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Abstract

A verification of the comfort criteria for serviceability limit state due to pedestrians should 
be done if the fundamental frequencies of the bridge deck are below values determined in 
bridge design codes. Nowadays, the comfort criteria is usually defined as maximum accep-
table acceleration of any part of the bridge deck. Dynamic load models of single pedestrian 
and group of pedestrians are determined as single pulsating force moving along the bridge. 
Though the model of moving pulsating force is similar to real character of pedestrian loading 
(walking along the bridge) acceleration assessment is not simple because the lack of ea-
sily available software able to conduct dynamic analysis due to moving loads. The process 
of bridge designing can be significantly accelerated if a simplified procedure for maximum 
acceleration determination is established. In this paper an improved simplified procedure 
based on response of single degree of freedom oscillator i.e. response of a structure due to 
pulsating stationary force of unlimited duration is proposed.
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1 Introduction

Formulation of footbridge vibration serviceability design procedures has been in focus of 
researchers and engineers for many years. To satisfy the serviceability limit state in relation 
to vibration due to pedestrians the maximum value of dynamic response of the bridge deck 
should be smaller than the value of comfort criteria defined through the corresponding value 
of bridge deck dynamic response.
Nowadays, the comfort criteria are given in terms of maximum acceptable accelerations of any 
part of the bridge deck [1] as recommended maximum values. For example the limit value for 
acceleration in vertical direction according to HRN EN 1990 [1] is 0,7 m/s2.
The aim of most of the design procedures is to determine the peak response of a footbridge in 
order to assess its vibration serviceability. The process of bridge designing can be significantly 
accelerated if a simplified procedure for maximum acceleration determination is established. 
The dynamic load model of single pedestrian or group of pedestrians in vertical direction F(t) 
is usually defined as pulsating harmonic force presented in Eq. (1) 

 F(t) F sin( f t)2  (1)

which moves along the bridge with speed of v = ls⋅f where F is amplitude of the pulsating force, 
ls is the step length, f is the fundamental bridge and t is the time [2-6].
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The simplified procedures for determination of maximum acceleration are based on analytical 
formulae for response of single degree of freedom (SDOF) oscillator due to pulsating statio-
nary force of unlimited (Eq. 2) or limited duration (Eq. 3).
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Where F is the amplitude of stationary pulsating force, Mgen is the modal mass of equivalent 
SDOF oscillator, n is the number of steps needed to cross the span (number of cycles per 
span) and δ is the logarithmic decrement, which is equal to 2πζ (ζ is the structural damping) 
[7]. The maximum response of structure due to stationary pulsating force, amax,stat, is different 
from response due to moving pulsating force, amax,mov. The reason of mentioned difference is 
the variation of the mode shape amplitude along the walking path and force duration. There-
fore the factor R should be introduced in analytical formulae for response of single degree of 
freedom oscillator due to pulsating stationary force (Eq. 4).

 max,mov max,stata R a  (4)

Procedures given in some codes and guides [2,3,5,6,8] which are based on stationary pulsa-
ting force define different constant values of factor R even though it is known that constant 
factor could not involve all possible situations produced by different bridge structures.
In this paper an improved simplified procedure for maximum acceleration determination on 
simple beam structures is proposed by introducing a novel approach based on response of 
single degree of freedom oscillator i.e. response of a structure due to pulsating stationary 
force of unlimited duration. The main goal of the proposed procedure is to make the formu-
lation easy to use. 

2 Improved simplified procedure for maximum acceleration 

determination

If we introduce Eq. (2) into Eq. (4) then:

 
max,mov
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With some transformation Eq. (5) can be written as follows:

 
max,mov

Fa
M  (6)

where Φ is the the amplification factor and M is the mass of the bridge deck at length of span L.
To determine the maximum acceleration of the bridge deck under pulsating force which mo-
ves over the bridge with constant speed v by using Eq. (6) engineer must know only the total 
mass M of the bridge deck structure over the span L, the amplitude of the pulsating force F, 
the structural damping ζ and the amplification factor Φ which depends of bridge structural 
system. 
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3 Determination of amplification factor Φ

The aim of this chapter is established the amplification factor Φ which can be used in procedure 
for maximum acceleration determination (described in Chapter 2) for simple beam structures. 
As it is shown in paper [9] the factor R varies in dependence on changes in structural system, 
structural damping and span length while structural frequency changes do not affect the 
reduction factor. The factor R does not depend on construction material (concrete, wood, 
steel, etc.) [8]. The same conclusion can be applied to amplification factor Φ. Therefore the 
amplification factor Φ will be determined for different simple structural systems of different 
span length L and different structural damping ζ. The amplification factor Φ is defined as:

 max,mova
F

M

 (7)

In this paper, amax,mov, maximum acceleration of the bridge deck structure, is determined using 
software DARK [10], suitable for dynamic analysis of 2D beam structures due to moving pul-
sating force.

3.1 Description of structural systems 

The amplification factor is determined for non-hollow plate bridge decks with following 
structural parameters:
a) bridge structural system: 

 · simply supported beam with span length (Ltot = L); 
 · fixed beam with span length (Ltot = L); 
 · continuous beam with two spans (Ltot = 2L); 
 · continuous beam with three spans (Ltot = 3L);

b) span length L: 9 m, 18 m, 27 m, 36 m, 45 m and 54 m; 
c) structural damping ζ: 0,25%, 0,5%, 0,75%, 1%, 1,25%, 1,5%, 1,75%, 2%;
d) first vertical frequency of structure fv = 2 Hz;
e) deck cross sectional properties: rectangle cross section; width b = 2 m, height h depen-

ding of L and structural system (Table 1); h1 for structural systems of simply supported 
beam and continuous beams; h2 for structural system of fixed beam. 

