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ABSTRACT: Although not vulnerable regarding structural capacity and in-
tegrity in most cases, lightweight structures may exhibit excessive vibration
levels. When regarding public buildings or structures which may be exposed
to the excitation of a significant number of people, for instance concert halls,
grandstands, long-span floors, staircases in malls etc. the issue concerning vi-
brations induced by humans becomes an important part of the overall structural
design process.

The current article explores the dynamic behaviour of Eeklo footbridge. Cal-
culations of vertical acceleration levels according to the current codes are im-
plemented. The result are summarized and analyzed in details.
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1 INTRODUCTION

As the structural designers strive toward more slender structures, the problem with
the human-induced vibrations acquires great significance. The commonly used ar-
chitectural practice of designing such structures as lightweight leads to inevitable
decrease in the structural mass and stiffness, thus making the structures less inert and
less resistant to the loads induced by humans. As a result, the structural vibrations
may reach high, adverse for the occupants [1].

The current codes of practice, which are thoroughly analyzed in the present article
through an existing structure — Eeklo footbridge, East Flanders, Belgium, adopt sim-
plified procedures for the vibration serviceability assessment of footbridges. Their
procedures are reduced to assuming a resonant load condition and therefore deter-
mining acceleration levels which are most probably enhanced.

A deficiency of the aforementioned regulations is that they disregard the human-
human interaction, which may have a substantial effect on the maximum acceleration
levels of the structure under consideration [2]. Current paper should be considered as
integral part of [3] as the theoretical background of the regulations is thereof exposed.
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2 MODAL ANALYSIS — EEKLO FOOTBRIDGE

The present article considers the slender Eeklo footbridge (Figure 1) as a running
example. A thorough analysis of the dynamic behaviour of the bridge is performed
throughout this work.

Fig. 1: Eeklo footbridge

Eeklo footbridge is situated in Eeklo, East Flanders (Belgium). The footbridge
is used by pedestrians and cyclists to cross a highway. The structural model of the
footbridge is a continuous beam with three spans and overall length of 96 m. The
central span has length of 42 m, whereas the two side-ward spans — 27 m. The
structure consists of two main double-T steel girders with height 1.20 m and axial
distance between them 3.4 m, using the girders with their height as railings. T-shaped
secondary beams are implemented parallel to the main girders, spaced approximately
through 0.85 m. There are transverse beams of same shape implemented through
4.20 m in the midspan and through 4.50 m in the side-ward spans. The bridge deck
is implemented by steel sheets of thickness 8 mm. The weight of the superstructure
is 440 kN.

Modal analysis is executed for 10 mode shapes. Table 1 summarizes the results
from the conducted modal analysis. Four of the natural modes of vibrations — from fo
to f5 — do not exceed 5.0 Hz (Figure 3), and therefore are recognized as modes that
can be excited by human motion in compliance with [4-7]. Mode 2 (f» = 1.71 Hz),
which is a torsional mode of vibration, is characterized by a significant damping
ratio — & = 1.94%. This can be justified with the specificity of the structure — the
side abutments and the intermediate pillars would have significant contribution to the
dissipation of the energy. Similar reasoning may be applied for modes of interest 4
and 5, which are as well torsional modes and have high damping ratios (respectively
&4 = 1.45% and &5 = 2.97%). Regarding Mode 3 which is a bending mode, it differs
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Fig. 2: Plan (left) and side view (right) of the footbridge



Krumka Kasapova, Dobromir Dinev 281

——”

80

g 10 6 %1073
] S S N g —_—
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
L [m] L [m]
(a) Mode 1: f1 = 1.03 Hz (b) Mode 2: fo = 1.70 Hz, {&2 = 1.94%

//
P
40

&

4
N 0
-4
n s, L [m]
W [m]
4100 i
— N O ] ——
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
L [m] L[m]
(c) Mode 3: f3 = 3.00 Hz, £3 = 0.19% (d) Mode 4: f1 = 3.30 Hz, &4, = 1.45%

%107
40
N §i/ /
L [m
8, [m]
W [m]
%1078
~ 3 e — )
0 10 20 30 40 50 60 70 8 90

L [m]
(e) Mode 5: f5 = 3.43 Hz, &5 = 2.97%

Fig. 3: Natural modes of vibrations for mode 1 up to mode 5

with appreciably smaller damping ratio — {3 = 0.19%, which can be explained by the
fact that as only obstruction of the free vibrations in this mode may be recognized the
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Table 1: Natural frequencies in Hz for different crowd densities and percentile differ-
ence A ¢ with respect to the empty footbridge

d =15 peds. d = 0.2 ped./m? d = 0.5 ped./m? d = 0.8 ped./m? d = 1.0 ped./m? d = 1.5 ped./m?
Mode f  fis Ap  fo2 Ay fos Ay fos Ay fio Ay fis Ag

