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ABSTRACT 

Modal analysis characterizes the dynamic behaviour of structures, by means of their natural 

frequencies and mode shapes. Since these parameters are related to the flexural stiffness, many 

damage detection methods are based on measuring the vibration response of a structure. In particular, 

operational/ambient modal identification deals with cases where vibration is measured under 

operating conditions. In these circumstances, the exact nature and magnitude of the excitation forces 

is unknown and the frequencies measured on the structure may differ from those extracted in free 

vibration. In this paper, the vibrational response of a single short-span bridge deck, consisting on a 

simply supported slab, is simulated for different distributions of mass throughout the structure and the 

action of two typical 5-axle European trucks to address how modes and frequencies are affected by 

superimposed dead and live traffic loads. While the analysis focuses in the change of bridge 

frequencies, vehicle frequencies are also briefly discussed. 
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1. INTRODUCTION 

Damage detection techniques are necessary to prevent failure in addition to maximizing the life of 

infrastructure that already exists. Although some of the techniques found in the literature use data 

from static tests, dynamic measurements from structural health monitoring systems are often used as 

inputs in algorithms aimed to detect damage in bridges and other structures [1,2]. The frequency 

associated to a certain mode of vibration is related to the boundary conditions and distribution of 

flexural stiffness throughout a structure. Since a loss of stiffness can be representative of damage, the 

latter is employed by some damage detection algorithms to locate and quantify damage. Damage 

detection algorithms are usually first tested through numerical simulations and laboratory tests; 

however, implementation in real structures is not yet generalized.  



Existing structures are subjected to a variety of loads, being their exact nature often unknown. In the 

case of road bridges, loads derived from traffic are especially relevant, in particular those related to 

heavy vehicles. The presence of a vehicle, either moving or still, would modify the dynamic 

properties, frequencies and mode shapes, of an underlying bridge, since they would form a joint 

system whose mass and inertia distribution differs from that of the structure alone. Thus, if 

measurements acquired from a bridge under operating conditions were to be used to evaluate its 

structural health, these frequencies in forced vibration would no longer be representative of the 

original behaviour of the structure in free vibration. For example, frequencies of a bridge may 

decrease as a result of additional live mass; however, this does not mean that the bridge is damaged. 

Therefore, it is important to quantify the impact that live load has on the vibration of the bridge. 

In this paper, a modal analysis is carried out first on the finite element model of a short-span slab 

bridge made of 2D plate elements. The impact of two different loading scenarios on these frequencies 

is then discussed. On the one hand, a uniformly distributed load is first considered to account for how 

construction phases or works in particular areas may affect the dynamic response of the bridge. On the 

other hand, a model for a typical 5-axle articulated truck is created, from which two different static 

weight distributions are used in simulations. The vehicle models are subjected to a modal analysis on 

their own and then, they are placed in different positions over the bridge. Changes in the frequencies 

of the bridge as a result of their interaction with the vehicles are finally discussed. 

2. SIMULATION MODELS 

2.1. The Bridge 

A 15 m single span solid slab deck is deemed to be representative of short span bridges and selected 

for the investigation in this paper. The bridge is assumed to have a width of 10 m (i.e., it is able to 

carry two lanes of traffic). The bridge is modelled with finite elements following the guidelines 

proposed in the examples by O’Brien et al. (2015) [3]. Typical properties of reinforced/prestressed 

concrete have been chosen for the bridge material.  

The deck has a uniform rectangular cross-section of 0.6 m depth and it is supported on four bearings 

at each end. The distance between bearings at both ends is 15 m and the total length is 16 m (i.e., there 

is an overhang of 0.5 m at each end). A slab deck behaves like a flat plate that is structurally 

continuous for the transfer of moments and torsions in all directions within the plane of the plate. 

Therefore, it is modelled with isotropic plate finite elements of thickness 0.6 m and modulus of 

elasticity 35x10
6
 kN/m

2
. Material properties of 2500 kg/m

3
 unit weight and 0.15 Poisson’s ratio are 

used in the model unless otherwise specified. The total mass, Moriginal, of this model is 0.6x16x10x2.5 

= 240 tons. 

