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The paper summarizes the main results of the serviceability assessment of a steel suspension footbridge, per-formed through dynamic

testing and numerical simulations.

The experimental part of the study involved both operational modal testing and measurement of the structural response under the
crossing of different groups of pedestrians. The footbridge exhibited quite complex dynamic characteristics (i.e. two couples of closely
spaced modes and five modes in the frequency range 1.9-3.0 Hz) and the maximum accelerations induced by pedestrians and joggers
turned out to be in the range of discomfort. An accurate FE model, based on the design drawings, was then developed and a general
procedure is proposed to tackle the crucial issue of assigning the design tension forces to the suspension elements.

Since the comparison between numerical and experimental results generally shows a good agreement, the model is adopted to
perform a numerical assessment of vibration serviceability according to the European guide-line HiVoSS. A minor shortcoming of
HiVoSS and the unusual relevance of the 2nd harmonic of pedestrian-in-duced load are highlighted for the investigated footbridge.
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1. Introduction

The design of recent footbridges is often inspired by aesthetics re-
quirements for greater slenderness and results in longer spans, low
ratio between permanent and live loads, and low damping [1]. This
trend has been also favoured by the economic demand of efficiency,
the increasing strength of materials and the relatively small service
loads (as the structural design of footbridges is traditionally governed
by the Ultimate Limit State, i.e. the load carrying capacity of the structur-
al elements).

Consequently, the structural systems adopted on modern foot-
bridges might exhibit dynamic behaviour marked by closely-spaced
natural frequencies and/or frequencies very close to the values per-
ceived by human beings [2-10], so that the design requires a greater
care regarding vibration phenomena [11-12]. Well known examples
of steel footbridges, that experienced serviceability problems associated
to vibrations or required the design of tuned mass dampers to prevent
this issue, include the Millennium bridge in London, UK [3], the
Solférino bridge in Paris, France [4] and the Pedro e Inés footbridge in
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Coimbra, Portugal [7-8] (where the efficiency of the vibration control
devices is also permanently assessed by a long-term dynamic monitor-
ing system [13]).

Therefore, predicting the performance of footbridges to human-in-
duced vibration has become a critical aspect of the structural design
(see e.g.[1,7],[10-12]) so that different practical design methodologies
have been developed, such as the French guideline Sétra [14] and the
European guideline HiVoSS [15], that enable the designer to check the
vibration serviceability of the footbridge for different pedestrian densi-
ties, based on a prediction of the maximum acceleration levels in verti-
cal and lateral directions.

The paper presents the experimental and numerical vibration ser-
viceability assessment of a slender steel suspension footbridge, over-
passing the Serio River near Seriate, Italy. The investigated footbridge
(Figs. 1-2) includes: (a) the deck, very slender and about 64.0 m long;
(b) one main spatial system of suspension cables and hangers; (c) two
steel frames supporting the suspension cables and the backstays.

Within the proof tests carried out before the bridge opening,
dynamic tests were performed by the Laboratory of Vibration and
Dynamic Monitoring of Structures (ViBLaB), Politecnico di Milano.
Firstly, operational modal testing (with the excitation being mainly
provided by micro-tremors and wind) was performed and 14
vibration modes were identified in the frequency range 0-10 Hz using
different output-only techniques [16-17]: the frequency of the
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Fig. 1. Footbridge crossing the Serio river (Seriate, Italy): (a) General view; (b) Underside view of the deck.

fundamental mode was 1.03 Hz and five modes turned out to fall in the
frequency range 1.9-3.0 Hz. Subsequently, groups of volunteers (up to
32 adults) simulated normal walking and running along the deck. The
human-induced vibrations were measured and the results clearly indi-
cated that, especially in the vertical direction, the maximum accelera-
tion values violate the human comfort serviceability conditions, when
compared to limit acceleration targets present in references and design
codes [14-15].

The numerical investigation relies on the development of a FE
model, based on the as-built design data and implemented within the
ANSYS [18] framework. A non-linear static analysis was performed to
take into account the pre-tension forces in the suspension system,
since the pre-tension in cables is crucial in determining the modal prop-
erties correctly. In order to assign the target (design) tensile forces to
the suspension elements through fictitious thermal loads, a numerical
procedure has been developed. The procedure is quite general and can
be applied without any restriction to structural systems similar to the
one at study.

A linear modal analysis was performed at the end of the non-linear
static analysis, and the correlation between experimental and numerical
modal parameters turned out to be fully satisfactory. It is worth
underlining that no tuning procedures (see e.g. [2,5,19]) were adopted
in the FE model of the footbridge, as in the typical situation at the design
stage. Subsequently, the assessment of serviceability conditions was
performed according to the European guideline HiVoSS [15].

After a brief description (Section 2) of the investigated footbridge,
the paper describes the experimental procedures (Section 3) and the
FE model development (Section 4). Subsequently, the numerical ser-
viceability assessment is presented (Section 5) and conclusions are
drawn.

