
ABSTRACT: This paper compares various models of vertical pedestrian-induced dynamic loading on footbridges. A vast 
majority of researchers, as well as national standards, focuses on single pedestrian excitation, while excitation from groups of 
pedestrians  is based on some kind of multiplication of single pedestrian excitation. The goal of this paper is to produce a  
comparative review of all widely known vertical load models for crowds and groups of pedestrians in national standards and 
published scientific literature. These will be applied on an FE model of a newly constructed suspension footbridge in Podgorica, 
Montenegro. The testbed structure is named Zagoric Bridge and it was opened in December 2009 with a main span length of 
44m, total deck length of  71.5m, effective deck width of 3.6m, and pylons height of 11.94m. 

Bridge model was created using program Ansys based on FEM. Structural responses obtained using the mentioned program 
were calculated and modal characteristics were compared with values measured at bridge test loading. 

There is substantial discord of calculated results obtained using various load models advised by national standards and 
published literature. 

The key contribution of this paper is a comparative presentation of various vertical load models for groups of  pedestrians, as 
opposed to omnipresent calculations based on single pedestrian loading. The paper in fact presents a good starting point for 
further research in this field and it can be used as a guide for design of footbridges considering mainly vertical dynamic 
influences of groups of pedestrians  and crowds. 
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1 INTRODUCTION 
Modern tendencies in footbridge design involve usage of new 
lighter materials, more daring structural systems for bridging 
greater spans and creating more aesthetically pleasant 
structures. These tendencies naturally create lively structures 
under pedestrian-induced dynamic excitation and a need for 
more accurate structural and dynamic analysis to prevent 
unwanted vibration behavior of structures. 
The very nature of long-span footbridges means that they are 
normally occupied by more than one pedestrian. Hence, for 
then the omnipresent dynamic load model based on a single 
pedestrian excitation is not applicable in design as it does not 
represent the reality of small groups and crowds dynamically 
exciting the structure. 

However, there have been a number of attempts to model 
group and crowd dynamic loading on footbridges in research 
papers and design guidelines used throughout the world. This 
paper therefore presents a review of these methods and their 
application on a real-life structure. The aim is to demonstrate 
their application and compare differences in the calculated 
responses. The paper focuses only on the vertical load models 
for crowds and groups of pedestrians as the most probable 
traffic scenarios for this and many bridges in practice. 

2 METHODOLOGY OVERVIEW 
Firstly, a detailed mathematical model of a real-life footbridge 
was developed using ANSYS FE code. The modal properties 
calculated were then compared with very basic experimental 
measurements made on the full-scale footbridge after its 

construction to confirm the modal properties calculated and, 
thus, assumptions made while developing the FE model. 

Various dynamic load models for groups and crowds were 
then applied as specified in the various guidelines and 
literature to obtain forces for the response analysis. Finally, 
the results of this analysis were compared and critically 
assessed. 

3 DESCRIPTION OF TESTBED STRUCTURE 

3.1 Footbridge location and history 
The testbed structure has been a footbridge over the river 
Moraca, in Podgorica, the capital of Montenegro (Figure 1). 

 

 
Figure 1: Footbridge location 

(Available at: www.state.gov and GoogleEarth) 
 
The footbridge replaced an old military suspension bridge 

(Figure 2), designed and constructed in 1946. The primary 
role of the footbridge is to carry pedestrian traffic between 
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settlement Zagoric and part of Podgorica city at the left river 
bank. The nearest other bridge over Moraca is located 518m 
downstream. The new suspension footbridge was built after 
the removal of the old steel bridge and it uses the same pylon 
foundations. 

 

 
Figure 2: Old military suspension bridge 

 
The new footbridge, shown in Figure 3, has similar but more 
modern visual appearance as the old footbridge, which is 
naturally more modern. The new footbridge was open for 
traffic in December 2009. 