Two different meshes of plate elements are used for the analysis: a 0.5 m x 0.5 m mesh is used to 

obtain the frequencies under superimposed loads while a more refined mesh, of 0.1 m x 0.1 m, is used 

to study the impact of the truck live load. This second mesh allows to more accurately model the 

contact points between the truck wheels and the bridge while maintaining regular elements. It should 

be noted that the dimensions of the mesh may influence the frequencies associated to the modes of 

vibration, however, the magnitude of these variations is negligible for the case under investigation. 

Figure 1(a) shows a layout of the slab model (dimensions in m). Figure 1(b) to (f) illustrates the 

modes of vibration associated to the first five natural frequencies. 

 



 

 
 

(a) Plan view (b) 1
st
 mode of vibration (4.50 Hz) 

  

(c) 2
nd

 mode of vibration (10.06 Hz) (d) 3
rd

 mode of vibration (17.77 Hz) 

 
 

(e) 4
th

 mode of vibration (24.49 Hz) (f) 5
th

 mode of vibration (28.41 Hz) 

Figure 1. Solid slab finite element model. 

 

2.2. The Superimposed Dead Load 

Four different distributions of superimposed dead load are considered as represented in Figure 2. For 

each scenario, six material densities are considered: Material no. 1 which is the original material with 

2500 kg/m
3
, and then Materials nos. 2, 3, 4, 5 and 6 with densities of 2750, 3000, 3250, 3500 and 

3750 kg/m
3
 respectively. These increments in mass on different regions of the bridge can be 

representative of scenarios such as fully and partially (with lanes being removed while others remain 

opened to traffic) paved bridge surfaces as a result of maintenance operations. As reference, a 

compacted asphalt pavement has a density of about 2000 kg/m
3
. It must be noted that the gain in 

stiffness of the section due to a pavement layer has been ignored in these calculations. 

 

  

(a) Case 1 (b) Case 2 



  

  

(c) Case 3 (d) Case 4 

Figure 2. Case Scenarios. 

 

2.3. The Truck Live Load  

A typical European five-axle articulated truck with a rear tridem based on the model by Gonzalez 

(2002) [4] has been employed in the simulations. The model is idealized in Figure 3(a) where vertical 

elements consist of stiffness springs and damping elements, and horizontal elements are made of bars 

and/or rigid elements. Mass elements are used to model the body masses of the cabin and the tractor 

which are rigidly connected to the frame. The overall length of the truck, including front and rear 

frame overhangs, is 14.9 m. The distances between the first axle and the remaining four axles are 3.6 

m, 9.93 m, 11.24 m, and 12.55 m, i.e., axle spacings of 3.6, 6.33, 1.31 and 1.31 m. The transverse 

distance between two wheels of an axle is 2 m. In particular, two different truck configurations are 

tested, with the same geometry but different total weight. For the first truck model, namely vehicle A, 

the masses of 1
st
, 2

nd
, 3

rd
, 4

th
 and 5

th
 axles are assumed to be 6500, 11000, 7500, 7500 and 7500 kg 

respectively (total gross vehicle weight of 40 tons). For the second truck model, namely vehicle B, the 

total gross vehicle weight is increased in 1 ton (total of 41 tons); the added mass causes a variation in 

the masses of the 2
nd

 and 3
rd

 axles, which now add up to 11160 and 8340 kg, respectively. 

In further sections, the truck will be located in different positions parallel to the longitudinal x-axis 

(which is assumed to be the traffic direction). The mechanical characteristics of the truck have been 

taken from Kirkegaard et al (1997) [5]. All axles are assumed to have steel suspensions but the 2
nd

 

axle, which is assumed to have an air suspension. Also, viscous damping is considered to be zero for 

the air suspension. Values for the main properties of the truck are shown in Table 1; distances from 

tractor and trailer masses to the 1
st
 axle are 1.05 and 8.82 m, respectively. 

 

Table 1. Values of the main truck parameters. 