2. The STEEL suspension footbridge
The investigated steel footbridge (Figs. 1-2) crosses the Serio River

in the neighborhood of the town of Seriate (about 50 km far from
Milan, Italy) and connects two cycle routes in the “Serio Park”.
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Fig. 2. Elevation and plan of the footbridge (dimensions in m). Accelerometer layout during the field tests.



The suspended deck, with an arch rise of 1.3 m, is 63.90 m long and
its width varies between 2.5 m and 5.0 m. The deck consists of timber
planks (providing the walking surface for the pedestrians), supported
by a grid of steel stringers and floor beams (Figs. 1-2). The floor
beams (Fig. 1b) belong to two classes: the main cross-beams, equally
spaced at 3.0 m and characterized by a tapered cross-section, and the
secondary transverse beams, with a standard European rolled-steel
IPE 120 shape. The stringers include a couple of edge beams (European
rolled-steel IPE 330 shapes) and a central girder with a hollow circular
section (@ = 298.5 mm). All the longitudinal beams are connected to
the main cross-beams through bolted connections capable of restoring
the continuity, whereas the connection between the secondary trans-
verse beams and the edge beams allows the secondary beams to rotate
around the edge beam axis. The ends of the main floor beams are
crossed by a stabilizing cable (Fig. 1b), whose sliding in the longitudinal
direction is permitted by the interposition of a polymeric layer between
the contact surfaces. The deck is completed by a series of X-braces (Fig.
1b), providing stiffness in the horizontal plane.

The suspension system supporting the deck consists of:

* Four steel pylons, exhibiting a slight slope with respect to the vertical
plane and arranged to constitute two A-shaped portal frames. The
main suspension cables and the backstays are connected to the top
of the pylons as it is shown in Figs. 1-2;

» Two main suspension cables, of 60 mm diameter, each supporting the
deck through 21 hangers of 16 mm diameter, anchored at the ends of
the main cross-beams;

* Four backstays, of 60 mm diameter, linking the pylons to the ground;

» Two lateral stabilizing cables, of 40 mm diameter and with opposing
curvature (Fig. 1b).

As shown in Figs. 1-2, the suspension system is affected by a lack of
symmetry about both the longitudinal vertical plane crossing the bridge
axis and the transverse vertical plane crossing mid-span. About the lon-
gitudinal direction, the two hangers supporting the opposite ends of
each cross-beam have different length and the main cables do not fol-
low the same parabolic shape. About the transverse direction, each sus-
pension cable has different anchoring position on the pylons at the two
ends of the bridge (Fig. 1a).

During construction, all the cables were pre-tensioned. The design
values of the tension were: (a) 425 kN for the backstays; (b) 500 kN
for the stabilizing cables and (c) ranging between 10 and 17 kN for
the hangers, subdivided into two sub-classes. The first sub-class in-
cludes the three couples of hangers close to the two deck ends, pre-ten-
sioned at 13 kN (average value). The remaining hangers, placed in the
central part of the bridge, are pre-tensioned at 15.5 kN (average value).

3. Experimental assessment of the dynamic behaviour
3.1. Experimental procedures

The dynamic characteristics of the footbridge were extensively in-
vestigated, right after its completion and before the opening, at the
end of July 2012. More specifically, an ambient vibration test (AVT)
was firstly developed with the objective of identifying the baseline dy-
namic characteristics (i.e. natural frequencies, mode shapes and
damping ratios) of the structure. Subsequently, tests were performed
with either walking or running pedestrians, to verify that the human-in-
duced vertical and horizontal accelerations were limited to acceptable
values. In the walking tests, the structural response associated to groups
of 4, 8, 16 and 32 pedestrians crossing the bridge at a pace rate close to
2 Hz were measured, whereas the running test was performed with
only 4 joggers.

The response of the footbridge was measured at 17 selected points in
a single set-up (Fig. 2), using a 24-channel data acquisition system (24-
bit resolution, 102 dB dynamic range and anti-aliasing filters) with uni-

axial WR 731A piezoelectric accelerometers (Fig. 3). Each WR 731A sen-
sor, capable to measure accelerations of 4 0.50 g with a nominal sensi-
tivity of 10 V/g, was connected with a short cable (1 m) to a WR P31
power unit/amplifier providing the constant current needed to power
the accelerometer's internal amplifier, signal amplification and selective
filtering.

The acceleration responses were recorded with a sampling frequen-
cy of 200 Hz, which is fairly larger than that required for the considered
footbridge, whose dominant natural frequencies are below 10 Hz.
Hence, low pass filtering and decimation were applied to the data before
using the identification tools: data were down-sampled to 25 Hz, so to
have a Nyquist frequency of 12.5 Hz.

