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Abstract 

In this paper, a study for the dynamic behaviour of footbridges will be presented. In particular, 
the analysis of two identical walkways that make the passage connecting the “Orient Station” to 
the shopping centre “Vasco da Gama”, in Lisbon, was made. These structures are currently 
closed to the public due to eventual vibration problems. 

This study consists in the elaboration of experimental tests in the footbridge and the 
development of an analytic model of the structure, comparing, later, the obtained results. It was 
considered equally important to identify the cause of an existing deformation in these walkways, 
which could have been imposed intentionally to compensate the deadweight or to be a 
consequence of high stresses in this zone. 

1. Introduction 

Footbridges have been used since the antiquity to transpose obstacles imposed by the Nature, 
representing one of the first engineering works. The walkways have to conciliate the efficiency 
and the security, having, as physical concept, the connection between two spaces. 

Since the load level in a footbridge is much lower than in road viaducts, it is possible to build 
very slender and flexible structures, which become very sensitive to vibration problems. The 
choice of the structural material is very important to the determination of the slenderness of the 
bridge. 

Although the pedestrians don't detect resistance problems in the structure, they will notice 
excessive vibration problems right away, because that can make the crossing uncomfortable 
and even frightening. The case that called attention to this phenomenon was the Millennium 
Bridge, in London. In the inauguration's day, when thousands of pedestrians crossed the 
footbridge, excessive horizontal lateral vibrations were observed caused by a synchronized 
movement of the crowd. This effect was known as "lock-in effect" [Živanović, Pavic and 
Reynolds, 2005]. 

Considering that the demands requested in terms of comfort increased substantially along the 
years, the forecast of the dynamic behaviour of the structure has been coming a relevant part of 
the design. So, it's considered important to do the analysis of a particular case: the passage 
connecting the Orient Station and the shopping centre "Vasco da Gama", in Lisbon with two 
similar structures. The behaviour of these walkways will be analysed through the development 
of a mathematical model using the software SAP2000, when subject to vertical and horizontal 
dynamic actions, caused by the pedestrian’s passage. Finally, the results will be compared with 
the acceleration values obtained in in-situ measurements. It is still intended to analyze the 
deformation observed in these footbridges, which happens at the same place in the two 
walkways. 

 2. Footbridge construction in Portugal 

With the great increase of the road and rail networks in recent years, which made the traffic 
much more intense, it also became much more dangerous to cross certain places on foot. To 
answer those people's needs, footbridges were built on highways and avenues with high traffic 



flow, because a superior passage (cross-over) allows the pedestrians to cross with great safety. 
Some years ago, the only places where we could find footbridges were in rural zones, especially 
in the North of Portugal, where the abundance of mountains and valleys would make difficult the 
pedestrians access. 

The evolution of the structural materials allowed higher stresses and forces, leading to the 
creation of more slender structures, with smaller sections and longer spans. The lighter 
structural solutions also favour the damping decrease, since the mass reduction induces high 
vibration amplitudes for a dynamic action, causing discomfort to the walkway's users. So, a 
study on the type of existent footbridges in Portugal was made, in the attempt of identifying the 
evolution of choice for the construction materials. 

Old footbridges 

The stone bridges were introduced in Portugal by the Romans, several centuries ago. Most of 
these bridges were not exclusively for the pedestrian's passage, being robust structures of great 
resistance, able to support high loads (Fig. 1). 

 

 

Figure 1 – Visualization of a Roman Bridge, in Alentejo 

 Many years later, wire bridges with wooden decks started to appear. In the North of Portugal a 
lot of footbridges of this type survived the passing decades and can still be seen nowadays (Fig. 
2). These bridges have a very different aspect from the stone bridges, being not robust at all. 
They are very slender, only used by pedestrians and quite uncomfortable to cross. They are 
called lively footbridges. 

 

 

Figure 2 - Wire Bridge in Arnóia / Rebordelo 

Today’s footbridges 

 The cross-over passages (Fig. 3) for pedestrians presently built are essentially of two types: 
metallic or prefabricated reinforced concrete (RC). Relatively to the metallic bridges, the 
weight/resistance relation allows to design quite slender structures, which allows great spans, 
but, in most of the cases, have problems of excessive vibration. The metallic bridges appear on 
railways or in larger avenues.  

Past studies show that RC footbridges don't usually present great levels of acceleration when 
subjected to the dynamic actions imposed by a single pedestrian or a group of persons, so the 
comfort of their users is guaranteed [Nunes da Silva; 2005]. The concrete footbridges are very 
used on highways, but aren’t very common on railways. 

