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The suspension footbridges are very flexible due to their geometrical structure; hence they may face
severe vibration problems induced mainly by natural forces and pedestrians crossing. By exceeding a
certain limit, these vibrations can disturb the serviceability of the bridge as well as health and safety of
the structure and pedestrians. Therefore, standard design guidelines are sets of recommendations to
control the vibrations by applying restrictive design criteria. Because of the complexity of the exact
simulation of the human-induced loads, these guidelines provide simplified methods to cover the
frequency ranges of the human motion types in order to estimate the response of the structure without
modeling the actual motion. As current paper, the simplified loading method proposed by EUR23984
EN code-as the main footbridge design standard was investigated. Its compliance with pedestrian’s
synchronization phenomenon was evaluated using the analysis results of a discontinuous type loading
model proposed by authors. It was shown that the response of the footbridge strictly depends on the type
and the speed of the pedestrian motion applied to the bridge, which is not included in the design
parameters of the code. In this research work, a series of analysis is conducted on a suspension footbridge
as a case study under both actual human loads and the simplified loads suggested by the code and the
results were compared. It was found out that in the same crowd loading, the actual human loading creates

greater vertical accelerations compare to EUR 23984 EN method results.

doi: 10.5829/ije.2019.32.10a.07

1. INTRODUCTION

Suspension footbridges are very flexible due to their
light weight and geometrical slender structure, which
makes them vibrate quickly under loadings such as
pedestrian crossing. The human-induced vibrations can
affect the performance and the operation of suspension
footbridges. By increasing the amplitudes of the
vibrations, the comfort of the pedestrians is lost and then
it can cause concern and anxiety to them.

At higher levels of vibrations, the health and safety
of the structure can be affected and may even lead to
structural failure. The Broughton and Angers bridges
collapsed under extreme vibrations applied by marching
groups. Also, the Montrose and Yarmouth bridges
collapsed due to crowds rushed on it in order to watch
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the events passing below and the Millennium bridge was
severely excited on the day of opening [1].

Studies explain the famous “jump phenomenon” in
the Millennium bridge -when it began to vibrate laterally
with a large amplitude once the number of pedestrians
became greater than the critical one- that was mostly due
to the synchronization of the crowd in both lateral and
vertical directions [2, 3].

Based on literature review, the research works
conducted by researchers can be categorized into two
main fields of investigation: (a) Interaction mechanisms
between the pedestrians and the bridges (b)
Characterizing the human body motions during passing
the bridges

As the first field, some significant studies and their
results are as follows. A plane pendulum model was
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proposed in order to characterize the lateral lock-in
phenomenon of the suspension footbridges under the
crowd excitation, where the hangers are assumed as the
rope and the bridge deck as the rigid body [4]. Also, as
a result of a study, it is found out that the dynamic
excitations induced by people walking together are not
periodic but are narrow-band random phenomena and
varies significantly not only among different people but
also for a single person who cannot repeat two identical
steps [5]. Another study has been proposed a nonlinear
stochastic model approach for modeling lateral
vibration of footbridges taking into account for
narrowband randomness caused by the variability
between two subsequent walking steps [6]. These
studies indicate that the determination of the dynamic
interaction mechanisms between the pedestrians and the
bridges has been of special concern in the past few years
and have been studied a lot [7].

The difficulties concerning the modeling of the
human motions make it practically impossible to
simulate the exact motion of people’s flow. The
resultant lack of insight into these complicated and
nonlinear stochastic systems has influenced the quality
of structural models used in oscillation evaluation of
pedestrian structures such as footbridges and floors [8].
As the second research category, simulation of the
human’s body motion and the crowd flow behavior have
been studied by some researches as follows.