3.2 General description of footbridge 
The footbridge test bed structure is 71.5m long slender 
suspension bridge with the main span of 44m (Figure 3). 
 

 
Figure 3: Newly built suspension bridge (night picture) 

 
The bridge deck has convex profile of radius R=300.75m 

which ensures elegant appearance of the footbridge which was 
emphasized by the absence of any longitudinal bridge deck 
beams, as later explained. The bridge deck is 4.04m wide but 
free passage profile is 3.6m wide. 

Two main towers are portal shaped (two pylons connected 
by one hollow steel tube rafter at top) and height of 11.94m. 
The pylons are composite, with steel outer rectangular section 
which is filled with concrete. 

The main suspension cables are anchored at top of steel 
pylons and two concrete anchor blocks at both river banks. 
The main cable is made of  ‘’Z’’ wires (locked coil ropes, 
Ø40mm). 

The vertical hangers are open spiral strands diameter of 13-
16mm, mounted on suspension cables at longitudinal distance 
of 2.75m. Hangers are connected to transverse floor steel 
beams. 

Headed studs are welded at the top of the transverse steel 
beams and metal ‘’holorib’’ sheets were placed between the 
steel beams. Steel sheets and beams with studs were then used 
as a formwork for casting reinforced concrete bridge deck slab 

having thickness of 100-120mm. Besides being a formwork 
for the concrete slab, the steel plate also acts as a 
reinforcement for the deck slab in the longitudinal direction. 

The vertical stiffness of the bridge deck has been provided 
by a convex prestressed cable. This cable passes below and 
follows the bridge deck. The cable is connected with 
transverse steel beams through deviators in the beams’ webs 
and anchored at piers at both ends of the bridge deck. The 
prestressing cable running below the deck is made of two 
prestressed strands 6Ø15.2mm. 

This arrangement made sure that the longitudinal girders 
were not required making the total bridge deck depth of only 
45cm (L/400) which results in a thin silhouette and pleasant 
look of the structure.  

The longitudinal fixed bearing is located at pier S2 (pylon 
near the longer back span), while the movable elastomeric 
bearings are located at piers S1,S3 and S4 (both ends of the 
bridge deck and second pylon). The lateral support for the 
deck slab is provided at all piers and abutments.  

4 MATHEMATICAL MODELING 

4.1 General description of modeling 
In essence, two ANSYS FE models were created as 
appropriate for this kind of structure: firstly a simple 2D 
model and then a more complex 3D model. Only the 3D 
model (Figure 4) was used in further calculations. The main 
towers were modeled using beam (BEAM4) elements, the 
main cables, hangers and stiffening cables were modeled 
using cable elements (LINK10) and the bridge deck was 
modeled using shell (SHELL43) elements. The prestressing 
forces were implemented in two different ways, one is by 
defining initial strain in cable elements and second is by using 
thermal strain to model preload. Both ways needed some 
iterations to ensure that the applied prestress is equal to the 
actual prestress in the structure. 
For structural constraints springs (LINK8) and zero movement 
on nodes were used. 

 

 
Figure 4: Ansys finite element mesh 

 

4.2 Results of modal analysis 
To achieve proper modal characteristics of the FE model, 

firstly structural static analysis must be done to incorporate 
prestressing effects in the longitudinal stiffening cables. When 
the effects of the increased stiffness of the model due to 
prestressing were incorporated (using PSTRES, ON), modal 
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analysis was run in ANSYS to obtain mode shapes, 
corresponding modal masses and stiffnesses. In Figure 5, the 
first and second vertical mode shapes are presented. The 
second mode at 1.561Hz was used for further response 
analysis because it was the most probable mode to be excited 
by the pedestrian walking. 

 

 

 
 

Figure 5. First and second mode shape 
 

In the process of creating mathematical modeling it was 
noticed that the prestressing forces have considerable 
influence on the modal characteristics of the footbridge FE 
model by increasing stiffness of the model. The corresponding 
increases in the natural frequencies calculated are presented in 
Table 1. 