 

 

 

Figure 3 - Metallic Bridge (on the left) and concrete bridge (on the right) 

   2



2. Humans as the vibration source for footbridges 

The actions caused by the human beings when they are crossing over a bridge are periodic 
dynamic actions that depend on several parameters: pacing frequency, step length, movement 
speed and contact time between the foot and the floor. So, a single pedestrian introduces a 
variable action in the structure to each given step. The dynamic character of this action is due 
not only to the variation of the load position but also to the fact that its intensity is time variant. 
All the involved parameters in this formulation are different for different persons. 

The force induced by a pedestrian when crossing over a bridge consists in three components: a 
vertical, a lateral and a longitudinal force. 

Step Frequency 

The step frequency (f) is the number of steps given by a person for a time unit (second). It 
considers several types of movement in an attempt to take into account the different behaviours 
of human beings. The values for the walking frequency obtained by Wheeler are presented in 
Table 1 [Moutinho; 1998].  

Movement Type Step frequency value, f 
(Hz) 

Slow course 1,7 
Normal course 2,0 
Fast motion 2,3 
Jogging 2,5 

Race 3,2 

Table 1 – Step frequency for the movement types 

Movement Speed 

The human beings can present a great variety of values for the movement speed (v). Wheeler 
indicated some values (Table 2) [Moutinho; 1998]. 

Movement Type Speed, v (m/s) 

Slow course 1,1 

Normal course 1,5 
Fast motion 2,2 
Jogging 3,3 

Race 5,5 

Table 2 – Speed values for the movement types 

Step Length 

The step length (l) is related to the movement speed and frequency by the following expression. 

 
vl
f

= (1)
 

Therefore, considering the values of frequencies and movement speeds presented in the 
previous tables, the values found for the step length are hereby presented (Table 3). 

 

   3



Movement Type Step Length, l (m) 
Slow course 0,65 
Normal course 0,75 
Fast motion 0,96 
Jogging 1,32 

Race 1,72 

Table 3 – Step length for the movement types 

Contact time between the foot and the floor 

The contact time foot-floor parameter gives the time interval where one of the pedestrian's feet 
is in contact with the ground. This factor corresponds to the duration of the human-induced force 
on the walkway, at each given step. Wheeler related the contact time foot-ground with the step 
frequency, by the following abacus (Fig. 4) [Živanović, Pavic and Reynolds, 2005]: 

   4

Amplification load 
factor, Fa 

Contact time foot-
floor, tc (s)  

a 
 

 b 

 

 tFrequency (steps/ second) 

Figure 4 – Relation between the step frequency with the contact time foot-floor (a) and the 
amplification load factor (b) 

By analysing this abacus it is clear that, as the step frequency increases, the contact time foot-
floor decreases. It is also possible to relate the dynamic amplification load factor, Fa 
(relationship among the maximum value of the load generated by the pedestrian and its static 
weight) and the step frequency (f), showing that the dynamic effect of the action increases with 
the step frequency, due to the raise of the movement speed. 

Vertical Action 

The vertical component of the action induced in a footbridge by the pedestrian crossing is the 
most important of the three forces because it has the highest magnitude. The variation of this 
component (vertical force) with time is displayed by a graph designated by load function, being 
the graphs for each course type represented in Fig. 5 [Živanović, Pavic and Reynolds, 2005]. 

The existence of two peaks in almost all the diagrams corresponds to the contact of the forefoot 
and the heel with the floor. For the race, the graph only has a peak, because the human being 
only uses the feet tips in the contact with the ground. 



 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 5 – Typical vertical force patterns for different types of human activities 

Horizontal Action 

While the load vertical component always apply the force in the same direction (gravitational) in 
each step, the horizontal action introduces a force alternately for the right and for the left, 
according to the used foot (Fig. 6). 

 

 

 

 

 

Figure 6 – Human-induced forces in each step 

Design Procedures (Code recommendations) 

Currently, there are two different design procedures for footbridges, which are contemplated by 
the international standards. The first one requires the calculation of the maximum vertical and 
horizontal accelerations and comparison of these values with the limit tolerated by the 
pedestrians. The second process is based on the construction of structures with a fundamental 
frequency far from the range of critical frequencies, that is, the frequency range that usually 
corresponds to the pedestrians course. 