Racic et al. [8] have presented the characteristics of
human’s time-dependent step forces and amplitudes and
kinematics of human body motion. Nakamura and
Kawasaki [9] have introduced a method for estimating
the lateral response of the footbridge girder for practical
purposes. Ingdlfsson et al. [10] presented a stochastic
load model with an equivalent lateral static force for
simulating the lateral response of pedestrian-induced
footbridges. Carroll et al. [11] published their studies on
modeling the people-bridge dynamic interaction with a
separate definition of people’s walking motions. Bocian
et al. [12] have investigated the interaction between the
pedestrians and the vibrating ground. It is shown that the
pedestrians have the capacity to interact with the
vibrating structures, which can lead to the amplification
of the structure’s responses.

Yamamoto et al. [13] have studied the pedestrian’s
body rotating motion for collision avoidance while
passing the bridge. They showed that this aspect can be
critical and should be reflected in the design procedure,
particularly when the passage is narrow and two
pedestrians passing each other have to rotate their bodies
for collision avoidance. Most of the studies have been
done so far are aimed at characterizing the human’s
body motion during passing the bridges. However, for
practical applications, it is not possible to use
mathematical models because of the complexity and
difficulty in the modeling process.

The EUR 23984 EN [14], as the most reliable and
important standard source for designing the lightweight
footbridges, proposes a method for loading in order to
simplify the process and take the different aspects of
human motions into effect. However, in some cases, it
cannot cover all aspects of human motions and models.
Accordingly, an extensive literature review has been
conducted by Zivanovi¢ et al. [15] on the vibration
serviceability of footbridges subjected to human-
induced loads. They concluded that current design
guidelines do not cover all aspects of the problem.

By investigating the literature review, it can be seen
that numerous researchers are working in both human
motion characterization and human structure interaction
but little studies have been carried out on the evaluation
of the current design guidelines based on the recent
theoretical advances. In other words, the capability of
these guidelines for estimation of bridge behavior,
pedestrian safety and comfort and their interaction to
comply with rapid advancing study results in this field
is under question.

In this paper, the compliance of the EUR 23984 EN
loading method with the lock-in effect of the
synchronized pedestrians has been studied. A
discontinuous motion was used to model the walking of
pedestrians, which is close to actual human loading.
Because of the importance of the correct prediction of
the footbridge’s structural behavior, a suspension
footbridge as a case study has been modeled and
subjected to two different types of loadings: First, the
simplified loading proposed by EUR 23984 EN, and
second, a discontinuous type loading proposed by the
authors for actual pedestrian motions. Then the results
were compared and discussed.

2.EUR 23984 EN LOADING MODEL

The EUR 23984 EN guidelines for dynamic loading of
footbridges provide a harmonic load induced by the
present population on the bridge. In addition, after
loading and analyzing the structure, to control the
amplitudes of vibrations, it considers restrictive criteria
for acceleration. These criteria are related to the comfort
level of pedestrians using the bridge. The only
parameter used in this method for loading is the density
of the crowd and is used to create a dynamic load of a
harmonic function. It was found that human walking
forces are not periodic but, are narrow-band random
phenomena [8]. Therefore, the various types of
pedestrian activities and motions cannot be modeled
using only a harmonic load. The procedure of loading
the footbridge according to the EUR 23984 EN
guidelines will be as follows:

Step 1. Determination of the traffic class: This step
determines the number of pedestrians crossing the
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bridge, which can be determined from Table 1.
Step 2. Calculation of the inherent characteristics of the
structure (natural frequencies, Shape modes, damping,
etc.).
Step 3. Loading the structure: The critical natural
frequency ranges of pedestrian bridges under human
loading are [14] as follows:

e For vertical and longitudinal oscillations:

1.25H; <f; <2.3Hy

o For lateral oscillations: 0.5 H, <f; <1.2 H,

e Footbridges with frequencies for vertical or
longitudinal ~ vibrations in  the range:
25H, <f,<46H,

e maybe reached to resonance by the 2" harmonic of
human loading. In such condition, the critical
frequency for vertical and longitudinal oscillations
up to: 1.25H, <f; <4.6H;

o Lateral oscillations are not influenced by the 2"
harmonic of human loading.