3.2. Operational modal analysis

As previously pointed out, the modal identification was performed
by considering the accelerations mainly induced by micro-tremors
and wind. Time series of 7200 s (corresponding to >7000 times the fun-
damental period of the bridge, quickly estimated through the frequency
analysis of few minutes of data acquired in the first phase of AVT) were
processed using different output-only identification algorithms in order
to obtain estimates of natural frequencies, damping ratios and mode
shapes. The modal parameters estimated by applying the Frequency Do-
main Decomposition (FDD) [16] and the data-driven Stochastic Sub-
space Identification (SSI-data) [17] techniques implemented in the
commercial program ARTeMIS [20] will be presented in the following.

The lower singular values (SV) of the spectral matrix of the collected
data using the FDD technique are shown in Fig. 4. It should be noticed
that 14 relative maxima are clearly detected in the first SV line of Fig.
4: those peaks are generally well defined but two couples of closely
spaced peaks (modes) are detected in the frequency range of 1.9-
3.0 Hz. The estimates of the corresponding vibration mode components
are shown in Fig. 5. The inspection of Fig. 5 highlights that: (a) the fre-
quency of the fundamental mode is 1.03 Hz and the corresponding
mode shapes involves anti-symmetric vertical bending of the deck;
(b) almost all modes can be classified as dominant bending or dominant
torsion, whereas only one mode, the fourth, exhibits coupling between
vertical and transversal components; (c) five vibration modes turned
out to fall in the critical frequency interval of 1.9-3.0 Hz.

The above dynamic characteristics were confirmed by applying dif-
ferent output-only identification algorithms. Table 1 summarizes the re-
sults obtained by applying the FDD and the SSI-data methods through:
(a) the natural frequencies (fgpp) identified by the FDD technique; (b)
the average and the standard deviation values of the natural frequencies
(fssi» 0r) and modal damping ratios (¢ss;, O¢) identified by the SSI meth-
od. Furthermore, Table 1 compares the estimates of corresponding
mode shapes obtained by the two techniques through the Modal Assur-
ance Criterion (MAC) [21].

The inspection of the values listed in Table 1 confirms that the natu-
ral frequencies estimated by the two different methods are practically
coincident. A similar correspondence was found for most mode shapes
(with the MAC value being larger than 0.98), except for the first torsion
mode; for this mode, the MAC is about 0.88 and the FDD technique
seems to provide a smoother estimation of the mode shape. It is further
noticed (Table 1) that the modal damping ratio of 9 modes is lower than
1%; in addition, the scatter of the estimates seems quite limited (with
the maximum standard deviation being 0.057%).

4. The finite element model of the footbridge
4.1. Ansys model

The FE model of the bridge (Fig. 6) is based on the as-built design
data extracted from the blueprints. Within the ANSYS [18] framework,

the steel stringers and transverse cross-beams of the deck, the pylons
and the hangers are modeled with Timoshenko beam elements, with



Fig. 3. Typical mounting of piezoelectric accelerometers on site.

6 degrees of freedom (DOFs) per node, named “BEAM 188” [18]. Cables
and braces are represented by spar elements, transmitting only axial
force and with 3 DOFs per node, named “LINK 180" [18]. The timber
planks and the handrails of the deck are modeled as lumped masses ap-
plied on steel grid and their weight is included in the dead loads.

Boundary conditions are an idealization of the blueprint representa-
tions: (a) the transverse cross-beams at the opposite ends of the deck
are constrained so that only the rotation of the deck in the longitudinal
plane (i.e. around the transversal direction) is allowed; (b) similarly,
only the rotation in the longitudinal plane is allowed at the base of
each pylon; (c¢) both ends of backstays and main suspension cable are
hinged. Furthermore, two different sets of constraint equations are
adopted to simulate the connections between the secondary cross-
beams and the stringers, and the sliding of the stabilizing cables, respec-
tively. The former simulates an internal cylindrical hinge at the end of
the cross beam, whereas the latter allows the stabilizing cables to slide
in the longitudinal direction.

The overall bridge behaviour is affected by geometrical non-lineari-
ty, due to both the presence of cables and the geometry change associ-
ated to dead loads. For this reason, a preliminary non-linear static
analysis was performed using the Newton-Raphson method [22].
Thus, loads are applied incrementally. Dead loads are applied first.
Subsequently, the cable pre-tensions are imposed, element by element,
through fictitious variations of temperature, determined according to a
procedure, iterative in principle, herein proposed and described in the
next sub-section. Once the model reproduces the design value of
tension in cables (while matching the deformed geometry), a modal
analysis is performed by using the stiffness matrix, associated to the

30

deformed configuration of the footbridge under both the dead loads
and the stress stiffening produced by pre-tension into suspension
system.

4.2. The iterative procedure

Within each class of cables (backstays, hangers, stabilizing cables),
the design pre-tension forces cannot be reproduced by uniform thermal
loads. Element by element, the design value of tension Ny (i.e. the cable
pre-stress) is obtained by applying an incremental load sequence,
which includes firstly the dead loads G and subsequently a fictitious
thermal load. The latter consists of an initial negative temperature T;,,

uniform for each class of elements, and of a thermal increment AT, un-
known in principle. Hence, the vector N, collecting the design pre-ten-

sion forces can be seen as a function of G, T;, and AT:
Nd _ Nd (G// + //Tm// + //AT) (1)
where the symbol “+” denotes the incremental application of each load
contribution.