1 104103 057 101 212 098 507 09 777 094 945 0.9 13.26
2 171 1.7 046 1.68 1.73 1.64  4.16 1.6 6.44 158  7.87 1.52  11.18
3 302 3 062 295 2.3 285 549 276 838 271 1017 259 1423
4 330329 032 326 121 321 294 315 458 312 562 3.04 8.07
5 343342 046 337 172 329 416 321 643 316 7.87 305 1121
6 575572 065 561 244 542 581 524 887 514 1076 489 15.03
7 580578 026 574 099 566 243 558 3.8 552 4.69 5.4 6.8

8 6.106.07 0.39 6.01 146 588 359 575 563 567 694 548 10.14
9 647643 0.66 6.31 249  6.09 592 588 9.04 576 1097 548 1525
10 694691 047 682 173 6.66 409 651 619 642 748 623 1035

ability of the steel in the midspan to dissipate energy. Mode 1 is to be excluded from
any further analysis as it is a longitudinal mode, not relevant due to the insignificant
transversal modal displacements of the bridge deck.

In addition, Table 1 give information about the modified natural frequencies for
all of the traffic classes considered in [6, 7] and the respective percentile differences
with regard to the natural frequencies of the empty structure. The modification of
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Fig. 4: Natural frequencies depending on the density of the crowd for the first five
modes
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the natural frequencies is, obviously, principally perceptible for the higher crowd
densities (Figure 4), where the influence of the added static mass of the pedestrians
may exceed 10% (for crowd densities d = 1.0 ped./m? and d = 1.5 ped./m?).

3 GUIDELINES AND CURRENT CODES OF PRACTICE

Most of the current regulations have the following procedure:

o Defining the modal characteristics of the structure — modal (or generalised)
masses, natural frequencies, modal damping ratios, mode shapes and all the
relevant information that can be derived by performing the vital modal analysis

e Defining the crowd loading by employing simplified equivalent load model

o For the natural modes of interest (these which can be excited by the human-
induced dynamic loads) determining the maximum accelerations due to the
equivalent load model

o Comparing the maximum accelerations with imposed limits in terms of the
comfort of the occupants

In the following, a brief summary and comparison of the best-known methodolo-
gies for the serviceability assessment is exposed.

3.1 CALCULATION OF THE DYNAMIC RESPONSE

The dynamic response of a structure submitted to loading by human motion is calcu-
lated with the premise of resonant condition according to Eq.(1).

pn 1
1 a =—_—
( ) max,n M 9 fn,
wherein p,, — generalized load; m,, — generalized mass; &, — modal damping ratio.
For each mode, whose frequency falls within the critical range, calculations for
obtaining the maximum vibration levels should be performed considering that the
respective natural frequency coincide with the pacing rate of the pedestrians.

3.2 CASE STUDY — EEKLO FOOTBRIDGE

The present section summarizes the results for the vertical accelerations of the Eeklo
footbridge. The modal characteristics of the footbridge obtained by in-situ measure-
ments are used for the calculation of the maximum acceleration levels.
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3.2.1 DYNAMIC RESPONSE CALCULATIONS ACCORDING TO EUROCODE 5 AND
BS 5400

Here, only the third mode is considered for dynamic investigation of the structure, as
it is the only one bending mode falling within the relevant frequency range, namely
f < 5.00 Hz. Table 2 shows the variables needed for the final evaluation as well as
the obtained accelerations according to [4].

Table 2: Maximum accelerations according to [4], m/s?

mode f7 Hz 5 Qyert,1 Evert Qvert,n=13 Qvert,n=0.6A Alimit

Mode 3 3.02 0.0019 0.58 0.79 1.37 18.2 0.7

The results derived for the crowd case (n = 0.6 A) unrealistically exceeds the
limiting value of ajimiy = 0.7 m/s2. This doubtfully stems from the fact the only
reduction factor considered is the multiplier 0.23, which in case of crowd with density
0.6 ped./m? may be quite insufficient. Also, [8] explicitly notes that due to the many
uncertainties accompanying such a kind of analysis more detailed checks must be
done.

Accordingly, the results obtain regarding BS 5400 [5] are, again, based on analy-
sis of the third mode of vibration. The overall results are summarized in Table 3.