The structure must be checked for these frequency
ranges, and for each of the frequency modes in these

TABLE 1. Determination of the traffic class [14]

Traffic  Density, d
Class  (P=pedestrian)

Description Characteristics

groupof 15P  Very weak
d=15P/(BL) traffic

(L =length of deck)

TC1 B=width of deck

Comfortable and free
walking, Overtaking is
possible. Single
pedestrians can freely
choose the pace

TC2 d=0,2P/m2  Weak traffic

Still, unrestricted

Dense walking. Overtaking can
= 2
Tc3 d=05P/m traffic intermittently be
inhibited

Freedom of movement is
Very dense restricted. Obstructed
traffic walking. Overtaking is no
longer possible

TC4 d=1,0P/m?

Unpleasant walking.
Exceptionally ~ Crowding begins. One
dense traffic can no longer freely
choose the pace

TC5 d=1,5P/m?

ranges, the loading according to Equation (1) and based
on the shape mode shown in Figure 1 should be applied.

P(t)=PxCOS( 2 f, t)xn'xy [%2] @
where;
PxCOS ( 2n f, t) is the harmonic load applied by one
person,

P is the load applied by one person with a walking
frequency f, ,

f, is the step frequency, equal to the natural frequency

of the bridge,
n’ is the number of people on the loading zone of S,
S is the area of loading,
V is the reduction coefficient due to the probability of
the coincidence of the step frequency and the natural
frequencies of the bridge.
These parameters are defined in Figure 2.
& is the damping ratio and, n is the number of people on
the loading zone S (n=Sxd).
Step 4. Determination of the comfort class

Loading and analyzing of the structure and
determining the acceleration response in the vertical,
longitudinal and lateral directions should be compared
with the limiting criteria provided in the guidelines and
is shown in Table 2.

3. PROPOSED LOADING MODEL

To model human walking steps, two approaches can be
adopted: the first is a continuous motion, and the
second, is a discontinuous motion.

3. 1. Continuous Motion Continuous motion
can be modeled using the Fourier series of Equation (2).

n
Fp(t):G+ZGai Sin(2nifp t- ;) @)
i=1
where G is the weight (n people), i is the order of the
harmonic, n is the number of contributing harmonics,
a; is the Fourier coefficient of the i-th harmonic, fp the

activity rate (Hz) and & is the phase shift of the i-th
harmonic (rad). In existing sources, G =700 N is

p(t) [N/mm?2]

JZan\d

1]
< N

l

N
| Ll

Figure 1. Application of harmonic load according to shape mode [14]
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Figure 2. Parameters for the load model of TC1 to TC5 [16]

TABLE 2. Structural comfort class [16]

Zamani Ahari / IJE TRANSACTIONS A: Basics Vol. 32, No. 10, (October 2019) 1379-1387

Comfort class Degree of comfort

Vertical a limit Lateral a limit

CL1 Maximum
CL2 Medium
CL3 Minimum
CL4 Unacceptable discomfort

< 0.50 m/s?
0.50 — 1.00 m/s?

< 0.10 m/s?
0.10 - 0.30 m/s?
1.00 — 2.50 m/s?

> 2.50 m/s?

0.30 - 0.80 m/s?
> 0.80 m/s?

commonly considered, and various values are also
reported by researchers in numerous publications [8].

3. 2. Discontinuous Motion Walking
parameters, including pace length, footstep length,
footstep width, walking velocity, and step frequencies
are shown in Figure 3 [3]. Each time the human’s foot
reaches the surface, it creates contact forces between the
feet and the surface, which is referred to as GRF [3].
Many attempts have been made by researchers to
measure these forces and generate patterns of forces for
various human activities. An example of these patterns
is shown in Figure 4.