A trial-and-error method has been used to select the initial thermal
load T;, (to be applied after the gravity load G), that corresponds to a
sufficiently close approximation of the design configuration. This initial
configuration, due to G” + "T;,, is characterized by the design geometry
of the deck (which is represented by the arch rise in the present case).
However, the numerical values of the tension Ny 4 associated to the ini-
tial configuration are generally different from N,. Consequently, it is
necessary to introduce a further thermal load increment, in principle
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Fig. 5. FDD method: identified natural frequencies and mode shapes.

different for each cable element, which - added to the initial one T;, -
provides the target design values Ny. Under the assumption of linear be-
haviour of the bridge about the deformed initial configuration, obtained
through the trial and error method, the vector N, can be expressed as

Table 1
Summary of the modal parameters identified by FDD and SSI-data methods.

Mode N. Mode Shape FDD
feop (Hz) fssi (Hz) o7 (Hz) &ssi (%) 0 (%)

SSI-data MAC

1 Vertical/bending 1.025 1.014 0.002 075 0.016 0.997
2 Vertical/bending 1.475 1.474 0.004 1.58 0.034 1.000
3 Vertical/torsion  1.924 1.926 0.003 0.3 0.033 0.879
4 Vertical/Transv.  1.953 1.946 0.001  0.66 0.008 0.991
5 Vertical/bending 2.168 2.169 0.003 1.20 0.053 0.997
6 Vertical/torsion  2.754 2.756 0.001 074 0.003 0.997
7 Vertical/bending 2.861 2.860 0.001 132 0.004 0.997
8 Vertical/torsion  3.691 3.696 0.001 061 0.007 0.997
9 Vertical/bending 4.121 4.143 0.012 1.69 0.057 0.996
10 Vertical/torsion ~ 4.385 4.408 0.003 1.11 0.029 0.995
11 Vertical/bending 5.645 5.636 0.008 094 0.011 0.995
12 Vertical/torsion ~ 6.006 6.011 0.001 075 0.044 0.995
13 Vertical/bending 7.217 7.222 0.002 0.73 0.045 0.993
14 Vertical/torsion  7.490 7.488 0.003 078 0.009 0.988

the sum of two terms:

Ny =Nog(G"+ "Tin) + AN(AT) 2)

As previously pointed out, in Eq. (2), the vector AT is unknown.
However, it can be observed that, in the linearized case, an increment
AN(AT) can be directly computed as the product of a proper matrix

[K] by a vector of increments AT (#AT):

— [KIAT 3)

The square matrix [K], having as dimensions the number n of ele-
ments to be prestressed (n = 48 in the present case), is derived similar-
ly to a stiffness matrix: the column j represents the tension increment in
each element due to a reference AT; = +10°C in the j-th cable, with
AT; = 0 if i # j. Therefore, the term Kj; represents the axial force incre-
ment in the i-th element due to ATj= +10°C. A value AT; = +10 °C
was chosen to produce a faster convergence and avoid problems with
results too close to zero. Since the matrix [K] is derived for AT; =
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Fig. 6. Finite Element model of the footbridge: (a) overall view; (b) detail of steel grid.

+10 °C, the thermal increment to be inserted in (1) is computed as:

- AT
AT = 157 (4)
The non-linearity of the system affects the computation of the “stiff-
ness-like” matrix [K], whose columns Kj are given by the difference

between:

(a) the tension Njarin a “perturbed” configuration, obtained from
the initial configuration, by adding a AT; = + 10 °C acting on
the j-th element, and

(b) the tension Ny in each element due to the initial load configura-
tion with gravity loads and the thermal loads uniform for each
class of cables:

K;j=Njar (G" +"Tiy "+ "AT;)—No4(G" + "Tin) )
Taking into account Eq. (3), Eq. (2) is rewritten as:

Nog4(G"+"Tin) + [KJAT = Ny (6)

Moving Np 4(G" + "T;,) to the RHS of Eq. (6), an algebraic linear sys-
tem of equations is obtained, having as unknown the vector AT of ther-
mal load increments to be applied in order to match the design values of
tension:

K] AT = Ng—Nog (G + "Tyy) = AN(AT) (7
or:
K|AT = q (8)

The solution of the system in (8) provides the values of the unknown
vector AT:

AT=[K|'q 9)
Introducing Eq. (4), the axial force in each element is then computed:
N =N(G"+"Ty" +"AT) (10)

These tensions are compared with the design values through a resid-
ual term Rdefined as:

R=N,—N (11)

The norm of the vector Eq. (11), that would be zero in the ideal, lin-
ear case, gives a measure of the error in the values of pre-tension. If each

component of R is within a pre-selected tolerance, the corresponding

20 — (a)
10 —
B '—I_ :: T Lrl T | B L § I T T T T ] T T Iml
0 20 30
X :
-10 — 8
[ |Backstaysc.
. 1% sub-class h.
2 subclass h.

