling intervals. It can be seen from Fig. 4(a) that the first mode shape is 

obtained with acceptable accuracy even with a large sampling interval (e.g. 0.01 s). The second 

mode shape, on the other hand, is more sensitive and can be calculated best with a time interval of 

0.001 s or less. Clearly a connection exists between the size of the time sampling interval and the 

quality of the results. Thus, it is generally recommended that the time interval be small enough 

based on the capability of the measurement equipment to provide enough vibration data for the 

signal processing. 



 

 

 

  

Figure 4: The first two mode shapes of the bridge using different time intervals. (1) First and (b) second. 

 

4.2 Assessment of vehicle speed 

Speed limitation is an important challenge in indirect bridge monitoring, particularly for the 

identification of bridge mode shapes (Malekjafarian et al., 2015). The very low vehicle speeds 

currently being considered are likely to require bridge lane closures in practice. In this section, the 

sensitivity of the STFDD method to vehicle speed is investigated. The same procedure used in 

previous sections is used here with vehicle speeds of 2, 4 and 8 m/s (7.2, 14.4 and 28.8 km/h).    

 

  
 

Figure 5: The first two mode shapes of the bridge using different vehicle speeds. (1) First and (b) second. 

 

The results of the STFDD method using several vehicle speeds are illustrated in Fig. 5. It is clear 

from Fig. 5(a) that the first mode shape can be obtained only with a vehicle speed up to 4 m/s, while 

the second mode shape has been identified even when the speed is 8 m/s. In general in these 

simulations, travelling over the bridge with lower speeds gives better results for the STFDD 

method.   



 

 

5. Conclusion 

This paper describes a novel method for the indirect identification of bridge mode shapes using a 

truck/trailer system. Subtraction of the responses measured on the following axles of the trailers are 

used in several defined stages. The importance of selecting a proper time sampling interval for the 

short signals used in the STFDD method is investigated. In addition, it is demonstrated that the first 

and second mode shapes can be estimated with acceptable accuracy for vehicle speed up to 4 m/s 

second.  

 

REFERENCES 

BRINCKER, R., ZHANG, L. M. & ANDERSON, P. MODAL IDENTIfiCATION FROM AMBIENT RESPONSE USING 

FREQUENCY DOMAIN DECOMPOSITION.  PROCEEDINGS OF THE 18TH IMAC, 2000 SAN ANTONIO, TX, USA. 625–630. 

FAN, W. & QIAO, P. Z. 2011. VIBRATION-BASED DAMAGE IDENTIFICATION METHODS: A REVIEW AND COMPARATIVE 

STUDY. STRUCTURAL HEALTH MONITORING-AN INTERNATIONAL JOURNAL, 10, 83-111. 

GONZÁLEZ, A. 2010. VEHICLE-BRIDGE DYNAMIC INTERACTION USING FINITE ELEMENT MODELLING. FINITE ELEMENT 

ANALYSIS. RIJEKA, CROATIA: SCIYO. 

GONZALEZ, A., OBRIEN, E. J. & MCGETRICK, P. J. 2012. IDENTIFICATION OF DAMPING IN A BRIDGE USING A 

MOVING INSTRUMENTED VEHICLE. JOURNAL OF SOUND AND VIBRATION, 331, 4115-4131. 

LIN, C. W. & YANG, Y. B. 2005. USE OF A PASSING VEHICLE TO SCAN THE FUNDAMENTAL BRIDGE FREQUENCIES: AN 

EXPERIMENTAL VERIFICATION. ENGINEERING STRUCTURES, 27, 1865-1878. 

MALEKJAFARIAN, A., MCGETRICK, P. & OBRIEN, E. J. 2015. A REVIEW OF INDIRECT BRIDGE MONITORING USING 

PASSING VEHICLES. SHOCK AND VIBRATION, SUBMITTED FOR PUBLICATION. 

MALEKJAFARIAN, A. & OBRIEN, E. J. APPLICATION OF OUTPUT-ONLY MODAL METHOD TO THE MONITORING OF 

BRIDGES USING AN INSTRUMENTED VEHICLE. IN: NANUKUTTAN, S. & GOGGINS, J., EDS. CIVIL ENGINEERING 

RESEARCH IN IRELAND, 2014A BELFAST, NORTHERN IRELAND. 

MALEKJAFARIAN, A. & OBRIEN, E. J. 2014B. IDENTIFICATION OF BRIDGE MODE SHAPES USING SHORT TIME 

FREQUENCY DOMAIN DECOMPOSITION OF THE RESPONSES MEASURED IN A PASSING VEHICLE. ENGINEERING 

STRUCTURES, 81, 386-397. 

MCGETRICK, P., KIM, C. W. & OBRIEN, E. J. 2010. EXPERIMENTAL INVESTIGATION OF THE DETECTION OF BRIDGE 

DYNAMIC PARAMETERS USING A MOIVING VEHICLE. THE TWENTY-THIRD KKCNN SYMPOSIUM ON CIVIL 

ENGINEERING. TAIPEI, TAIWAN. 

MCGETRICK, P. J., GONZALEZ, A. & OBRIEN, E. J. 2009. THEORETICAL INVESTIGATION OF THE USE OF A MOVING 

VEHICLE TO IDENTIFY BRIDGE DYNAMIC PARAMETERS. INSIGHT, 51, 433-438. 

OSHIMA, Y., YAMAMOTO, K. & SUGIURA, K. 2014. DAMAGE ASSESSMENT OF A BRIDGE BASED ON MODE SHAPES 

ESTIMATED BY RESPONSES OF PASSING VEHICLES. SMART STRUCTURES AND SYSTEMS, 13, 731-753. 

TEDESCO, J. W., MCDOUGAL, W. G. & ROSS, C. A. 1999. STRUCTURAL DYNAMICS: THEORY AND APPLICATIONS, 

CALIFORNIA, USA, ADDISON- WESLEY LONGMAN. 

YANG, Y. B. & CHANG, K. C. 2009A. EXTRACTING THE BRIDGE FREQUENCIES INDIRECTLY FROM A PASSING VEHICLE: 

PARAMETRIC STUDY. ENGINEERING STRUCTURES, 31, 2448-2459. 



 

 

YANG, Y. B. & CHANG, K. C. 2009B. EXTRACTION OF BRIDGE FREQUENCIES FROM THE DYNAMIC RESPONSE OF A 

PASSING VEHICLE ENHANCED BY THE EMD TECHNIQUE. JOURNAL OF SOUND AND VIBRATION, 322, 718-739. 

YANG, Y. B., LI, Y. C. & CHANG, K. 2014. CONSTRUCTING THE MODE SHAPES OF A BRIDGE FROM A PASSING 

VEHICLES: A THEORETICAL STUDY. SMART STRUCTURES AND SYSTEMS, 13, 797-819. 

YANG, Y. B. & LIN, C. W. 2005. VEHICLE-BRIDGE INTERACTION DYNAMICS AND POTENTIAL APPLICATIONS. JOURNAL 

OF SOUND AND VIBRATION, 284, 205-226. 

YANG, Y. B., LIN, C. W. & YAU, J. D. 2004. EXTRACTING BRIDGE FREQUENCIES FROM THE DYNAMIC RESPONSE OF A 

PASSING VEHICLE. JOURNAL OF SOUND AND VIBRATION, 272, 471-493. 

 

 