Table 5 contains the limit acceleration values recommended by some regulations. 
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Regulation Vertical Acceleration (m/s2) Horizontal Acceleration (m/s2) 

BS5400 fa ⋅≤ 5,0max   - 

OHBDC 83 ( ) 28,0
0max 5,0 fa ⋅≤   - 

Eurocode 7,0max ≤a   2,0max ≤a   

Hong Kong 2002 fa ⋅≤ 5,0max   15,0max ≤a   

 

 

 
Table 4 – Acceleration limits extolled in some norms 

3. The Study Case: Passage between the Orient Station and the Shopping 
Centre, “Vasco da Gama” 

Characterization of the Footbridge 

The structure is located in D.João II Avenue in Lisbon and makes the connection between the 
Orient Station and the Shopping Centre Vasco da Gama. There are two identical footbridges, 
with length of 86,56m and 2,4m of usable width. Each one is constituted essentially by three 
tubular sections and about thirty seven pieces with variable "I" section, that make the 
connection among the previous ones. Two of the tubular sections are straight and support the 
bridge deck, while the third one forms an arch that rises through the footbridge making an angle 
of 31,92 degrees to the ground. The deck and the lateral guards are made by thick glasses 
supported by secondary metallic profiles (Fig. 7). 

The footbridge is simply supported in the two extremes, still having an intermediate support at ¼ 
span, counted from the West side (Orient Station). The material used for the construction is the 
structural steel S355. 

 

 

 

 

Figure 7 – Vision of the structure 

 
Analytic Model 

After defining all the structure with 3-D frame elements, the remaining permanent load of 
2,48kN/m has been applied, which corresponds to the weight of the floor glasses, the guards 
and the small metallic profiles that support the glass plates of the pavement.  

To simulate a pedestrian's passage on the structure the load functions that were used for the 
several movement types are presented in Fig. 5. It is also important to know the contact time 
between the foot and the floor (TC); the time interval among two consecutive steps (TP); the 
relation between the applied force and the pedestrian's weight (FA) and, finally, the step length. 

The vertical load intensity corresponds to the pedestrian weight, while in the longitudinal 
direction the applied force is of about 50% of the vertical component and in the lateral direction 
the intensity can go from 3% to 10% [Willford; 2002]. The final analytic model of the footbridge is 
now presented (Fig. 8). 
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Figure 8 –3D View of the footbridge from the Orient Station 

Frequencies and vibration modes 

The frequencies and the vibration modes are characteristic to the structure and depend only on 
its mass, stiffness support conditions. Once the structure model has been shaped, the 
respective analysis has taken place, being obtained periods/frequencies relative to several 
vibration modes, with the masses participation reaching 85% for the first fifteen modes (Table 
5). 

Mode Period (s) Frequency,  f 
(Hz) 

1 1,19 0,84 
2 0,81 1,23 
3 0,68 1,48 
4 0,45 2,23 
5 0,39 2,59 
6 0,30 3,30 
7 0,28 3,56 
8 0,24 4,22 
9 0,20 4,89 

10 0,19 5,27 
11 0,18 5,49 
12 0,17 6,04 
13 0,15 6,53 
14 0,14 6,98 
15 0,13 7,52 

Table 5 – Periods and frequencies of the vibration modes 

The first vibration mode corresponds to a vertical oscillation and there is no significant torsion. 
In the higher modes the significant displacements are due essentially to lateral oscillations and 
rotation around the several axes, sometimes occurring the coupling of translation and torsional 
modes. 

Local in-situ Measurements 

In the experimental tests transducers of acceleration with three orthogonal directions were used. 
Those are devices that allow the measurement of accelerations, vibration frequencies and 
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structural damping. Several records were made, for some courses types, varying the position of 
the measuring devices. First, the two transducers are located at ½ span and then one device 
was moved to ¾ span. 

It also took place an experimentally determination of the real structure damping, exciting the 
bridge due to the practise of "rhythmic jump", and the obtained value was about 0,1%, much 
more lower than the theoretical assumptions for this type of structures (0,4%). 

Comparing the local measured results with the obtained values through the program SAP2000, 
it is verified that the analytic model is well reproducing the real structure, since the fundamental 
frequency given by the program is 0,84Hz and the local measurements indicate a value of about 
0,88Hz. There were obtained several accelerations time histories, one of which is presented in 
Fig. 9 as an example, being the horizontal axis the time and the vertical axis the acceleration, in 
g units. Spectral analyses of these records with FFT allowed the identification of main 
frequencies of vibration. 

It should be noted that while the two footbridges connecting the Orient Station to Vasco da 
Gama Shopping Centre are essentially identical, the in-situ measured first vibration frequency of 
the one located to the north is about 6% higher than the other. 

 

 

 

 

 

Figure 9 - Acceleration time-history example for the movement “normal course”  

Analytic model results 

For each course type the acceleration enveloping was obtained for the three directions. Also, it 
was analyzed the acceleration time histories and spectra obtained in the points where the 
experimental measurements were done (½ and ¾ span). 

The computed accelerations for the several movement types of a single pedestrian are always 
below 0,15m/s2 in the vertical and lateral direction. The value is much lower than the required by 
the regulations for the vertical direction. However, for the lateral direction this value corresponds 
exactly to the maximum limit indicated by the Hong Kong Structures Design Manual for 
Highways and Railways, 2002. 