20 | | stabilizinge. | [}
30

8

(b)

6}
N
L 4}

g

Y

2t

o " 2 " 2 " 2 "

0 2 4 6 8

fFDD (Hz)

Fig. 7. Results of numerical analyses: (a) percentage error on the cable pre-stress tension;
(b) correlation between numerical (fzza) and experimental (frpp) frequencies.



load configuration is assumed for the subsequent analyses:

Final load configuration = G" + "Ty," + "AT (12)
In the opposite case, an iteration process can be started, where the

residual term in Eq. (11) at iteration k becomes the new constant term

of the linear system Eq. (8) at the subsequent iteration k + 1:

q(k+1) — R® (13)

Egs. (8) to (11) are repeated until convergence is achieved within
the prefixed tolerance. At each iteration k a further thermal load

(a) Mode 1: f=1.079 Hz
I

(d) Mode 4: f=2.109 Hz

(j) Mode 10: f=4.409 Hz

(m) Mode 13: f=7.255 Hz
),

(b) Mode 2: f=1.565 Hz
AR

(e) Mode 5: f=2.311 Hz

(k) Mode 11: f=5.512 Hz

increment A’i‘k is added to the load configuration. The final load config-
uration is obtained by summing up the contributions of the m iterations
performed:

Final load configuration — G” + "Ty" + "AT" " 1 raT" v (14
"oy //Aj'(k:m)

Different tolerances have been prescribed for backstays and stabiliz-

ing cables (10 kN) and for hangers (1 kN), reflecting the order of mag-

nitude of pre-tension in cables and hangers (order of hundreds
against tens). The iterative procedure has shown a different

1N

(n) Mode 14: f=7.394 Hz

Fig. 8. FE model of the bridge: mode shapes and natural frequencies.



Table 2
Comparison between experimental (FDD) and numerical results.

Table 3
Maximum recorded accelerations due to walking.

Mode Frequency (Hz) € (%) MAC Position Vertical acceleration (m/s?)
Experimental Numerical 4 pedestrians 8 pedestrians 16 pedestrians 32 pedestrians
1 1.025 1.079 522 0.995 Al 1.04 1.67 1.49 1.54
2 1.475 1.565 6.07 0.994 A2 0.91 1.56 1.33 1.64
3 1.924 1.997 3.77 0.908 A3 1.22 1.77 1.44 1.77
4 1.953 2.109 7.99 0.842 A4 1.03 1.78 1.27 1.42
5 2.168 2311 6.58 0.984 A5 0.81 0.78 0.97 1.32
6 2.754 2635 —433 0.975 A6 0.68 0.70 0.78 1.17
7 2.861 2.827 —1.17 0.996 A7 0.93 0.83 0.88 1.26
8 3.691 3.645 —1.24 0.957 A8 0.74 0.89 0.96 1.47
9 4121 4076 —1.10 0.988 A9 0.75 0.92 0.76 1.22
10 4385 4.409 0.55 0.982 A10 0.67 0.87 0.86 1.10
11 5.645 5512 —2.36 0.958 All 1.08 1.79 1.46 1.52
12 6.006 5.875 —2.18 0.982 A12 1.20 1.97 1.11 1.85
13 7217 7.255 0.52 0.976 A13 0.87 1.77 1.11 1.83
14 7.490 7.394 —1.28 0.983 Al4 0.96 1.88 1.30 2.07
Position Horizontal acceleration (m/s?)
performance of the convergence criterion. One iteration was enough to 4 pedestrians 8 pedestrians 16 pedestrians 32 pedestrians
. o Al5 0.28 0.33 0.39 034
reduce the error within the tolerance for the stabilizing cables, the back- AlG 0.25 027 028 041
stays cables and the second sub-class of hangers but not for the first sub- A17 0.25 0.34 0.26 0.36

class of hangers.

Fig. 7a shows the distribution of the percentage error on the pre-ten-
sion in cables, normalized to the design values, at the end of the first it-
eration; a positive value denotes a numerical overestimation of the
design tension. The graph in Fig. 7a presents the values in the same
order the cables are encountered moving from one bridge end to the
other. The last two values refer to the stabilizing cables. It is easy to rec-
ognize a pattern on the error tied to the position of the cable: the error
for cables in the first sub-class has the same pattern at the two ends,
with positive and negative values balancing to produce an average
value of about 5%.

The error shown in Fig. 7a increases with the number of iterations,
possibly due to the significant non-linearity of the system. To overcome
this drawback, the “stiffness-like matrix” [K], here assumed to be con-
stant during the iteration process, should be updated at each iteration,
following a Newton-Raphson scheme to make null the residual term.
The updating of [K] would result in a severe computational burden

since the determination of each column involves a nonlinear analysis.
However, the configuration corresponding to the results of the first iter-
ation was deemed to be acceptable due to the close match between
identified and numerical dynamic properties (Fig. 7b), as it will be
discussed in the next sub-section.