The human motions continuously create harmonic
like forces. To simplify the modeling, these forces can
be transformed into sinusoidal pulses, as shown in
Equation (3) and Figure 5 [16]. By converting the
walking forces to the sinusoidal pulses, in fact, the
patterns are shown in Figure 4 converted to the
sinusoidal pulses shown in Figure 5.

f(t):{KP PSin(7 fpt) t<tp

3
0 tp<t<TP ( )

where t, is the human step interval, T, is the step period
equal to fl and the variable K, is equal to the ratio

p
Fmp# and F(t)max is the maximum amplitude of the

sinusoidal function, and P is the person’s weight [16].

| Left step length | Right step length |
| I 1

Step width Left foot angle
. L L
ﬂ\)\ Right foot angle w

I Stride length I

Figure 3. Spatial parameters of walk [3]
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Figure 4. Vertical load patterns for different forms of
human motion [8, 15]

3. 3. Idealization of Vertical Force Patterns
The main idea for modeling human loading in this study
is to model the human motion as a discontinuous type
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using the idealization of vertical force patterns of Figure
4 and then are ideally transformed to discontinuous
contact dynamic excitation as shown in Figures 5 and 6.

3. 4. Loading Model Information The load
models provided in this section are the synchronized
motion of dual-pedestrian groups moving along the
bridge at different speeds, as shown in Figure 7. It is
assumed that three classes of groups pass the bridge at
three different speeds, so there will be nine load models
totally as presented in Tables 3 and 4.

4. ANALYTICAL MODEL

4. 1. Structural Geometry Soti Ghat suspension
footbridge in Nepal was chosen as a case study [17]. The
side view and the main dimensions are shown in Figure
8. The width of the deck is 2 m, the distance between the
hangers is 1.25m and the distance between the
transverse beams, (X-braced) is 1.25 m. The sections
used for longitudinal beams- transverse beams, braces,
and towers are tubular steel.

The diameter of the sections used for transverse
beams and braces are 15 cm and for the longitudinal

F(t)

F(t)m x|

P|
0

t, T, t

Figure 5. Discontinuous contact dynamic excitation [16]

—a—Primary force pattern - Idealized pattern

Vertical force

Time

Figure 6. Initial vertical and ideal forces for slow walk

Figure 7. Synchronized motion of 10 groups of pple

TABLE 3. Number of people in each group for loading

Model Number 1 2 3
Number of dual pedestrian groups 10 30 60
Total number of pedestrians 20 60 120

TABLE 4. Motion type and speed of people
Walk type Slow walk Normal walk  Fast walk

Walking speed (m/s) 1.25 15 2

Main L'i\l)lt—‘\ T Vertical hangers | i Tower
g i S N
) |
2mi [ 1

s ) Bl g SIG 25 =100 i 30m

Figure 8. Side view of Soti Ghat footbridge [17]

beams are 30 cm. The main cables’ diameter is 12 cm
and the hangers’ is 2.6 cm. The connection between the
transverse beams and braces and the connection
between longitudinal beams and towers are considered
as simply supported. For all materials, the following
values were assumed: Young's module = 2x10**Pa , the
density of steel is 7850k—% , for the main cables and
m

hangers, Fu=1.57><109Pa where F, and F, are yield
stress and tensile strength, respectively.

4. 2. Modeling and Analysis Modeling and
analysis of the bridge are done by using the finite
element software SAP2000. This structural analysis is
of a linear dynamic type including direct integration
option and is done using Hilber - Hughes — Taylor
method [18].

5.RESULTS

5. 1. Results of EUR-23984-EN Loading Analysis
In order to compare the two loading types discussed
previously, the number of people on the bridge deck will
be assumed to be of three groups. To apply the loads in
accordance with the guideline, for each group, the crowd
density has been calculated and then loaded based on
this calculated value. The more the crowd density is, the
higher the loading intensity gets.