Analysis and comparison of results  

In general, it is verified that the results from the analytic model are conservative, because the 
acceleration is, in most cases, higher than the values measured experimentally. The following 
Table 6 shows the obtained values for the normal course (two different acceleration transducers 
were used). 
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 Acceleration at  ½ span [m/s2] 
 Device 

Direction 133 LN874 
Analytical 

Model 

Longitudinal 0,0025 0,0020 0,0024 

Lateral 0,0200 0,0200 0,0200 

Vertical 0,0350 0,0320 0,0450 

 

 

Table 6 – Acceleration measured at ½ span to the normal course 

As one can see, the acceleration given with the program SAP2000 are close to the local in-situ 
measurements, and the two devices show similar values. 

The obtained acceleration for one or two pedestrians is below the maximum values indicated by 
the design guidelines, so one can conclude that for one or two persons the footbridge 
accomplishes the regulations. However, it is foreseen that for people's groups these limits are 
no longer respected. According to research related to Millennium Bridge there is a critical 
number N of pedestrians needed to bring about the situation where feedback of lateral forces 
cancels out the positive action of damping of the structure resulting in unbounded growth of 
response [Brownjohn; Middleton; 2005]. 

k
mf

N ii ⋅⋅⋅
=

ξπ8
                     (2) 

Where , ξ and  are lateral mode i  frequency, damping and unit-normalised modal mass 
and k is an empirical constant estimated as 300N/s. 

if im

Considering that the vibration mode which has significant lateral oscillation is the mode 4, f = 
2,23Hz, with a masses participation about 35% in this direction, the estimated N value for this 
footbridge is 6 pedestrians. 

Footbridge deformation 

Due to a careful observation of the structure it’s verified that both walkways show a deformation 
in the vertical direction which is located at 1/3 span, counted from the Shopping Centre. The 
local measurement indicates that this deformation has about 28cm (Fig. 10). 

 

 

 
 
 

Figure 10 – Structure deformation 

The analysis of the displacements and stresses obtained with the analytic model was made, 
trying to understand the cause of this deformation. 

Due to the analysis of the deformed shape caused by the own weight it happens that, in the 
vertical direction, the structure behaves as a simply supported beam, with an intermediate 
support. However, this isn't the configuration that can be seen in the real structure. 

The values obtained for the several stresses in the deformation zone shows that all the sections 
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are in linear elastic regime, because the values are much lower than the steel yield stress, 
355MPa. Having a maximum around 15MPa, the stresses levels are considered perfectly 
admissible for this type of structure, which can't be the responsible for the existent deformation. 

So, it is presumed that the construction method was the cause for this configuration. Under this 
hypothesis it is admitted that some pieces of the bridge deck was mounted and welded in the 
ground, as two independent spans. There was an auxiliary column during the construction in the 
local where the "kink" can be seen. When the two small spans were elevated to their place, 
these pieces suffered deformations due to the own weight, because they were already very 
heavy. When the auxiliary column was taken, the deformations were too accentuated and it was 
no longer possible to obtain a completely straight configuration of the bridge deck. Therefore, in 
the junction of the main pipes it is possible to observe that the welding is a little different, 
showing more welding in the top, because the pieces were moved away due to the previously 
suffered deformation (Fig. 11). 

 

 

 

 

 

Figure 11 – Welding in the big pipe (“kink” zone) 

4. Conclusion 

The main conclusion for this study is that for one or two pedestrians the safety is guaranteed; 
however, it is foreseen that for groups of people the maximum acceleration values 
recommended in the guidelines are no longer respected in the lateral direction. Therefore, it's 
important to know the limit serviceability conditions for these lively footbridges. The maximum 
number of people that can cross these walkways simultaneously safely is about 6 pedestrians. 
Considering that the structure span is around 87m, it's easy to reach that number in normal 
conditions of use, because the total crossing of the bridge takes some time. 

Comparing the accelerations obtained by the program SAP2000 with the local measurements, it 
was verified that in the most part of the cases the theoretical results are conservative. The 
model elaboration to analyse footbridges already built is not strictly necessary, however, when it 
is a design situation, it is extremely important that the dynamic analysis is made with the help of 
an structural software with dynamic loading from pedestrian crossings because these supply 
reliable and safe values. 

Another important conclusion is that, according to our interpretation, the used constructive 
method for these structures was not the most appropriate, causing a visible deformation that will 
last all of its useful life. This small "imperfection" doesn't cause resistance problems or turns 
dangerous the crossing. However, it may cause insecurity to the users, creating a low usage 
rate for these structures.  
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