Table 1  Plate height h1 and h2 in relation to L 

L [m] 9 18 27 36 45 54
h

1
 [m] 0,10 0,40 0,89 1,57 2,46 3,54

h
2
 [m] 0,43 0,17 0,39 0,69 1,1 1,56

Each deck structure is modelled using 50 beam finite elements over the span L. Each finite 
element is defined by the following geometrical, material, and cross-sectional properties: ele-
ment length ΔL = L/50, dynamic modulus of elasticity Ed, moment of inertia I, specific weight 
γ, and cross-sectional area A of the bridge deck. The bridge deck structure in all analysed 
structural variants has the same dynamic modulus of elasticity Ed = 3.36⋅107 kN/m4 and spe-
cific weight γ = 25 kN/m3. The moment of inertia I and cross-sectional area A for different 
structural systems and span length can be found in [11]. The dynamic analyses are conducted 
using m = 5000 time steps, each in duration of Δt  = T/5000 where the total time T of the force 
acting equals the time needed for the pedestrian to cross the bridge length Ltot (T = Ltot/v). The 
force speed is taken as v = 0.9⋅f (ls  =  0,9 m) as it is defined in [2, 3, 5, 12]. The amplitude of 
pulsating force for load model of one pedestrian is taken as F = 280 N [2-5]. Number of steps 
needed to cross the span (number of cycles per span) is n = L/ls.
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3.2 Simply supported beam 

The values of amax,mov M, L and ζ for simply supported beam are listed in Table 1. The amplifi-
cation factors Φ , for simply supported beam constructed using Eq (7) and values presented 
in Table 1, are shown in Figure 1.

Table 2  The values of amax,mov M, L and ζ for simply supported beam

Span length 

L [m]

Structural 

damping ζ [%]

a max.mov 

[m/s2]

M [t] Span length 

L [m]

Structural 

damping ζ [%]

a max.mov 

[m/s2]

M [t]

9 0.25 2.336 4.512 18 0.25 0.538 36.097
0.50 2.166 4.512 0.50 0.471 36.097
0.75 2.014 4.512 0.75 0.421 36.097
1.00 1.895 4.512 1.00 0.380 36.097
1.25 1.784 4.512 1.25 0.347 36.097
1.50 1.688 4.512 1.50 0.317 36.097
1.75 1.607 4.512 1.75 0.291 36.097
2.00 1.533 4.512 2.00 0.269 36.097

27 0.25 0.224 121.828 36 0.25 0.118 288.777
0.50 0.187 121.828 0.50 0.095 288.777
0.75 0.161 121.828 0.75 0.079 288.777
1.00 0.140 121.828 1.00 0.067 288.777
1.25 0.125 121.828 1.25 0.059 288.777
1.50 0.112 121.828 1.50 0.052 288.777
1.75 0.101 121.828 1.75 0.047 288.777
2.00 0.092 121.828 2.00 0.042 288.777

45 0.25 0.071 564.017 54 0.25 0.047 974.622
0.50 0.055 564.017 0.50 0.035 974.622
0.75 0.045 564.017 0.75 0.028 974.622
1.00 0.038 564.017 1.00 0.023 974.622
1.25 0.032 564.017 1.25 0.020 974.622
1.50 0.028 564.017 1.50 0.017 974.622
1.75 0.025 564.017 1.75 0.015 974.622
2.00 0.022 564.017 2.00 0.013 974.622

Figure 1 The amplification factor Φ for simply supported beam 
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A well as for simple supported beam, the amplification factor Φ is determined for all other 
structural systems analyzed in this paper. For reason of simplicity, only the charts with am-
plification factors Φ in relation to structural damping and span length are shown in Figures 
2 to 4.

Figure 2 The amplification factor Φ for fixed beam 

Figure 3 The amplification factor Φ for two-span continuous beam 

Figure 4 The amplification factor Φ for three-span continuous beam 
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4 Generalization of amplification factor Φ

The main shortages of determination of amplification factor Φ using charts in Figures 1-4 are:
 • insecurity of determination of Φ for span length which are not shown in Figures 1-4 (9 m, 18 
m, 27 m, 36 m, 45 m and 54 m);

 • applicable only in cases when v = ls ⋅ f (where ls = 0,9 m).

To overcome shortages listed above the modified presentation of amplification factor Φ in 
given Figure 5. The values of amplification factors Φ are shown in relation to structural system 
and product of number of steps per span n and structural damping ζ.

Figure 5 The amplification factor Φ for different simple beam structures

5 Conclusion 

In the paper, an improved simplified procedure for determination of maximum acceleration 
based on response of a structure due to pulsating stationary force of unlimited duration 
is proposed. The procedure is very simple to use: only the total mass M of the bridge deck 
structure over the span L, the amplitude of the pulsating force F, the structural damping ζ and 
the amplification factor Φ have to be known. The amplification factor Φ given in Figure 5 cover 
simple beam structures subjected to moving pulsating force of different constant speed and 
it can be used no matter of natural frequency of structure or construction material. 
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