4.3. Comparison between numerical and experimental dynamic properties

The validation of the numerical model is based on the comparison of
the dynamic properties with the experimental estimates obtained
through the Frequency Domain Decomposition (FDD) method. The
mode shapes of the numerical model are shown in Fig. 8, for the natural
modes corresponding to the experimentally identified modes (Fig. 5).
For each mode both the numerical (frga) and the experimental (fgpp)
frequencies are provided. The correlation in terms of natural
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Table 4
Loading scenarios and maximum recorded accelerations.

No. of Walking Running Position Max. vert. Position Max. horiz.
pedestrians acc. (m/s%) acc. (m/s?)
4 v A3 1.22 Al5 0.28
8 v Al12 1.97 A17 0.34
16 v Al 1.49 Al15 0.39
32 v Al4 2.07 Al16 0.41
4 v A5 4.80 Al5 1.09

frequencies is summarized in Fig. 7b, whose results fully justifies the
choice not to refine further the bridge load configuration. Table 2 quan-
tifies the value of €, percentage frequency error between numerical and
experimental values:

€ [%] = 100 x (frea—frop)/frD (15)

The MAC values, listed in the last column of the same Table 2, con-
firms the high consistency between the numerical and experimental
mode shapes.

Based on the correlation between numerical and experimentally
identified modal parameters, two remarks can be drawn:

1. As shown in Fig. 9, the natural frequencies of the numerical model
provide a fairly good approximation of the actual footbridge frequen-
cies. Indeed the frequency deviations exhibit a peculiar trend, that is
characterized by larger discrepancies - ranging between 3.77% and
7.99% - for the lower six modes and very limited deviations - from
—2.36% to 0.55% - for the remaining 8 modes. This trend is conceiv-
ably due to the poor prior knowledge that is available about the ef-
fects of non-structural elements, such as the timber planks and the
handrails, and the stiffness of the supports. Also the error in the ten-
sion of first-sub-class hangers could have played a role. In addition, it
is worth recalling that the footbridge was tested at the end of July
2012, so that also the temperature might have affected the tension
forces in the cable and consequently the modal frequencies;

Table 5
Pedestrian traffic classes and density [15].
Traffic class Density (pedestrian/m?) Description
TC1 15P/(B x L) Very weak
TC2 0.2 P/m? Weak
TC3 0.5 P/m? Dense
TC4 1.0 P/m? Very dense
TC5 1.5 P/m? Exceptionally dense

2. The correlation between the numerical and experimental mode
shapes is generally excellent, as it can be easily verified from both
the direct inspection of the vibration modes illustrated in Figs. 5 (ex-
perimental) and 8 (FE model) and the MAC values (last column of
Table 2) very close to one (i.e. between 0.957 and 995) for 12
modes. Only the mode shapes associated to the closely spaced fre-
quencies of 1.92 and 1.95 Hz (modes 3 and 4) exhibit a MAC of
0.908 and 0.843, respectively.

5. Vibration serviceability due to walking
5.1. Assessment of pedestrian effects: experimental results

The analysis of the identified frequencies and mode shapes, summa-
rized in Fig. 5 and Table 1, highlighted the existence of five vibration
modes in the frequency range of 1.9-3.0 Hz, the same of the dynamic
loading induced by pedestrians either walking (3th, 4th and 5th
mode) or running (6th and 7th mode). Hence, resonance effects could
appear in the bridge response.

To assess the levels of vibration, various loading scenarios were de-
fined and simulated on site with the help of groups of volunteers, who
were asked to walk both along the longitudinal bridge axis and in an ec-
centric position with respect to the bridge axis. Table 3 shows, for each
measurement point (see Fig. 2), the maximum values of the vertical and
horizontal acceleration due to walking. Table 4 summarizes, for each
loading scenarios, the maximum values of vertical and horizontal accel-
eration due to both walking and running.
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Fig. 10. Fourier spectrum of sample vertical accelerations (4 pedestrians running) measured: (a) on downstream side; (b) on upstream side.
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The inspection of the acceleration values summarized in Tables 3
and 4 shows that:

even for the walking of small groups of pedestrians (4-8 pedestrians),
the recorded accelerations are relatively high in the vertical direction;
increasing the number of pedestrians from 4 to 8 to 16-32 does not
produce a significant increase of the maximum vertical acceleration,
due to the difficulty of ensuring synchronization among pedestrians
as their number increases;

the maximum accelerations due to pedestrians walking are recorded
approximately at quarter span, where the 3rd and 5th mode shapes
attain their maximum displacements;

the maximum acceleration induced by 4 running joggers is extremely
high (0.48 g);

the maximum accelerations due to running are recorded at central
sections of bridge deck. This pattern is opposite to that induced by
walking pedestrians, because runners excite the 6th and 7th mode,
whose shape shows a maximum displacement field in the area close
to half-span;

the level of vibration associated to the horizontal/transversal direc-
tion, although not negligible, is significantly lower than that observed
in the vertical direction, where the maximum acceleration values sig-
nificantly exceed the limit values recommended in [14-15].