Table 1. Review of calculated natural frequencies. 

Number of No prestressing Prestressing Modal mass 
modeshape Hz Hz kg 

First 0.758 1.064 62,500 
Second 1.246 1.561 39,800 

                              Total mass of the footbridge: 177,150 
 
It can be noticed that neglecting prestressing forces in the 

modal analysis of slender and more flexible structures can 
lead to rather different modal properties. 

5 MEASURED DYNAMIC RESPONSE FROM BRIDGE 
TESTING 

Before opening day on 20 December 2010. (Figure 6), bridge 
test loading was carried out. 
 

 
Figure 6. Opening day 

Bridge test load was a small vehicle moving across the bridge, 
and inducing dynamic excitation at middle of the main span 
by passing over wooden plank. Vibration displacement 
(Figure 7) was measured at the middle of the main span. A 
spectrum of the measured displacement response is shown in 
Figure 8. 
 

 
Figure 7. Measured displacement 

 

 
Figure 8. Measured frequency 

 
It can be seen that the anti-symmetric mode at 1.06Hz was 

not so strongly excited and recorded at the mid-span, which is 
to be expected. The second peak at 1.563Hz is much stronger 
and is likely to correspond to mode 2 shown in Figure 5. 
Unfortunately, no further experimental data is available. The 
measured natural frequencies at bridge test loading are 
compared with calculated frequency in Table 2 and this shows 
a very good agreement which was achieved after small 
adjustments of the FE model, based on measured frequencies. 
This indicates that the FE model was well calibrated for 
further numerical simulations. 

Table 2. Compared results 

Excited Measured Calculated Relative 
modeshape frequency 

Hz 
frequency 

Hz 
difference 

% 
First 1.065 1.064 0.10% 

Second 1.563 1.561 0.13% 
 

6 NUMERICAL CALCULATION OF DYNAMIC 
RESPONSE 

6.1 General discussion 
Dynamic response of the any linear elastic structure can be 
found by using mode superposition technique. 

The main idea is to express a time-dependent vector x(t), 
which is solution of the vibration problem defined in the 
following Equation 1 as the sum of generalized coordinates 
qi(t) multiplied by orthogonal vectors or mode shapes φ i 
(Equation 2): 
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( ) ( ) ( ) ( )Mx t Cx t Kx t F t+ + =&& &                  (1) 

( ) ( )
1

N

i ix t q t ϕ= ∑                              (2) 

Generalized coordinates qi(t) are calculated by solving  N 
differential equations of second order (Equation 3), where N 
is the number of relevant modes for the dynamic analysis 
considered: 

( ) ( ) ( ) ( )mod,i i i i i i im q t c q t k q t f t+ + =&& &               (3) 

mi, ci, ki and fmod,i are modal mass, modal damping, modal 
stiffness and modal force corresponding to mode i. 
The first step is to calculate total pedestrian induced force on 
footbridge by using one of the load models from national 
standards or literature. If the force is given in N/m2, it must be 
multiplied by the relevant bridge deck area. 

The second step is choosing how many mode shapes should 
be relevant for dynamic calculations and extracting them from 
ANSYS or any other modern program also with 
corresponding modal mass, damping and stiffness. It is not 
important if the mode shape is unity or mass normalized as 
long as the corresponding modal properties are used. 

