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Abstract: Vibration serviceability of pedestrian bridges is a vital part in designing and construction of footbridges. In this study a 

concrete footbridge is investigated which is located inside the campus of the Sulaimani Polytechnic University (SPU). ABAQUS 6.12 is 

used for FE modelling and analysing the SPU Footbridge. Several international codes of practice renowned for vibration serviceability 

of footbridges are considered. Mode shapes and natural frequencies are obtained from ABAQUS and are compared to the recommended 

criteria for comfort level. It is found that by comparing the limit acceleration and comfort level with the codes of practice, the SPU 

Footbridge provided minimum comfort level for pedestrians. 
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1. Introduction 
 

Vibration of footbridges is an important consideration in 

designing and constructions of such walkways; since it is 

categorised under serviceability limit state and verification of 

comfort criteria is essential for pedestrians [1]. Vibration of 

structures when excited to their natural frequencies are in 

some mode shapes. A combination of mode shapes is 

possible under normal operating conditions due to the 

geometry of footbridges and pedestrian induced excitation. 

Hence, prediction of mode shapes is a crucial part in 

understanding footbridge vibrations. Therefore, modal 

analysis is required at design and construction stage to 

envisage the mode shapes and their corresponding 

frequencies of a structure [2]. 

 

Modelling footbridges using advanced Finite Element (FE) 

models have played a major role in simulating static and 

dynamic behaviours of footbridges; although some 

uncertainties may arise in the modelling due to discrepancies 

with the real structure [2]. Such uncertainties can be tackled 

by dynamic tests on some bridges and engineering 

judgement in order to improve FE modelling in future 

studies. In addition, codes of practice that stipulate regulation 

on vibration serviceability can be used in this aspect. 

 

This paper considers the vibration serviceability of a 

concrete footbridge in which modal analysis using FE 

modelling is employed. The first part of this study covers a 

detailed literature review on common codes with vibration 

requirement and some study on numerical investigation of 

footbridges.  Then, a detailed model of the footbridge is 

considered in ABAQUS programme with all dynamic 

characteristics to assess its vibration serviceability. Finally, a 

comparison between the FE model and the requirement of 

codes on comfort criteria is made and key results is 

discussed. 

 

 

2. Research Significance 
 

This study provides analytical data of a footbridge using FE 

modelling in order to assess the vibration serviceability 

under self-weight with the as-built drawings and material 

properties.  In addition, comparison of FE modelling of the 

footbridge with some codes of practice is made. The authors 

have considered the case study so as to find the critical mode 

shapes and the fundamental frequency of the footbridge. 

 

3. Literature Review 
 

Analysis and design of vibration serviceable pedestrian 

bridges has gained popularity in the recent years because of 

the incident of Millennium Bridge which made engineers try 

to comprehend the negative effects of vibrations produced by 

pedestrians. Research in this area fall into three main 

categories: (i) testing of full-scale existing bridges subject to 

crowd loading, (ii) laboratory studies of bridges subject to 

miscellaneous crowd loading and (iii) mathematical 

modelling of the pedestrian induced loading [3]. 

 

At the design stage, it is difficult to deal with information 

related to the as-built structure such as boundary conditions, 

properties of materials and non-structural element effects. 

Thus, the uncertain nature of vibrations in civil engineering 

structures has made researchers use FE modelling with 

caution. To overcome this issue, testing of structures for 

vibration after construction is carried out. Nevertheless, this 

procedure does not help the design very much. However, 

combining testing and analysis reduces design uncertainties 

of such structures and will help with the design of similar 

structures in the future [2]. 

 

When FE modelling is implemented, the model should be 

tuned based on technical data from the design and 

engineering judgement; which is needed when modelling 

stiffness of supports and non-structural elements, material 

properties, difference between the design and the as-built 

structure properties and so on. Because of these issues, these 
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FE models cannot precisely predict natural frequencies and 

mode shapes. It is best practice for the structure to be tested 

and the model to be tuned accordingly. However, the 

fundamental frequency differs from one structure to another 

and therefore it should be experimentally determined after 

the particular structure is built [2]. However, in case the 

experimental data is too laborious to obtain, there are 

simplified methods for calculating maximum vertical and 

horizontal accelerations for footbridges given in standards 

and guides such as [4, 5, 6, 7, and 8] 

 

Although the usage of the formulae available from standards 

of practice help with identifying fundamental frequencies, 

they are not well established yet. For example, the span, 

material properties, loading and damping of the bridge affect 

certain parameters in the calculations. This leads to some 

discrepancy in the results obtained using different codes of 

practice. However, nearly all codes of practice provide 

frequencies of about 3Hz while others provide higher 

frequencies at 5Hz. Nevertheless, codes of practice in the 

current form could be used to obtain tuned FE models which 

have dynamic properties similar to the structure; in order to 

pass vibration serviceability checks [9]. 