Based on the studies presented in references [3] and
[10], as the density of pedestrians increases their
tendency to amplify the vibrating ground also
intensifies. Therefore, as a critical comparison to
simulate the intense loading and compare it with the
actual human loading, it is rational to select group 3 of
Table 3 and then calculate the crowd density. By then,
the load characteristics can be obtained following Figure
1 procedure.
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In this case, the vertical and lateral responses
(acceleration and displacements) of the bridge is
obtained and presented in Figures 9 and 10. The vertical
acceleration response of the structure in Figure 9 is
composed of several pulses along the span.

The comfort class obtained for the structure by this
case is in the minimum comfort class range (CL3 in
Table 2). The lateral displacement of the structure in
Figure 10 has only one pulse with a maximum value at
the center of the span. The comfort class with respect to
the lateral acceleration limit is in the range of medium
comfort class (CL2 in Table 2).

5. 2. Results of Actual Human Loading Analysis

5. 2. 1. Vertical Acceleration Response The
loading presented in this study includes nine load
groups, in which each three has three different speeds.
The analysis results will be categorized for each group
and three speeds.

The results of these loadings will be compared to
Table 2. The vertical acceleration response for the first
loading group of 20 people (group 1 of Table 3) is
shown in Figure 11. The vertical acceleration responses

of the bridge along the bridge span obtained for group 1
with slow and fast walking rates are in minimum
comfort class range (CL3). For normal walking rate, the
response exceeds the minimum comfort class and the
acceleration is in the unacceptable range (CL4). The
vertical acceleration response for a group of 60 people
(group 2) is shown in Figure 12. For slow walking rate,
the acceleration response is almost in the minimum
comfort class range.

For normal walking rate, is in the unacceptable range
(CL4) and for fast walking rate is in the boundary of the
minimum comfort class range (CL3). For groups
comprising 120 people (group 3), the acceleration
responses for all three speeds are in the unacceptable
range (CL4), as shown in Figure 13. It is evident that in
all vertical acceleration responses, the shape of these
responses is composed of several pulses along the span
of the structure, and these responses, in general, have a
pattern similar to the acceleration response of loading
presented by EUR 23984 EN.

3 Vertica| aCCeleratiOn ................... > COmert class 1 . ’Comfort class 2 .Comfort ClaSS 3
— d
% 2 {|
£ 1
= N
(SIS "
55 0 i1l | i
> E '1 O | ) L ' 50 . v v ‘0
3
g2 ]
-3 Span Length [m]
Figure 9. Vertical acceleration response of the bridge in the loading presented by Euro code
_ 0.03 e |_ateral displasement
£ 002
§5 001
3 €
85 o | ) | | 1
é—-OOl 0 10 20 30 417) a0 Gl ) ) 90 100
8 002
003 Span Length [m]
Figure 10. Lateral displacements response of the bridge in the loading presented by Euro code
20 Persons (1.25m/s) 20 Persons (1.5m/s) = = = 20Persons(2m/s)
................... > COmert class 1 .....,...’Comfort classZ [ESSS— '.COmeI't ClaSS 3
4

Vertical acceleration
[m/s?]

Span length [m]
Figure 11. Vertical acceleration response of the bridge for a group of 20 people
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In addition, vertical acceleration response pulses
have different bandwidths for different speeds, and the
largest bandwidths occur for slow walking, fast walking,
and normal walking rates, respectively.

5. 2. 2. Lateral Acceleration Response The
lateral acceleration responses of the footbridge under the
actual human loading, for all walking speeds and crowd
groups, are in the maximum comfort class range (CL1).
In all models, the highest responses occur at slow,
normal, and fast walking rates, respectively.

The shape of the lateral acceleration responses for
slow, normal and fast walking rates are different from

the verticals, e.g. the acceleration response for slow
walking rate is composed of two pulses for all crowd
groups, as shown in Figure 14. The highest acceleration
responses occur for groups comprising 20 people (group
1), 120 people (group 3) and 60 people (group 2),
respectively.The general shape of the acceleration
response for normal walking rate is composed of five
pulses. The highest acceleration responses are similar to
the previous diagram, that is shown in Figure 15.