Modal force is obtained by multiplying the human induced 
force f(t) defined in time domain by the relevant mode shapes 
φ i. Mode shapes are transformed from spatial to the time 
domain using average speed of bridge crossing – v as 
presented in Equation 4 and shown in Figures 9 and 10: 

( ) ( ) ( ) ( ) ( )modf t f t x f t vtϕ ϕ= =              (4) 

 
Figure 9. Relevant modeshape 

 

 
Figure 10. Corresponding modal force stemming from a 

sinusoidal physical force 
 

In third step, with known modal force, modal mass damping 
and stiffness, generalized coordinate qi for the chosen mode 
shape can be calculated by solving Equation 3 via one of the 
numerical integration methods. In this procedure Newmark's 
linear acceleration method is used. 
In the last step to obtain physical acceleration, velocity or 
displacement of bridge deck on any chosen point, the 
calculated modal response (i.e. the result of the numerical 
integration) must be multiplied by the mode shape ordinate at 
the same point to obtain contribution to the dynamic response 
from selected mode shape. 
These four steps must be repeated for every chosen relevant 
mode shape and then added together as presented in Equation 
2 to gain the total dynamic response of footbridge. 

This procedure have advantage as the user does not need to 
do many different dynamic analyses by physically moving 
dynamic load on bridge deck in small steps. 

In this example an assumption has been made that a single 
mode shape dominates the footbridge response to speed up 
process of the calculation of the dynamic response. This can 
be useful for many structures where a single mode is most 
relevant for vibration serviceability. 

 

7 VERTICAL DYNAMIC LOAD MODELS 

7.1 General discussion 
Vertical load models can be divided in two major groups: 
• time domain models, and 
• frequency domain force models. 
The time domain force models are based on an assumption 
that both feet produce exactly the same periodic force. 
Time domain models can be divided in two sub groups: 
• Deterministic load models 
• Probabilistic load models 
The frequency domain force models are based on an 
assumption that a force model can be presented as a function 
of frequency. The frequency domain models can be divided in 
two sub groups: 
• Walking forces are modeled as random processes 
• Walking forces are represented by power spectral 

densities (PSDs) 

7.2 Expected traffic scenarios 
If expected traffic level is not included in the design 

specifications, then several traffic scenarios can be 
considered. 

Traffic monitoring at bridge location and statistical 
calculation of expected traffic before bridge design can lead to 
better assumption of expected bridge traffic scenarios. 
However, this kind of design data is still scarce nowadays. 

The footbridge is located near the city center and it is 
regularly traversed by multi-person pedestrian traffic. Only 
occasionally during daytime as well as nighttime the 
footbridge might be exposed to single person loading. 
Additionally, it could be expected that the bridge is 
occasionally crossed by the joggers and crowds, and very 
rarely by dense crowds (as at the opening day) or exposed to 
vandal loading. Based on these considerations, the footbridge 
designer must choose one or several scenarios that are highly 
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probable and make sure that footbridge perform well in these 
occasions. 

This paper therefore focuses only on the vertical load 
models for crowds and groups of pedestrians as the most 
probable traffic scenarios for this and many other footbridges 
in practice. 

7.3 Existing design procedures 
Following lines are review of national standards and 

scientific literature published in past 8 years that deals with 
vertical dynamic load models for crowds and groups of 
pedestrians: 
 
Time domain force models: 
• ISO 10137, Annex A [1] 
• French Setra guideline [3] 
• FIB, Guidelines for the designe of footbridges [4] 
• Eurocode 1, UK National Annex [5] 
• Eurocode 5, Annex B (accepted in UK in 2004)[6] 

 
Frequency domain force models: 
• Hivoss [7], Butz [8] 
• Ingolfsson et al. (2008) [9]  

7.4 ISO 10137[1], Annex A 
ISO 10137 standard defines load model for the vertical force 
induced by one pedestrian. For the group of N uncoordinated 
pedestrians, the load is multiplied by N  to obtain total 
effective pedestrian load (after Zivanovic [2]), as shown in 
Equation 5 and Table 3. 

( ) ( ), ,
1

1 sin 2
k

v n v n v
n

F t N Q a nftπ φ
=

 
= ⋅ + + 

 
∑   [ ]N    (5) 

Factor Description Value Unit 
αn,v Dynamic loading factor 0.208 - 
Q Static load of one pedestrian 700 N 
f Pacing frequency 1.561 Hz 

φn,v Phase angle 0 rad 
n Integer (nth harmonic) 1 - 
k Number of harmonics 1 - 
N Num. of uncoordinated ped. 130 - 
Fv Dynamic force amplitude 9,584.64 N 
 
The guide does not explicitly specify if the force is 

stationary or moving across the bridge, but based on Annex 
C.1.2 it seems that force should not be stationary. 