Parameter Value 

Tractor mass, m1 (kg) 23.500 

Trailer mass, m2 (kg) 4.500 

Steel suspension stiffness (N/m) 1.8 x 10
6
 

Air suspension stiffness (N/m) 3 x 10
5
 

Suspension viscous damping (N·s/m) 5 x 10
3
 

Tyre stiffness, 1
st
 axle (N/m) 1 x 10

6
 

Tyre stiffness, 2
nd

 to 5
th

 axles (N/m) 2 x 10
6
 

Tyre damping (N·s/m) 3 x 10
3
 

 

The main modes of vibration of the vehicle are represented in Figure 3(b) to (f). The shape of the 

modes is the same for both trucks, up to the 7
th
 mode of vibration represented in Figure 3(f). 



 

  

(a) Truck model (b) 1
st
 mode of vibration 

  

(c) 2
nd

 mode of vibration (d) 3
rd

 mode of vibration 

  

(e) 4
th

 mode of vibration (f) 5
th

 mode of vibration 

  

(g) 6
th

 mode of vibration (h) 7
th

 mode of vibration 

Figure 3. Truck finite element model. 

 

The modes of vibration in Figure 3 are associated to a frequency that varies for vehicle A and vehicle 

B. Table 2 shows these frequencies for both vehicles as well as a description of the corresponding 

mode shape. 

 

Table 2. Main modes of vibration of the truck models. 

 

Frequency 

Description Vehicle A Vehicle B 

[Hz] [Hz] 

1 0.44 0.44 Trailer body roll and tractor frame twist 

2 1.18 1.18 Tractor and trailer pitching 

3 2.01 2.01 Tractor frame twist 

4 2.50 2.50 Tractor body pitching 

5 2.67 2.64 Trailer body pitching 

6 10.51 8.49 Tridem pitching 

7 12.91 11.65 Rear tractor axle hop 



 

As it can be noticed from Table 2, the first five frequencies are similar for both vehicles; however, the 

6
th
 and 7

th
 frequencies, although representing the same mode shape, differ. This is assumed to be due 

to the increment in mass in the 2
nd

 and 3
rd

 axles, especially since the 6
th
 and 7

th
 modes represent the 

pitching of the tridem (3
rd

 axle) and the hop of the 2
nd

 axle, respectively. The same phenomena can be 

detected in higher frequencies, where those involving the tridem or 2
nd

 axle show great discrepancies 

while the others match almost exactly. 

3. IMPACT OF THE SUPERIMPOSED DEAD LOAD  

Figure 4 shows the relative changes in frequencies for each of the scenarios defined in Section 2.2. 

Here, relative change (%) in frequency corresponding to the i
th
 mode of vibration is defined as:  

, ,

,

(%) 100
new i original i

i

original i

f f
change x

f


  (1) 

where fnew,i is the frequency corresponding to the new scenario (i.e., including material i different from 

Material no. 1) and foriginal,i is the frequency corresponding to the original scenario (i.e., only Material 

no 1 as defined in Section 2.1). The mass ratio in Figure 4 is calculated as follows: 

,
mass_ratio

new i original

original

M M

M


  (2) 

where Mnew,i is the total mass of the bridge corresponding to the new scenario (i.e., including material 

i) and Moriginal is the total mass corresponding to the original scenario (i.e., only Material no 1, which 

leads to 240 tons). 

 

 

Figure 4(a) shows that for case 1, where a uniformly distributed increment of the weight is assumed, 

change in frequency depends solely on the mass ratio, i.e. variation is the same for all frequencies. It 

can be derived that the change in frequency is equal to: 

  

(a) Case 1 (b) Case 2 

  

(c) Case 3 (d) Case 4 

Figure 4. Relative changes in frequencies versus mass ratio 
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where αi can be defined as the ratio of Mnew,i over Moriginal. As for the other cases, maximum change 

occurs at a different frequency for each of them: 3
rd

 frequency in case 2, 2
nd

 frequency in case 3 and 

1
st
 frequency in case 4. This may indicate that the second scenario affects mainly to longitudinal 

modes, since the second most changed frequency is the first one, whereas the third case modifies 

mostly torsional modes, the 2
nd

 frequency is followed by the fourth as the ones with greatest change. 

The mass ratio for both cases is the same; however the mass spatial distribution is different, which 

would explain the differences in behaviour. Finally, regarding the magnitude of the change, it is clear 

that case 4, where only a quarter of the surface of the deck has its mass modified, shows smaller 

variations in frequencies than cases 1 to 3, where 100% or 50% of the surface is affected by the mass 

change, depending on the case. 