Table 3: Maximum accelerations according to [5]

mode f, Hz 7/} K Ys [m] Qvyert» m/s? Alimit» m/s?
Mode 3 3.02 14.06 0.88 0.00012 0.53 0.87
The result of avexr = 0.53 m/s? is in compliance with the imposed limit of

aimic = 0.87 m/s2, though it should be emphasized that this procedure does not men-
tion anything about crowd behaviour or structural vibrations due to a certain number
of pedestrians. The result acquired is very close the one obtained through [4] due to
impact of one person — ayer,1 = 0.58 m/s>.

3.2.2 DYNAMIC RESPONSE CALCULATIONS ACCORDING TO SETRA AND HUMAN-
INDUCED VIBRATIONS OF FOOTBRIDGES

Modes from 2 to 5 are considered as relevant regarding dynamic analysis. All of these
modes are torsional except for the 3-rd one which corresponds to the first bending
mode with f3 = 3.02 Hz.

As the procedures in Sétra and Human-Induced Vibrations of Footbridges (HIVOSS)
assume that the bridge deck will be loaded by a crowd with a certain density, the
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modal mass should be altered for each traffic/bridge class and thereby resulting in
variation of the natural mode shapes and natural frequencies (Figure 4 and Table 1).

Tables 4 — 6 exhibit the results for the three bridge classes with densities 0.5
ped./m?, 0.8 ped./m? and 1.0 ped./m?. The highest vibration levels for density d =
0.5 ped./m2 are calculated in the third mode of vibration — ayey = 0.57 m/s2. This
is understandable since the third mode is a bending one, characterized by the low
modal damping ratio and modal mass. The response in this mode when the crowd
density is d = 0.8 ped./m? is lower due to the decrease in the reduction factor. On the
other hand, the response when the crowd density is d = 1.0 ped./m?, is significantly
increased, since the number of pedestrians is higher compared to the other two bridge
classes. To sum up, the most susceptible, considering this regulation, is the third

Table 4: Vertical accelerations for all relevant modes due to crowd with density d =
0.5 ped./m? according to Sétra [6]

Mode f’ Hz 1/) PvertskN Fmodal,verh kN Qvert m/52
Mode 2 1.64 0.91 16.02 2.67 0.15
Mode 3 2.85 0.31 0.42 0.34 0.57
Mode 4 3.21 0.76 2.88 1.06 0.16
Mode 5 3.29 0.86 4.69 0.66 0.02

Table 5: Vertical accelerations for all relevant modes due to crowd with density d =
0.8 ped./m? according to Sétra [6]

Mode fy Hz ¢ Piert, kKN Fmodal,vert’ kN Ayerts m/s?
Mode 2 1.6 0.86 19.03 3.08 0.17
Mode 3 2.76 0.20 0.35 0.27 0.45
Mode 4 3.15 0.69 3.32 1.21 0.19
Mode 5 3.21 0.77 5.26 0.72 0.02

Table 6: Vertical accelerations for all relevant modes due to crowd with density d =
1.0 ped./m? according to Sétra [6]

Mode f7 Hz ¢ Pvert’ kN Fmodal,ven;, kN Ayert, m/52
Mode 2 1.58 0.82 25.1 3.99 0.22
Mode 3 2.71 0.14 1.04 0.78 1.27
Mode 4 3.12 0.65 4.95 1.78 0.27

Mode 5 3.16 0.70 5.37 0.72 0.02
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mode of vibrations with calculated maximum accelerations of ayer = 1.27 m/s2,

The same reasoning could be applied for Tables 7 — 11, showing the results for
the five traffic classes considered in [7]. Similarly, the most significant reduction for
the ¢-factor values is in the third mode. Nevertheless, the responses in this mode
are obviously the maximum ones for all traffic classes, reaching value of 2.17 m/s?
for crowd density of 1.0 ped./m?. Explanation for that could be found agian in the
perceptibly smaller damping ratio for this mode compared with the other three modes
(Fig.3). Contrary to the simple proportion rules, the response due to crowd with
d = 1.0 ped./m? is twice as big as the response due to crowd with d = 1.5 ped./m?
— this comes from the alteration in the natural frequency, which leads to a smaller
reduction factor for the case of the higher density.