Dynamic load factor is defined for the first harmonic as a 
function of the pacing frequency and for higher harmonics as 
constant but it does not specify the pacing frequency that 
should be used. Also, coordination factor C(N) is used to 
define level of coordination between pedestrians in a group. 

Application of ISO 10137 standard can lead to 
overestimation of the response because multiplier N  
assumes that all N  forces have the same frequency and 
phase which may still cause overestimation of the response 
despite the theoretically correct assumption that the forces are 
uncorrelated. 

7.5 French Setra guideline 
Setra guideline distinguishes between four classes of 
footbridges depending on the traffic level. 
The load model (Equation 6) is based on the assumption that 
the probability distribution of the pacing rate within traffic 
follows Gaussian distribution and it was calibrated against 
extensive Monte Carlo response simulations. 

Load amplitude of dynamic force induced by single 
pedestrian is assumed as 40% of weight of average person 
(700N) for first harmonic and 10% of the weight for the 
second harmonic. 

Factor ψ reduces the load if the modal frequency is different 
from the average pacing rate. 

Equivalent number of pedestrians depends on footbridge 
class and natural frequency range. 
The load is defined as a load per unit area, with the load sign 
similar to mode shape sign: 

    ( ) ( )0 cos 2n eq n
F

f t N f t
A

ψ π=      2/N m          (6) 

For the Class II bridge in the frequency range between 1.0 
and 1.7Hz equivalent number of pedestrians is 10 N ζ 

Table 4. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
 Bridge class II - 

F0 Load amplitude of single p. 280 N 
A Area of bridge deck 235 m2 
fn Natural frequency of struct. 1.561 Hz 
N Number of people in crowd 141 - 
ζ Damping ratio of rel. vib. m. 0.03 - 

Neq Equivalent num. of people 22.21 ped/m2 
B Bridge deck width 3.6 m 
ψ Factor that reduces the load 0.801 - 
fn Dynamic force amplitude 21.15 N/ m2 

fn*B*L Dynamic force amplitude 4,970.05 N 
 

Application of the Setra load model is not appropriate for the 
footbridges that have two or more vibration mode frequencies 
ratio close to integer because guideline considers only one 
harmonic excitation at the time. 

7.6 FIB Guidelines for the design of footbridges, load 
model for a pedestrian group (DLM2) 

Dynamic load model (DLM2) presented in FIB guideline 
describes the effect of the small group of pedestrians (8-15) 
passing the bridge (Equation 7). The original terminology 
describes this group as ‘’a limited number of unsorted 
pedestrians’’, but more shortly it describes uncoordinated 
group. 

The synchronization of step frequencies and phases is taken 
into account by coefficient kv that depends on the footbridge 
natural frequency. 

The dynamic load should be placed as stationary force on 
the most unfavorable position on bridge. 

To allow the influence of the pedestrians on the dynamic 
properties of the bridge a mass of 800kg should be placed at 
the same position as the force. 
Vertical component of dynamic force: 
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( ), 180 sin 2g v v v vQ k f f tπ= ⋅     [ ]N             (7) 

Table 5. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
kv Synchronization factor 3 - 
fv Vertical bridge natural freq. 1.561 Hz 
 Load amplitude 180 N 

Fv Dynamic force amplitude 840.92 N 
 
This load model consideres only the first harmonic but 

discussion is continuing on adding second harmonics with 
value of vertical load factor as 0.2. 

