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Summary  

Pedestrian-induced vibration commonly governs serviceability criteria in footbridge design. Simplified 

approaches to assess these vibrations have resulted in undesirable levels of vibration in built footbridges, 

highlighting the need to develop more realistic representations of the pedestrian loads as well as approaches 

to mitigate their effects. To represent these types of loads in an accurate manner it is necessary to consider 

the anthropometric characteristics (inter-subject variability), the inability that pedestrians have to transmit the 

same force in each step (intra-subject variability), the interaction between pedestrians and the lock-in effect. 

It has been observed that some footbridges have experiences serviceability problems due to vibrations with 

excessive magnitudes. In some of these cases, the human-induced vibration cannot be controlled effectively 

by using conventional approaches so the use of supplemental damping devices was required. Evaluation of 

the dynamic response at the design stage under the most realistic representation of pedestrian is crucial to 

satisfying the comfort criteria. After this evaluation, in cases where the comfort criteria is not fulfilled, an 

option available to designers is to employ supplemental damping devices to mitigate the pedestrian-induced 

vibrations. This work presents a parametric study showing the high efficiency of damping devices to mitigate 

human-induced vibrations in girder footbridges under diverse pedestrian loading scenarios.  

Keywords:  Girder footbridges; human-induced vibration; dynamic response; serviceability criteria; tuned 

mass dampers 

1. Introduction 

The current tendency is to construct increasingly slender footbridges, which can lead to vibration problems in 

footbridges. If one of the footbridge’s natural frequencies lies near the step frequency of pedestrians, 

resonance effects can occur amplifying the response to the point of causing discomfort for users. In many 

cases, supplemental damping devices can be used to mitigate the human-induced vibration in footbridges, 

without radically changing the aesthetics of the bridge. This paper investigates the deck deflections and 

accelerations as well the accelerations felt by the pedestrian walking on girder footbridges with and without 

supplemental damping devices.  

2. Pedestrian load representation  

To simulate a stream of pedestrian crossing a footbridge, the anthropometric characteristics of the 

population from which the pedestrians are drawn, the force that each step transmits to the structure, the intra 

and inter subject variability, and the interaction between several pedestrians crossing at the same time have 

all been considered herein [1]. This approach is based on modelling the vertical and lateral loads induced in 

each step by pedestrians. For the representation of the vertical load, the step frequency and the pedestrian 

mass are required. The simulation of vertical loads, based on the force to weight ratios relationships given by 

[2] is used. The lateral load model was developed using an inverted pendulum (IP) approach in which the 

pedestrian mass, half step width, lateral step frequency and the anthropometric characteristics of the 

pedestrian are considered [3,4]. This model is able to realistically represent the lateral loads imparted on the 

bridge at a particular time and location when the feet contact the ground according to pedestrian 

characteristics (gait, step width, anthropometric characteristic). A Markov chain Monte Carlo (MCMC) 
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method is used to represent the step frequency variability within individual pedestrians. The implementation 

represents the step length (and hence future step position) according to a certain speed which depends on 

the previous step. An example of the MCMC sampling to describe the intra-variability can be seen in Figure 

1. 

 

Figure 1: Step frequency distribution following a MCMC sampling for a distribution (The value adopted for the 

standard deviation of the step frequency was 0.15 [2])   

3. Vibration control in footbridges  

In this study, structural properties of nominal girder bridges are first selected. Then, following the analysis of 

the dynamic response of each bridge under pedestrian loads, in cases where the bridge presents vibration 

problems, tuned mass dampers are employed to mitigate the vibrations. Figure 2 shows a summary of this 

approach as well as the TMD implementation.   

 

Figure 2: Summary of the framework adopted in this study for calibrating TMD properties 

Tuned Mass Dampers (TMDs) are the most commonly used supplemental damping devices for mitigating 

pedestrian-induced vibrations in footbridges. Maximizing the advantages of a TMD requires an accurate 

analysis of the dynamic response of the footbridge under pedestrian loads, and an optimal selection of both 

the TMD properties and their deployment location. It is therefore imperative that these factors be considered 

when investigating the use of TMD in footbridges in order to satisfy the serviceability criteria. Researchers 

have proposed different procedures in order to determine the optimal parameters of damping devices in a 

range of different structures. The conventional procedure for determining the optimal characteristics of the 

TMD that minimize the displacement in an undamped main structure was developed by Den Hartog [5]. 