Table 7: Vertical accelerations for all relevant modes due to crowd with density d =
15 ped. [7]

Mode fv Hz 1/1 Pvert, kN Fmodal,verh kN Avyert, II]/52
Mode 2 1.70 1.00 5.67 0.99 0.06
Mode 3 3.00 0.14 0.24 0.20 0.36
Mode 4 3.29 0.22 1.08 0.41 0.06
Mode 5 3.42 0.25 1.75 0.26 0.01

Table 8: Vertical accelerations for all relevant modes due to crowd with density d =

0.2 ped./m? [7]

Mode f, Hz P Pyert, KN Fmodal,verla kN Gvert, m/s?
Mode 2 1.68 0.96 10.62 1.83 0.11
Mode 3 2.95 0.12 0.43 0.35 0.61
Mode 4 3.26 0.21 2.04 0.76 0.12
Mode 5 3.37 0.24 3.34 0.49 0.01

Table 9: Vertical accelerations for all relevant modes due to crowd with density d =

0.5 ped./m? [7]

Mode fv Hz 1/1 Pvert’ kN Fmodal,vert’ kN Qvert, m/52
Mode 2 1.64 0.86 15.17 2.53 0.15
Mode 3 2.85 0.10 0.53 0.42 0.71
Mode 4 3.21 0.20 2.98 1.10 0.17
Mode 5 3.29 0.22 4.77 0.67 0.02
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Table 10: Vertical accelerations for all relevant modes due to crowd with density
d = 1.0 ped./m? [7]

MOde f’ Hz ¢ Pvert, kN Fmodal,verta kN Qvert, m/52
Mode 2 1.58 0.72 22.09 3.51 0.19
Mode 3 2.71 0.06 1.77 1.33 2.17
Mode 4 3.12 0.17 5.24 1.89 0.29
Mode 5 3.16 0.18 5.62 0.75 0.02

Table 11: Vertical accelerations for all relevant modes due to crowd with density
d = 1.5 ped./m? [7]

Mode f’ Hz ¢ Pvert, kN Fmodal,vert, kN Gvert, m/52
Mode 2 1.52 0.60 22.34 3.40 0.18
Mode 3 2.59 0.02 0.90 0.65 1.01
Mode 4 3.04 0.15 5.58 1.97 0.29
Mode 5 3.05 0.15 5.69 0.72 0.02

The analysis conducted according the two guidelines shows that the structure
will possibly experience vibration levels exceeding the limit of medium comfort of
Amedium = 1.0 m/s? (Fig. 5). A simple visual inspection shows that the results agree
relatively well for the crowd density 0.5 ped./m? for all of the four modes considered.
The results for the other common density for the two regulations — d = 1 ped./m? —
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cohere well, except for the 3-rd one, for which the value acquired by [7] is approx-
imately 2.17 m/s?, whereas [6] gives value of 1.27 m/s? for this mode of vibration.
The reason for such a discrepancy of almost 50% is implicated in the reduction factor
1. The following conclusion can be drawn based on the graph (Fig. 6): for crowd
densities up to 0.8 ped./m? medium comfort level is provided; for higher densities
medium level of comfort is insured for 1.5 ped./m?, having in mind that the value of
calculated accelerations is on the very limit for mode 3: ag—1.5Mode3 = 1.01 m/s?;
for density d = 1.0 m/s?, both guides give value above the medium comfort level,
where the value acquired through HIVOSS is even close the limit value for minimal
comfort.

3
25
. +
o~
@
E 2f
(2}
o L
8 | comfort fimit ]
C15 +
@
8 +
g
o1 +
2 +
0.5 i
3 o o [0} o] ]
oL
15peds 0.2 0.5 0.8 1 15

Crowd density [ped/mz]

Fig. 6: Values of the vertical accelerations according to UK National Annex to Eu-
rocode 1: blue hex — Mode 2; black + — Mode 3; blue o — Mode 4; green * — Mode
5.

3.2.3 DYNAMIC RESPONSE CALCULATIONS ACCORDING TO
UK NATIONAL ANNEX TO EUROCODE 1

Tables 12 — 17 present the calculation performed according to [9]. Although the
standard gives several reference crowd densities, it is underlined that they are rec-
ommendable. Consequently, the crowd densities regarded here coincide with the
densities used in [6] and [7], thereby allowing for direct comparison in between.
The results obtained here show that Mode 3 is the dominant one. The responses
in Mode 3 are the highest for all bridge classes because of the very low damping
ratio, although the reduction factor and respectively the vertical modal load for this
mode are very small. The acceleration levels increase gradually from the case with
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Table 12: Vertical accelerations for all relevant modes due to crowd of d = 15 ped. [9]

Mode f, Hz Y k(fn) Piert, KN Fmodal,vem kN Qvert, m/s?

Mode 2 1.7 0.14 0.95 2.99 0.52 0.03
Mode 3 3 0.01 0.28 0.27 0.23 0.41
Mode 4 3.29 0.1 0.36 0.97 0.36 0.06
Mode 5 342 0.21 0.37 1.44 0.22 0.01

Table 13: Vertical accelerations for all relevant modes due to crowd with density
d = 0.2 ped./m? [9]

Mode f» Hz Y k(fn) Piert, KN Fmodal,vert’ kN Qvert, m/s?