7.7 FIB Guidelines for the design of footbridges, load 
model for a continuous pedestrian stream (DLM3) 

Dynamic load model (DLM3) presented in FIB guideline 
describes the effect continuous pedestrian stream with density 
of 0.6 pers/m2 (Equation 8). 

The dynamic load model amplitude is derived by assuming 
the synchronization factor for bridge-pedestrian influence and 
the reduction factor as the pedestrians are moving along the 
bridge. 

Same as DLM2, the synchronization of step frequencies and 
phases is taken into account by coefficient kv.  

The total number of pedestrians (N) is obtained by 
multiplying pedestrian density by effective bridge width and 
length. 
To produce most unfavorable loading case, the bridge span 
should be loaded with the load sign similar to mode shape 
sign at the relevant areas of the bridge. 

To allow the influence of the pedestrians on the dynamic 
properties of the bridge an evenly distributed mass of 40kg/m2 
should be placed at the same area as the force if it is 
unfavorable for bridge dynamics. 
Vertical load is applied as a uniformly distributed area load: 

( ), 12.6 sin 2s v v v vq k f f tπ= ⋅    2/N m         (8) 
 
Table 6. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
kv Synchronization factor 3 - 
fv Vertical bridge natural freq. 1.561 Hz 
B Bridge deck width 3.6 m 
 Load amplitude 12.6 N/m2 

qsv Dynamic force amplitude 59.006 N/ m2 
qsv*B*L Dynamic force amplitude 13,828.8 N 

 

7.8 UK National Annex to Eurocode 1 (EN 1991) 
UK National Annex to Eurocode 1 (BSI, 2008) defines 
models for groups of people either walking or jogging and for 
‘crowd’ loading. The crowd model refers to traffic that is 
equal or more dense than 0.4 pedestrians/m2. 

Factor γ defines lack of correlation between people in the 
crowd and it is a function of the damping ratio and effective 
bridge span. Effective bridge span is length equal to the area 
enclosed by the vertical component of the mode shape divided 

by 0.634 times the maximum of the vertical component of the 
same mode shape. 

Factor k takes into account excitation potential of the 
relevant forcing harmonics and probability of walking at the 
given resonant frequency. Factor λ is used to adjust the 
number of effective pedestrians depending on their position 
with regard to mode shape ordinates and length of the bridge 
(Equation 9, after Zivanovic [2]. 

( )

max

L
x

o

dx

L

ϕ

ϕ
λ =

∫
                                    (9) 

The load is defined as a load per unit area of the footbridge 
deck, with the load sign similar to mode shape sign: 

 

( ) ( )01.8 sin 2n n
F Nf t k f t
A

γ
π

λ
= ⋅   2/N m       (10) 

Table 7. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
F0 Load amplitude of single p. 280 N 
A Area of bridge deck 235 m2 
fn Natural frequency of struct. 1.561 Hz 
N Number of people in crowd 141 - 
γ Factor for synchronization 0.15 - 
λ Factor for reducing span 0.11 - 
k Factor that reduces load 0.80 - 
fn Dynamic force amplitude 23.92 N/ m2 
fn*B*L Dynamic force amplitude 5,604.83 N 

 

7.9 Eurocode 5 (EN 1995-2 Annex B) 
Eurocode 5 defines response model, rather than the earlier 
presented load models. Assumption is that the bridge is a 
simply supported beam-like structure, so for multispan 
bridges only the main span needs taking into consideration. 
The amplitude of the acceleration response under the load 
from N  pedestrians is given as: 

10.23na a N= ⋅                                (11) 

Amplitude ( 1a ) of the steady-state response from a single 
pedestrian modeled as a stationary harmonic force matching 
the natural frequency of the bridge is given as: 

 

1
200 , 2.5na f Hz
Mς

= ≤                        (12) 

1
100 , 2.5 5na Hz f Hz
Mς

= ≤ ≤                  (13) 

 
Constant pedestrian force amplitude of 200N is used for 

modeling the first harmonic, while 100N is used for the 
second harmonic. These forces are obtained assuming 
dynamic force of single pedestrian weighing 700N equal to 
40% for the first harmonic and 20% for the second harmonic 
and further reduced by factor 0.7 to account for the fact that 
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the steady state of vibration cannot be achieved during the 
relative short time needed to cross the footbridge. 