 

Ref. [6] Describes in detail vertical and horizontal frequency 

components of walking, running and jumping. It is shown 

that horizontal oscillations (swaying) tend to bring 

pedestrians to imbalance more than vertical oscillations, 

therefore pedestrians are more sensitive to horizontal 

vibrations. 

 

According to [6] comfort requirements in international 

standards fall into two main categories: 

 Structural frequencies limit values: pedestrian loading 

induces certain frequencies as shown in Table (3.1). 

When natural frequencies of a structure are greater than 

pedestrian loading frequencies, they are generally not at 

risk. Therefore, many international codes provide 

frequencies for which dynamic calculations are not 

required. 

 Acceleration frequencies limit values: if structural 

frequencies fall within the range of pedestrian induced 

frequencies then it is required to calculate dynamic 

calculations and then those accelerations are limited to 

ensure pedestrian comfort (See Table 3.2). 

 

4. Footbridge Analysis 
 

4.1 Sulaimani Polytechnic University (SPU) Footbridge 

 

The SPU footbridge is a continuous three span concrete 

structure with a total length of the 21.1 m, maximum middle 

span length of 9.9 m, and the total bridge width of 2m. The 

deck has two concrete barriers on each side and is supported 

by a continuous rectangular beam placed under the middle of 

 

Table 3.1:Summary of critical frequencies in international 

codes [6] 

Code / Standard 
Limit values 

Vertical Horizontal 

American Guide Spec. < 3 Hz  

Eurocode 2 (ENV 1992-2) 1.6 Hz – 2.4 Hz 0.8 Hz – 1.2 Hz 

DIN-Fachbericht 102 1.6 Hz – 2.4 Hz,  

3.5 Hz – 4.5 Hz 

Eurocode 5 (ENV 1995-2) < 5 Hz < 2.5 Hz 

SBA (former East 

Germany) 
1.0 Hz – 3 Hz  

SIA 260 (Switzerland) 1.6 Hz – 4.5 Hz 
< 1.3 Hz transverse 

< 2.5 Hz longitudinal 

BS 5400 (Great Britain) < 5 Hz  

Austroads (Australia) 1.5 Hz – 3 Hz  

Japanese Footbridge 

Design Code (1979) 
1.5 Hz – 2.3 Hz  

 

Table 3.2:Summary of acceleration as comfort criteria [6] 

Vertical acceleration av,max [m/s2] 

ISO 2631 1.9*  
f1=fundamental natural 

frequency of the bridge 

AISC Guide 11 0.5  

Eurocode 1 

Min 

 

for f=1 to 3 Hz 

for f=3-5 Hz: check dependant 

on case 

from f=5 Hz: no check necessary 

DIN-Fachbericht 

102 
0.5*  

for f1= Hz: 

f1=fundamental natural 

frequency of the unloaded bridge 

VDI 2057 
0.6*  

0.214. hor. 

f1=fundamental natural 

frequency of the bridge 

SBA 0.39  

BS 5400 0.5*  
f1=fundamental natural 

frequency of the bridge 

Ontario Bridge 

Code ONT83 
0.25*  

f1=fundamental natural 

frequency of the bridge 

Eurocode 5 (ENV 

1995-2) 
0.7  

Bachmann [40] 0.5 – 1.0  

Japanese 

Footbridge Design 

Code(1979) 

1.0  

Lateral acceleration aL,max [m/s2] 

Eurocode 1 Min  

for f=0.5 to 1.5 Hz 

for f=1.5-25 Hz: 

check dependant on 

case 

from f=2.5 Hz: no 

check necessary 

Eurocode 5 (ENV 

1995-2) 
0.2 

for f  < 3 Hz (for 

standingindividuals) 

 

the deck. The beam is supported by three concrete columns 

and a masonry wall. The deck, barriers, beam, and the 

columns are monolithic, while the end of the beam on the far 

right side is simply supported on the masonry wall (Figure 

4.1). The material properties of the concrete bridge are as 

follows: density: 24 kN/m3, modulus of elasticity: 

192,640,000 kN/m2, poison ratio: 0.2. 

 
Figure4.1: Views of the SPU Footbridge 
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4.2 FEM Modelling 

 

ABAQUS 6.12 was used as FE analysis software to establish 

3D FE full-scale model of the pedestrian bridge as shown in 

Figure 4.2. The bridge was simulated based on the drawings 

given by the Engineering Division at the Technical College 

of Engineering at SPU. Modal analysis was performed on the 

bridge in ABAQUS and the mode shapes of the bridge were 

obtained. The first mode shapes of the bridge, i.e. the 

fundamental mode shape is torsional with fundamental 

frequency of 5.022Hz. The rest of the mode shapes and 

natural frequencies can be seen in Figure 4.3. 