It is worth mentioning that eccentric transits generate higher accel-
erations due to the torsion and lateral behaviour of the 3rd, 4th and 6th
mode shapes.

The Fourier spectrum of the accelerations recorded at mid-span and
quarter spans is shown in Fig. 9 for the case of 8 pedestrians walking,
and in Fig. 10 for the 4 pedestrians running, respectively. Figs. 9a and
10a refer to downstream side, whereas Figs. 9b and 10b refer to the op-
posite upstream side. The spectra confirm that modes 3-5 (Fig. 5c-e)
and modes 6-7 (Fig. 5f-g) are responsible of the footbridge behaviour
under walking and running scenarios, respectively. In fact, modes 3
and 5 exhibit the largest modal deflections approximately at quarter
spans, where the largest spectral amplification is detected in Fig. 9a
and b. Moreover, the spectral amplification at mid-span becomes im-
portant in Fig. 10a and b, highlighting the role of mode 6.

The Fourier spectrum of Fig. 9 shows two frequency intervals where
the peak values are found. The first one, with largest values, is centred
about 2 Hz, and the second one, with lower but not negligible values,
is centred about 4 Hz. Hence, the effect of the second harmonic of the
pedestrian-induced load is clearly detected. A similar pattern,

representative of the same effect, is found in Fig. 10, where the intervals
are centred about 2.75 and 5.50 Hz, i.e. the frequency values associated
to running-induced loads.

5.2. HiVoSS guideline

The numerical assessment of the serviceability conditions of the
footbridge follows the guideline HiVoSS [15], developed within the con-
text of an European research project named SYNPEX [23]. For the sake of
completeness, the main features of the guideline are summarized in the
following.

As well documented in the literature [1], the load associated to the
single pedestrian can be considered as the sum of Fourier harmonic
components. Nevertheless, it is worth mentioning that: (a) either
groups of pedestrians or a crowd can cross a footbridge; (b) the corre-
sponding load is affected by both inter-subject variability (i.e., each pe-
destrian has his own weight, step frequency, step length and arrival
time) and intra-subject variability (i.e., the pedestrians tend to adjust
their motion on that of nearby people, and possibly synchronizing
with them).

The pedestrian load, mainly of random nature, is approximated in
the HiVoSS guideline with a deterministic, uniformly distributed, har-
monic load p(t) [N/m?] representing an equivalent pedestrian stream:

p(t)=P- cos(2nfst) -n' - (16)

In Eq. (16), P-cos(2m fit) is the harmonic load due to a single pedes-
trian. P is the component of the force due to a single pedestrian, taking
into account the dynamic load factor, i.e. the coefficient of the Fourier
series (P = 280 N for vertical load, P = 140 N for longitudinal load
and P = 35 N for lateral load). The walking step frequency f; is assumed
equal to any of the footbridge natural frequencies under consideration.
The reduction coefficient s takes into account the probability that the
footfall frequency approaches the critical range of natural frequencies
under consideration. The parameter n'is the equivalent number of per-
fectly synchronised pedestrians, on the loaded surface S. A definition of
n’ is given for the two cases of: (a) sparse crowd, when each pedestrian
can move freely on the footbridge and (b) dense crowd, when free mo-
tion is no longer possible and a higher degree of synchronization can be
found among pedestrians.

Adopting a concept typical of performance-based design in the
bridge assessment, the designer evaluate the expected traffic condi-
tions, and associate comfort requirements to them. Five conditions,

p(t) [N/mm?2]

l

Fig. 12. Application of a harmonic load according to mode shape (from [15]).



Table 6

Comfort classes with common acceleration ranges [15].
Comfort class Degree of comfort Vertical aj, Lateral aj;p,
CL1 Maximum <0.5 m/s? <0.1 m/s?
CL2 Medium 0.5-1.0 m/s> 0.1-0.3 m/s*
CL3 Minimum 1.0-2.5 m/s? 0.3-0.8 m/s?
CL4 Unacceptable discomfort >2.5 m/s? >0.8 m/s?

described in Table 5, range from a very weak traffic (TC1) to a very
dense one (TC5) and encompass persistent, transient and accidental
or exceptional design situations. A typical example of the last one is
the bridge inauguration. The equivalent number of pedestrians n’ de-
pends on the traffic class, as a function of the structural damping ratio
€, the loaded surface S and the number of pedestrians n on the surface
(n=S-4d):

» Sparse crowd classes TC1 to TC3 (density d < 1.0 P/m?). In the first TC1
class only 15 pedestrians are moving on the whole area B x L of the
footbridge.