There are another procedure such as those proposed by Warburton [6] (who introduces a different analysis 

for the TMD parameters with the minimisation of different objectives such as the displacement of damper, 

the acceleration of the structure, etc.) and by Krenk [7] (who focuses on limiting the relative motion of the 

damper minimizing the accelerations of the structure). In relation to these formulae, Asami [8] proposed a 

more accurate way to calculate the optimal frequency ratio for structures with low damping ratios such as 

footbridges. Equations (1) and (2) were obtained by Asami [8] in order to calculate the optimal damping 

frequency and damping ratio that minimize the acceleration. The serviceability criteria is fulfilled when the 

accelerations are reduced to acceptable levels [9, 10].  
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To include the tuned mass dampers an objective function that captures the mass ratio and location of the 

TMDs is developed. The procedure to implemented these devices is that the mass, stiffness and damping 

matrices of the pedestrian bridges are assembled. The structure is loaded according the pedestrian load 

representation. Then the natural frequencies and mode shapes are determined. After that the dynamic 

response is found and compared according to the serviceability criteria (maximum vertical acceleration 

needs to be less than 1.0 m/s2, and the lateral accelerations needs to be less than 0.4 m/s2[11]). If the 

accelerations obtained do not satisfied the serviceability criteria, tuned mass dampers are located to 

minimize the dynamic response. The damper’s frequency is tuned to damp the frequency that will be 

controlled. The TMD’s properties are obtained according to the different criteria available from the literature. 

Then, the mass, stiffness and damping matrices are updated including the damper’s properties. The dynamic 

response is obtained considering the damper devices. Finally, an iterative procedure is carried out updating 

the TMD’s properties until the dynamic response satisfied the serviceability criteria.  

4. Parametric study details  

The dynamic response of the girder footbridges shown in Figure 3 under pedestrian loads was analysed with 

and without tuned mass dampers. The deck width of the girder footbridges is 4 m. The material properties of 

the girder footbridges were selected according to Eurocode EC2 [12] (Reinforced concrete C20/25 to 

C30/C37 and Prestressed concrete C45/55 to C60/75).   

 

Figure 3: Cross sections and structural materials of the girder footbridges 

The analysis was made for footbridges that have one and two spans (Figure 4). The dynamic response was 

evaluated for commuting and leisure activities for pedestrian streams with densities of 0.2 and 0.6 ped/m2. 

The parametric study includes the following structural variables: cross section, span layout, and damping 

ratio. The damping ratio is selected according to structural materials of the footbridge [13].  

 

Figure 4: Variables for the parametric analysis 

5. Results  

For the numerical work performed it was assumed that pedestrians arrived according to a Poisson 

distribution. Figure 5(a) shows the frequencies for two different relations between deck depth (L/25 and L/35) 

and span length (10 to 40 m) for one pedestrian walking on the bridge. The important effect of the span 

length on the fundamental frequency can be seen in Figure 5(a). These frequencies can lie near the step 

frequency of the pedestrians which can increase the dynamic response (Figure 5(b)). When the beam has a 

span of 30 m, the natural frequency is 2.16 Hz, which is very close to the step frequency of a single 

pedestrian (2.2 Hz), and therefore the acceleration shows a peak. For the same span length with step 



 

 

 

frequencies of 1.5, 1.8, 2.0 Hz the acceleration is lower. Figure 6 shows the dynamic response in the time 

domain for mid-span when the beam has a span of 30 m.  

 

     (a)           (b)  

Figure 5: (a) Natural frequencies (b) Maximum vertical accelerations for a single pedestrian walking with a 

velocity of 1.4 m/s 

 

Figure 6 Dynamic response in the time domain: (a) displacements and (b) accelerations 

After the evaluation of the girder footbridges without supplemental damper devices the structures which 

presented vibration problems in vertical direction were identified. These results show that for a certain span 

length the serviceability criteria is not satisfied. In these cases, tuned mass dampers were employed to 

mitigate the human-induced vibrations. Figure 7 shows the maximum accelerations in the vertical direction 

for a pedestrian stream with a density of 0.6 ped/m2 for different activities.  The properties of these devices 

were analysed according to different criteria such as those proposed by Den Hartog, Krenk, Warburton and 

Asami. The mass ratio was chosen within the conventional range (0.01 to 0.05). After the evaluation of the 

dynamic response with tuned mass dampers the Asami criteria gave the highest reduction in the 

accelerations. The TMD properties according Asami are shown in Table 1.  