The general shape of acceleration response for fast
walking rate is composed of three pulses and is shown
in Figure 16.

60 Persons (1.25m/s) 60 Persons (1.5m/s) = = = 60Persons(2m/s)
— 5 P Comfortclassl e &Comfortclass2 @Comfort class 3
_g 3
§‘§ 1L
EE 1
Q
g
5 Span langth [m]
Figure 12. Vertical acceleration response of the bridge for a group of 60 people
120 Persons (1.25m/s) 120 Persons (1.5m/s) = = = 120 Persons (2m/s)
7 ................... > Comfort c|as$ 1 . ’Comfort claSSZ ................... ‘Comfort C|a553
)
S
_—— - /‘ ' ‘ '
Eg LA | .. g0
§ I V
® -8 Span length [m]
Figure 13. Vertical acceleration response of the bridge for a group of 120 people
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= . sk 0000000000,, Fe 00000000000, xg *
5 $08255,00008° sas ""'ﬁtt“ ‘33“".'.. ""'“n“tﬁ:“
S 3 1322 223
£5 887, % s
3 g g;;; 1’0‘3;;:::2.0.."“.3.0".".,40;;38 50 “zzm::"'0070000000"89:::2;;% ;;ggo
5 0.05 eetAAnanaananail A48 ‘ot‘AAAAAAAAAA‘io*’
3 CPe0000csee te000000000®
S 01 Span length [m]
Figure 14. Lateral acceleration response of the bridge to slow walking for crowd groups (V=1.25 m/s)
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Figure 15. Lateral acceleration response of the bridge to normal walking for crowd groups (V=1.5 m/s)
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Figure 16. Lateral acceleration response of the bridge in fast walking for crowd groups (V=2 m/s)

6. CONCLUSION

In this paper, the compliance of the loading method
proposed by Eurocode standard has been studied
considering the lock-in effect of the synchronized
pedestrians. Based on numerous studies, as the density
of pedestrians increases, their tendency to amplify the
vibrating ground also rises. A discontinuous motion
model used to model the walking, which is close to
actual human-induced loading. The vibration response
of the footbridge was evaluated using the code’s loading
method and the proposed motion model. It was shown
that the response of the footbridge strictly depends on
the type and the rate of the pedestrian motions on the
bridge, which is not included in the EUR23984 EN
method’s parameters. Also, it has been observed that
applying the code criteria in high crowd conditions does
not comply with the actual responses and needs more
attention. In addition, it has been demonstrated that the
walking rate can make the responses exceed the
acceptable ranges. Thus, the following conclusions can
be made:

(1) The general shape of the vertical acceleration
response for both loadings are similar and are composed
of several pulses, but maximum values of the actual
human loading are greater than of the code method.
Therefore, the code may not be able to properly simulate
the effect of the synchronization phenomenon of
pedestrians, as well as the effect of different walking
speeds.

(2) By increasing the crowd density, the tendency of
pedestrians to synchronize their motion and structure
increases, thus groups comprising 120 people (group 3)
have the highest levels of acceleration responses, which
is in agreement with previous research works.

(3) Various speeds of human walking can affect the
overall response shape and cause changes in the
bandwidth of the pulse responses.

(4) The higher the vertical acceleration responses, the
lower is the pulse bandwidths.

(5) The overall acceleration response shapes of the
Eurocode loading has only one pulse, but in the actual
human loading, this shape can be comprised of multi-

pulse depending on the pedestrian speeds; Slow walking
has two pulses, normal walking has five pulses and fast
walking has three pulses.

(6) The lateral accelerations of the bridge under the
loading presented by the Eurocode are greater than the
actual human loading.

(7) The greatest amounts of acceleration responses to
the actual human loadings are related to slow, normal
and fast walking rates respectively. Thus, slow walking
rate exhibits the critical case -which can be the reason
for caused problems in the Millennium Bridge at the day
of opening.
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