4. IMPACT OF THE TRUCK LIVE LOAD 

Several locations of the truck model over the bridge deck are tested in order to study its impact on the 

bridge frequencies. These locations are arranged according to three main axes (I, II and III), all of 

them parallel to the longitudinal x-axis of the bridge. The truck axes I, II and III represent the truck 

longitudinal centre line (symmetrically located with respect to the wheels of each axle) and they are 

marked over the bridge grid in Figure 5(a). Axis I and II seek to place the truck in worst case 

scenarios whereas axis III intends to represent a real scenario, with the truck centred in the traffic 

lane. Given the relatively large length of the truck (12.55 m between 1
st
 and 5

th
 axles) compared to 

that of the bridge (15 m) and the fact that only locations where all five axles are placed over the 

bridge are expected to be of relevance, a narrow range of positions is investigated. This is why only 

three locations are considered along axis I and II, while five positions are analysed for axis III.  

In order to identify each case, the central point of the truck, which is the point placed in the 

longitudinal centre line of the truck and equally distant from the 1
st
 and 5

th
 axles, is used as reference. 

The five possible locations of this point, represented in Figure 5(a) by dot lines, correspond to: 5
th
 axle 

placed at the end of the entrance overhang (xref = 6.275 m), 5
th
 axle placed over the entrance supports 

(xref = 6.775 m), truck longitudinally centred in the bridge (xref = 8 m), 1
st
 axle placed over the exiting 

supports (xref = 9.225 m) and 1
st
 axle placed at the end of the exiting overhang (xref = 9.725 m). Cases 

where the 1
st
 or 5

th
 axles are placed over the entrance/exiting supports are only considered for axis III. 

In addition Figure 5(b) illustrates one particular case, truck placed in axis III and its central point at 

xref = 6.775 m. The figure shows the position of all axles of the truck as well as the central point of the 

truck, represented by a red dot, and the location of tractor and trailer masses (m1, m2), represented by 

dark blue squares. 

 

  

(a) Summary  (b) Case: axis III, xref = 6.775 m 

Figure 5. Analysed truck locations (all dimensions in m) 



 

Results show that the truck affects mainly the 1
st
 mode of vibration of the bridge, which is a flexural 

mode. The 2
nd

 mode of the bridge, a torsional one, shows significant variations as well, but only for 

certain positions of the truck. Finally, modes 3
rd

 to 5
th
 experience relative changes, defined according 

to (1) below 1%, for all locations of the truck; thus, the analysis will focus on the first two modes. In 

Figure 6, the relative change of the frequencies for the 1
st
 and 2

nd
 mode of the bridge is shown: 

 

 

In Figure 6, relative changes in frequencies have been calculated according to (1) and the coordinate 

in the horizontal axis corresponds to the position of the central point of the truck, according to the 

definition provided before, along the axes previously mentioned. As it can be seen in the graphics, the 

behaviour of the bridge is quite similar for both vehicles: increase in the value of the frequency 

associated with the 1
st
 mode and decrease for the 2

nd
 mode frequency. Regarding the 1

st
 mode, 

variation increases as the truck advances along the axis, thus moving the mass corresponding to the 

trailer towards mid-span, and it is almost independent of the transversal location of the truck. 

Maximum relative change for both vehicles happens when the vehicle is located over axis I and the 1
st
 

axle placed at the end of the exiting overhang (xref = 9.725 m), with values of 2.63% for vehicle A and 

2.50% for vehicle B. As for the 2
nd

 mode, since it is a torsional one, relative change of the frequencies 

depends highly on the location of the truck within a cross section of the bridge, as shown by Figure 6. 

Accordingly, the maximum change in frequency corresponds to the truck located along axis I and 

with the 5
th
 axle placed at the end of the entrance overhang (xref = 6.275 m); -1.53% for vehicle A and 

-1.20% for vehicle B. However, for this mode, differences between both vehicles can be noticed, 

since the impact of vehicle B is smaller and it decreases more quickly as the trailer mass gets closer to 

mid-span. It could be expected a greater impact from vehicle B since its total weight is greater but it 

should be considered that the mass increment is only 1 ton and, more importantly, that it changes the 

frequencies of the vehicle for its higher modes. Since the frequency for the 6
th
 mode of vehicle B lies 

between the first two modes of the bridge, this could explain the different impact of both vehicles in 

the 2
nd

 mode of the bridge.  