Mode 2 1.68 0.14 0.93 5.78 0.99 0.06
Mode 3 2.95 0.01 0.26 0.5 0.41 0.72
Mode 4 3.26 0.1 0.35 1.87 0.7 0.11
Mode 5 3.37 0.21 0.37 2.8 0.41 0.01

Table 14: Vertical accelerations for all relevant modes due to crowd with density
d = 0.5 ped./m? [9]

Mode f» Hz Y k(fn) Pvert» kN Fmodal,verta kN Gvert, m/52
Mode 2 1.64 0.14 0.91 8.85 1.48 0.08
Mode 3 2.85 0.01 0.24 0.72 0.57 0.97
Mode 4 3.21 0.1 0.34 2.87 1.06 0.16
Mode 5 3.29 0.21 0.35 4.29 0.61 0.01

Table 15: Vertical accelerations for all relevant modes due to crowd with density
d = 0.8 ped./m? [9]

Mode f7 Hz vy k(fn) Pieri, kKN Fmodal,vem kN Gvert, m/s?
Mode 2 1.6 0.14 0.88 10.82 1.75 0.1
Mode 3 2.76 0.01 0.25 0.97 0.74 1.23
Mode 4 3.15 0.1 0.33 3.49 1.27 0.2
Mode 5 3.21 0.21 0.34 5.21 0.71 0.02

15 pedestrians — @ = 0.41 m/s? — to the highest density of d = 1.5 ped./m? —a =
2.37 m/s?. For the latter particular case the comfort criteria is not met — ajimitmax =
1.6 m/s2,
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Table 16: Vertical accelerations for all relevant modes due to crowd with density
d = 1.0 ped./m? [9]

Mode f7 Hz v k(fn) Pieri, kKN Fmodal,veru kN Gvert, m/s?
Mode 2 1.58 0.14 0.86 11.81 1.88 0.1
Mode 3 2.71 0.01 0.28 1.22 0.91 1.49
Mode 4 3.12 0.1 0.32 3.8 1.37 0.21
Mode 5 3.16 0.21 0.33 5.63 0.75 0.02

Table 17: Vertical accelerations for all relevant modes due to crowd with density
d = 1.5 ped./m? [9]

Mode fv Hz Y k(fn) Pverh kN Fmodal,vert’ kN Qvyerts In/52
Mode 2 1.52 0.14 0.8 13.58 2.07 0.11
Mode 3 2.59 0.01 0.4 2.12 1.52 2.37
Mode 4 3.04 0.1 0.29 4.29 1.51 0.23
Mode 5 3.05 0.21 0.3 6.22 0.79 0.02

Regarding the comfort criteria, it is worth mentioning that the bridge is situated
in a rural area and it is elevated over the ground level on 5.5m. The comfort limit
for the Eeklo footbridge could be assumed as ajjyit = 1.6 m/s? ([3,9]) assuming the
relevant coefficients according to Table 18. This simply means that the comfort level
is insured only for bridge classes with density up to d = 1.0 ped./m?.

Table 18: Coefficients for determining the comfort critiria according to [9]

ki =16
ks =1.0

ko =1.0
ks =1.0

Rural environment
Bridge height from 4 m to 8m

Primary route
Exposure factor

4 CONCLUSIONS

A comprehensive exploration of the current codes of practice accounting for either
single pedestrian loading and crowd loading, and assessing the dynamic behaviour
of pedestrian structures is elaborated. The analysis conducted in Section 3 shows
not only differences, but major discrepancies between the results obtained by the
different regulations.

The detailed procedures for analyzing crowd loading provided by Sétra [6] and
HIVOSS [7] overlap in most assumptions. Nevertheless, due to slight differences in
the reduction factor definition, the results for common crowd densities are not in a
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good conformity, but differ with some admissible margin. The overall results show
admissible values, in compliance with the limits imposed by the respective regula-
tions. With small exceptions, the acceleration levels obtained satisfy the medium
comfort criteria levels. Though, a significant dispersion in the results is present due
to some differences in the made assumptions. Although coinciding in most premises
adopted, the procedures in [6] and [7] show different vertical acceleration levels due
to differences in the governing reduction factor ). The analysis according to UK
National annex is extrapolated for all crowd densities regarded in Sétra and HIVOSS.
For low crowd densities up to d = 0.5 ped./m? the results according to UK National
annex and HIVOSS agree very well. For the higher densities, there is perceptible
difference in the results derived by UK National annex and Sétra and HIVOSS. Com-
mon implication is the dominating response in Mode 3, which is stemming from the
low modal damping ratio.
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