Table 8. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
M Total mass of bridge span 177,150 kg 
ζ Damping ratio of rel. vib. m. 0.03 - 
fv Vertical bridge natural freq. 1.561 Hz 
N Num. of ped. on the bridge 120  
k Reducing factor 1 - 
a Acceleration amplitude 1.039 m/s2 
 
The procedure is easy for implementation but it has some 

limitations: it is applicable to beam-like structures, it does not 
take into account pacing frequency of pedestrians and the 
multiplication factor is linearly dependent on crowd size. 

7.10 HIVOSS, Butz 
Research Fund for Coal and Steal published a guideline for 
footbridge design (HIVOSS) that have response model based 
on power spectral densities (PSD) derived from Monte Carlo 
simulations (Figure 11). The model uses pedestrian mass, 
forcing amplitude, probability distribution of the pacing rate, 
pedestrian arrival rates and mismatch between the mean 
walking frequency and the natural frequency of the structure. 
Taking into account interdependence of some factors, the 95th 
percentile of the peak modal acceleration amplitude was 
estimated via RMS acceleration aσ  (Equation14): 

max, ,d a d aa k σ=                               (14) 
ka,d is an empirical peak factor that converts RMS into 95th 

percentile peak acceleration. The factor is function of crowd 
density that can be around less than or equal to 0.5, 1 and 1.5 
people/m2. 

The RMS value is given as: 

2

2
2

12
f k

a red
i

C
k k

M
σ

σ ξ
⋅

=                          (15) 

2
f fk d L Bσ = ⋅ ⋅ ⋅                              (16) 

Where C  and kf are empirical factors depending on the 
crowd density, k1 and k2 are both polynominal functions 
determined from Monte Carlo simulations, d is pedestrian 
density, L is bridge length, B is bridge width and kred is factor 
that calculates mismatch between the mean walking frequency 
and the natural frequency of the structure and is given as 
(Equation 17): 

2
,1exp

2
s m i

red
red

f f
k

B

 − 
 = −  
   

                   (17) 

This spectral load model is applicable for simple supported 
structures and spans only, for modes in which the response in 
the first harmonics most important and to the traffic within 
which the mean stepfrequency coincides with the natural 
frequency of the structure. 

 
 
 

Table 9. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
 Pedestrian density 0.5 ped/m2 

C Constant 1.95 - 
kf Constant 0.012 - 

ka,95 Peak factor 3.92 - 
k1 Constant 0.841 - 
k2 Constant -1.055 - 

Bred Constant 0.093 - 
fsm Main step frequency 1.561 Hz 
fi Frequency of structure 1.561 Hz 
d Pedestrian density 0.5 ped/m2 
L Bridge deck length 72 m 
B Bridge deck width 3.6 m 
ζ Structural damping ratio 0.03 - 

Mi Modal mass of cons. m. sh. 397.7 kN 
a Acceleration amplitude 0.100 m/s2 
 

7.11 Ingolfsson 
A model based on the response spectrum methodology is 

based on an earthquake engineering approach and is 
introduced in footbridge design by Ingolfsson. The peak 
modal acceleration of a single span simply supported 
reference bridge under two reference crowd populations was 
found via time-domain simulations involving stochastic 
treatment of arrival times and pedestrian characteristics. The 
peak modal acceleration of an actual bridge under an actual 
crowd of people could then be obtained by multiplying the 
reference acceleration by empirical multiplication factors 
(Equation 18): 

j R M La a Rζ φ λβ β β β β=) )                      (18) 

Table 10. Factors used for calculation and results of analysis: 