 

    (a)            (b)  

Figure 7: Maximum accelerations in vertical direction for different activities: (a) commuting, (b) leisure 

   Activity Pedestrian 

density(ped/m2) 

Span length 

(m) 

TMD damping 

ratio 

TMD mass 

(kg) 

Commuting 0.6 11.00 0.100 584.42 

Commuting 0.6 22.50 0.094 1903.92 

Leisure 0.2 25.00 0.086 1677.90 

Table 1: Tuned mass damper properties 



 

 

 

Figure 8 shows the acceleration with and without tuned mass dampers ((a) and (b) slabs; and (c) and (d) box 

girders). The accelerations are reduced around 75 % for the Asami’s criteria. Although the serviceability 

criteria is fulfilled (range of 0.5 to 1.0 m/s2), it can be employed a tuned mass damper to ensure the 

maximum comfort of the pedestrian (Figure 8 (b)). The evaluation for the TMD’s properties was using the 

typical values of the mass ratio. However, it can be seen in Figure 8 (c) that for commuting activities the 

accelerations do not fulfil the maximum serviceability criteria using the common values for the mass ratio. In 

these cases where the accelerations are higher than 1.0 m/s2 it is required to increase the mass ratio to 

ensure that the serviceability criteria can be fulfilled.  

 

   (a)            (b) 

 

     (c)           (d)  

Figure 8: Dynamic response in different cross sections for: (a) and (c) commuting activities and (b) and (d) 

leisure activities  

 

Figure 9 shows the maximum accelerations in the vertical direction in a T-beam for a pedestrian stream with 

a density of 0.6 ped/m2 for commuting and leisure activities. In cases where is required the fulfilment of the 

maximum comfort criteria (commuting activities) the mass ratio needs to be more than 0.05. For leisure 

activities the dynamic response is fulfilled, however it was considered a tuned mass damper when the beam 

had a span length of 27.0 m. The high efficiency of the dampers in the reduction of the accelerations under a 

pedestrian walking is clearly seen in both panels. This reduction is very similar to the values obtained in [14]. 

 

         (a)        (b)  

Figure 9: Dynamic response in a T-beam for (a) commuting activity and (b) leisure activity 



 

 

 

The high efficiency of the tuned mass dampers in the reduction of the dynamic response can be observed in 

the analysis in time domain in Figure 10. It is displayed the acceleration and displacement before and after 

the TMD was placed for different cross sections at mid-point and along the beam. When providing 

supplementary damping, the dynamic response is reduced in all the cases avoiding serviceability problems. 

The lateral response satisfied the serviceability in all the sections that were presented (less than 0.4 m/s2) 

criteria so it was not required to employ tuned mass dampers. Figure 11shows the lateral accelerations for 

mid-span.   

 

 

 

 

Figure 10: Acceleration and displacement before and after the tuned mass damper was installed  

 

  

Figure 11: Lateral acceleration 

 

 

 



 

 

 

6. Discussion and Conclusions  

This paper focuses on the reduction of human-induced vibrations in footbridges using tuned mass dampers.  

According to the results, it can be seen that the dynamic response is correlated with the span length and the 

type of traffic scenario associated with the pedestrian streams. To accurately represent pedestrian loads, it is 

necessary to define parameters such as the step length, speed, and anthropometric characteristics in a 

probabilistic way to simulate the most accurate force in time and space. As pedestrians do not generate the 

same force in each step it is important to follow a non-deterministic approach related to the representation of 

pedestrian loading. It was illustrated that for certain span lengths and aim of the journey of the pedestrians 

the serviceability criteria cannot be fulfilled using conventional approaches. In these cases it was required to 

employed damper devices. The clear effect of resonance can effectively be mitigated through the use of 

tuned mass dampers.  

The different criteria to obtain the parameters of the tuned mass dampers show the effectiveness in the 

reduction of the dynamic response. The efficiency were validate against numerical simulations and 

experimental studies available from the literature. After the evaluation of the different criteria to obtain the 

TMD’s properties the Asami criteria gave the highest reduction in the dynamic response. The TMD’s 

efficiency of the different criteria was from 69 to 80%. In some cases it was demonstrated that the typical 

mass ratio values for footbridges (0.01 to 0.05) are not enough to ensure the fulfilment of the serviceability 

criteria. In general, analytical and experimental studies have investigated the dynamic response of the 

structure before and after installing a tuned mass damper device to understand their effectiveness. But, on 

the other hand, very little study has been carried out regarding the employ of tuned mass damper at the 

design stage, this as a measure in order to build slenderer footbridges. This work shows that tuned mass 

dampers can be considered at the design stage. The main advantage of employing these devices is that the 

serviceability criteria is satisfied according to codes, standards and guidelines.  
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