Compared to the superimposed load, relative changes in the frequencies of the bridge due to the truck 

are smaller. If the mass ratio for both vehicles is calculated according to (2), for vehicle A its value 

would be 0.167 and for vehicle B, 0.171. In both cases, these values fall between Materials nos. 2 and 

3 for case 1, between Materials nos. 4 and 5 for case 2 and 3 and they are greater than any other for 

case 4. However, relative changes in frequencies are significantly smaller in the case of the truck live 

load with maximum values in the range of 1-2%, whereas the corresponding range for the 

superimposed load would be broadly 5-10%, depending on the case. This is assumed to be due to the 

fact that a vehicle can considered as a set of concentrated loads, which have a significant smaller 

impact than the one produced by uniformly distributed loads. In addition, it should be noticed that the 

mass of the vehicle is transmitted to the bridge through a series of suspensions and tyres, which are 

modelled as linear springs with damping. 

  

(a) Vehicle A (b) Vehicle B 

Figure 6. Relative changes in frequencies along axis I, II and III 



 

Finally, maximum relative changes in frequency for the mode shapes of the vehicles as a result of 

their interaction with the bridge occur for the frequencies associated to the 5
th
 and 7

th
 modes of 

vibration for both vehicles and they are summarized in Table 3. Location of the truck, as it have been 

stablished previously, is characterized by the longitudinal axis (I; II, III) and the position of the central 

point of the truck (xref = 6.275 m, xref = 8 m, xref = 9.725 m). 

 

Table 3. Relative changes in frequency for vehicles A and B. 

Mode Location 

Relative change in frequency (%) 

Vehicle A Vehicle B 

xref  = 

6.275 m 
xref  = 8 m 

xref  = 

9.725 m 

xref  = 

6.275 m 
xref  = 8 m  

xref  = 

9.725 m  

5 

Axis I -0.55 -2.14 -4.05 -0.57 -2.18 -4.09 

Axis II -0.19 -1.39 -2.94 -0.20 -1.42 -2.96 

Axis III -0.23 -1.60 -3.30 -0.24 -1.63 -3.33 

7 
Axis I 1.03 0.44 -0.16 1.90 1.18 0.33 

Axis III 0.55 0.17 -0.13 0.96 0.54 0.10 

 

For the first five vehicular modes, it is found that the effect of the bridge in both vehicles is similar, 

which is consistent with the fact that initial frequencies match, as it is shown in Table 2. However, for 

vehicle B, relative changes in the frequency for the 7
th
 mode are greater than those of vehicle A 

(1.90% vs 1.03%). In addition, the frequency of the 6
th
 mode also varies for vehicle B, when the truck 

is placed along axis I, whereas no significant change is detected in vehicle A. Relative change in 

frequency for the 6
th
 mode of vehicle B takes a maximum value of -0.64%, when the 5

th
 axle placed at 

the end of the entrance overhang (xref = 6.275 m). 

5. CONCLUSIONS 

This paper has discussed the impact of superimposed loads and truck live loads on the frequencies 

corresponding to the modes of vibration of a short-span bridge. It can be concluded that a greater 

variation in the dynamic behavior of the bridge is produced by a uniformly distributed load. Results 

have shown relative variations in the frequencies over 15% for some of the cases under investigation. 

Nevertheless, although these cases could represent real scenarios, most of the time a bridge would be 

subjected to situations more similar to the ones considered using the truck model (i.e., variations in 

frequency below 3%).  

Two static weight distributions have been tested for the same truck geometry. The differences 

between both vehicles consisted of adding mass to the 2
nd

 and 3
rd

 axles and it has not caused a 

significant change in the dynamic behavior of the bridge. However, it has affected the higher modes 

of vibration of the vehicles, changing their associated frequencies for a number of modes. Moreover, 

the frequencies of these modes when interacting with the bridge have also differed from one vehicle 

to the other. 
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