Factor Description Value Unit 
ar Acceleration 0.708 m/s2 
f Structural frequency 1.563 Hz 
fp Mean pacing frequency 1.8 Hz 
M Modal mass 39766 kg 
βm Modification factor 2.515 - 
ζ Damping ratio 0.03 - 
βζ Modification factor 0.403 - 
L Bridge length 44 m 
βL Modification factor 1.068 - 
λ Flow rate 1 - 
βλ Modification factor 1 - 
Φ Mode shape sinusoidal - 
βΦ Modification factor 1 - 
β Cumulative mod. factor 1.082 - 
R Effect of higher load harm. 1 - 
aj Acceleration amplitude 0.766 m/s2 

 
This methodology can be easily implemented since it accounts 
for influence of various parameters separately. Method 
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implies that various parameters are mutually independent 
which might not be the case. 

8 COMPARATIVE REVIEW OF RESULTS 
In the following table (Table 11) are results of application 
mentioned load models on the footbridge structure. Only 
force, displacement, velocity and acceleration amplitudes at 
the footbridge mid-span are presented. 

 
Table 11. Review of results. 

Name Force Displ. Vel. Acc. 
 N m m/s m/s2 

ISO 10137 9,584.64 0.011 0.087 0.875 
Setra 4,970.05 0.027 0.262 2.635 

FIB DLM2 840.92 0.005 0.044 0.446 
FIB DLM3 13,828.80 0.076 0.728 7.328 

UK NA 5,604.83 0.031 0.295 2.969 
EC 5 - - - 1.039 
Butz - - - 0.100 

Ingolfsson - - - 0.766 
MIN: 840.92 0.005 0.044 0.100 
MAX: 13,828.80 0.076 0.728 7.328 

Rel.diff [%] 16,444 1,520 1,655 7,328 
 
It can be noticed that there is substantial discord of 

calculated results obtained using various load models as 
advised by various design guidelines and researchers. Based 
on these it may be difficult to choose only one load model to 
perform dynamic analysis of footbridge, knowing how 
different results could be for nominally identical application if 
different guidelines are used. This is the main finding and 
outcome of this paper. 

Many dynamic load models are likely to overestimate the 
dynamic response because models still assume that 
considerable number of people walk with the same pacing rate 
and phase in ideal synchronization which might not be the 
case. 

It is interesting to note that the majority of the load/response 
models tested here actually produced acceleration of 
footbridge deck greater than any of the serviceability 
limitations presented in Figure 10. This is the second 
important observation considering that after more than one 
year of usage of the newly constructed pedestrian bridge there 
are no reports of any discomfort experienced by pedestrians 
traversing the bridge individually or in groups. 

9 CONCLUSION 
After analyzing the calculated responses and reports of the 

usage of the newly constructed footbridge in Podgorica, 
Montenegro it can be concluded that the majority of the 
recently developed group/crowd pedestrian dynamic 
load/response models in the vertical direction are likely to 
produce conservative estimates of the response. 

National standards are not covering all aspects of the 
vertical vibration problems as human-structure interaction, 
increased structural damping due to pedestrian presence on 
bridge and true nature of the pedestrian loading so these are 

new opportunities for the refinement of the group/crowd 
vertical dynamic load modeling. 

Models presented in national standards are difficult for 
implementation in regular engineering practice because it is 
not clear how and where to implement calculated forces: on 
the whole of the bridge deck or only on the main span or its 
portion, depending on the mode shape analyses. The 
terminology used is also not always clear or define. Models 
that are present in scientific literature might not be well 
calibrated which can be seen by comparing results of response 
analysis in this paper so they need more extensive testing on 
real structures. 

Finally, not a single model covers all aspects of the vertical 
dynamic excitation featuring in other models, so there is a 
need for the unification and clarification of the plethora of 
current approaches. 

 
Figure 10. Recommended acceleration limits for the design   

          of pedestrian bridges, after Kasperski [10] 
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