 

It is to be noted that some parametric studies were carried 

out in order to reach to a reasonable FE model as it is stated 

in [10]. 

 

Also because of the lack of experimental data, the critical 

damping for SPU Footbridge is assumed to be 5%. 

According to [6], damping is problematic because it depends 

on several parameters such as materials properties, surfacing, 

loading pattern and non-structural elements such as hand 

railing. 

 
Figure 4.2: 3D model of the bridge in ABAQUS 

 
 

Figure 4.3: Natural frequencies and mode shapes of the SPU 

Footbridge 
 

4.3 Comfort Criteria and Evaluation 

 

According to [8], there are four classes of pedestrian 

footbridges based on the crowd traffic it can bear. The SPU 

Footbridge falls in the third class (Class III) – standard or 

very light footbridges. In addition, the complex configuration 

of the SPU Footbridge seems to be inappropriate to 

determine the natural frequencies using the standard 

formulae. Therefore, FE is used to obtain the first four 

natural frequencies of the SPU Footbridge. 

 

Although [8] gives details of calculating critical frequencies, 

international codes of practice such as [11] and [4] give the 

highest critical frequencies which should be less than 5Hz 

for vertical component and less than 2.5Hz for horizontal 

component (Table 3.1). Hence, in terms of critical 

frequencies the SPU Footbridge falls within the acceptable 

range.  

 

In order to further investigate the dynamic behaviour, the 

acceleration as comfort criteria is being considered. From 

Table 3.2, the critical accelerations are limited to 0.7 m/s2 

for [11]; and 1.12 m/s2 as calculated for [4]. The limit of 

acceleration proposed by [4] is more critical than the one 

from [11]. Therefore according to the comfort criteria 

proposed by [8], the SPU Footbridge satisfies the minimum 

comfort level for vertical acceleration (Table 4.1). 

 

Table 4.1: Acceleration ranges (in m/s
2
) for vertical 

acceleration [8] 

 
 

5. Results and Discussion 
 

The standard codes of practice give equations to estimate 

fundamental frequencies for bending and torsion for 

structures which can easily be modelled as simply supported. 

However due to the complex nature of the SPU Footbridge, 

FE modelling seems to be more reliable as recommended by 

[8]. The obtained fundamental frequency from ABAQUS is 

5.022Hz which is greater than the limit values given by the 

standard codes for footbridges [4, 5, 6, 7, and 8]. 

 

As from Figure 4.3, the fundamental (predominant) mode 

shape is torsion which is mostly due to the presence of a stiff 

beam placed under the middle of the deck. Such torsional 

mode shape has occurred in the long middle span and in the 

span close to the end of the bridge sitting on the wall due to 

its simply supported behaviour. 

 

As far as the comfort criteria is concerned, the limit 

acceleration (1.12 m/s2 from [4]) of the SPU Footbridge falls 

within Range 3; i.e. the minimum acceleration range criteria 

for comfort (Table 4.1). This limit should not be exceeded at 

any time during service life of the footbridge. 
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Although this study considers some of the major 

international codes of practice and FE modelling, 

experimental data can play a major role in determining the 

actual conditions of the footbridge, such as boundary 

conditions, material properties, loading patterns and 

intensity.  Inevitably, differences between designed and as-

built structures occur, therefore verification of the FE model 

and the actual structure with experimental data can give 

better understanding of the behaviour of the structure under 

self-weight and human loading. 

 

6. Conclusion 
 

A detailed FE model of the SPU footbridge is developed 

based on the available design data and best engineering 

judgement, the obtained natural frequencies of the structure 

is 5.022Hz for the fundamental mode shape. The FE model is 

analysed using different types of elements, the results vary 

with the type of the element used. This points out the 

significance of experimental data in enhancing the FE 

modelling and verifying the results. However, in this study it 

was not possible to undertake experiments due to the lack of 

instruments and technical expertise. 

 

Therefore in order to reach at a sound judgement, the results 

of FE modelling were compared to different formulae 

provided by various codes of practice. The following 

conclusions can be made: 

 

1. FE modelling cannot predict natural frequencies and 

accelerations precisely, if used alone, therefore experimental 

investigation or comparison with standard codes of practice 

will help enhance FE results. Nevertheless, codes of practice, 

such as [8], recommend using FE modelling for the 

determination of natural frequencies of footbridges. 

 

2. The fundamental mode shape in this study is torsion, 

which is due to the positioning of a stiff beam under the 

deck. Torsional mode shape is a rather rare case and not 

many literature can be found discussing such an issue. 

However, [8] provides a brief description of torsional mode 

shapes which is not comprehensive. 

 

3. The SPU footbridge provides minimum comfort criteria 

for pedestrians and is thus safe for daily use for pedestrians 

using it. 

 

4. Current codes of practice in the current form could not be 

used independently to assess vibration serviceability of 

footbridges. 
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