~108/€-n 1
w08 L (17)
+ Dense crowd classes TC4 to TC5 (density d > 1.0 P/m?).
1.85yn 1
n = S [ﬁ] (18)

Since harmonic load models describe the pedestrian excitation, the
critical range of the footbridge natural frequencies f corresponds to the
range of the first harmonic of pedestrian load, whose structural effects
are prevailing on the subsequent ones [15]:

« for vertical and longitudinal vibrations: 1.25 Hz < f< 2.3 Hz;
« for lateral vibrations, the range of frequencies is roughly halved, since
the right and left foot transmit opposite forces: 0.5 Hz < f< 1.2 Hz.

The second harmonic of pedestrian loads might excite to resonance
footbridges with natural frequencies in the range 2.5 Hz < f< 4.6 Hz. In
this case, the critical frequency range for vertical and longitudinal vibra-
tions expands to 1.25 Hz < f < 4.6 Hz. Lateral vibrations are not affected

node 235 node 236
node 140 nqde 1 4]

by the second harmonic of pedestrian loads. The value of the reduction
coefficient s for the first and second harmonic of the pedestrian
load and for vertical and longitudinal load is depicted in Fig. 11a.
Fig. 11b shows the value for lateral load. The direction of the harmonic
load is the same of the half-waves characterizing the mode shapes
associated to the natural frequency considered in the dynamic analysis
(Fig. 12).

The assessment of the serviceability conditions is necessary if any of
the footbridge natural frequencies falls in the critical range and is per-
formed through a dynamic harmonic analysis of the footbridge. Four
comfort classes, in a descending order from a maximum comfort (CL1)
to an unacceptable discomfort (CL4), are devised in terms of either ver-
tical or lateral acceleration (Table 6). Since the footbridge is located in a
country park, where the probability to find a “dense traffic” is very
small, only two design conditions were considered: traffic class TC1
(very weak traffic), associated to a comfort class CL1, and traffic class
TC2 (weak traffic), associated to a comfort class CL2. Vibration service-
ability criteria are satisfied if the computed values of the acceleration re-
sponse do not exceed the limits corresponding to the comfort class.

5.3. Assessment of pedestrian effects: numerical results

The footbridge shows 10 natural frequencies in the critical band-
width (Table 2). The frequency of 1st mode is in the critical range for lat-
eral vibration. The frequencies of modes 2-9 fall in the range that is
critical for vertical and longitudinal vibrations. Moreover, starting
from the fifth mode, the 2nd harmonic of pedestrians load has to be con-
sidered. For each frequency, and for each traffic class considered, a dy-
namic analysis was performed with ANSYS, in which a harmonic load
acts on the whole deck, with a direction coherent with the one of corre-
sponding mode shape, and an excitation frequency in resonance with
the one of bridge.

In each harmonic analysis, the experimentally identified damping
ratios (Table 1) were adopted for both defining the equivalent number
of pedestrians n’ and evaluating the numerical responses. The numerical
results in terms of maximum accelerations were evaluated in three
points belonging to the cross sections at half-span and quarter-spans.
More specifically, two points are placed at the base of handrails, as in
the experimental tests, and the third one is on the longitudinal axis of
the footbridge deck: Fig. 13 shows the points position and their num-
bering in the FE model.

The bridge mode shapes exhibit bending or torsion behaviour, ex-
cept for the 4th mode (Figs. 5d and 8d), characterized by a displacement
field also in the transverse/horizontal plane. For each vertical mode, the
significant response parameter is the amplitude of the vertical

","m,de 330 node 331

T 9T = ——v

node 142

node 235

node 237  node 332

node 236

node 140 node 1 41 P l,//node 330 node 331

|

T

T
T

-

m;de 142

node 237 node 332

Fig. 13. Cross sections and numbering of points in the numerical assessment based on HiVoSS Guideline [15].
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Fig. 14. Serviceability assessment for vertical vibration: (a) traffic class TC1; (b) traffic class TC2.

acceleration due to the related harmonic load, at the selected nodes and
for each mode within the critical range. The 5th mode has not been con-
sidered, as its frequency (2.31 Hz) in the numerical model is associated
to a null reduction coefficient ¢ (Fig. 11a). Lateral accelerations are con-
sidered for the harmonic load tuned to the 4th mode.

It is worth mentioning that the peak acceleration associated to
modes 6-8 and 10 turned out to be almost negligible (i.e. 2-3 orders
lower than the overall maximum vertical acceleration computed for
both traffic classes). Hence, only the results related to modes 1-4 and
9 are illustrated in Fig. 14a and b, which refer to traffic class TC1 and
TC2, respectively. Fig. 15a and b show the analogous results for the lat-
eral vibration related to the 4th mode. In Figs. 14b and 15b the dashed
line represent the lower limit of acceleration for class TC2. The graph
area is ideally subdivided in three sub-region, each corresponding to
one of the cross-section at study (nodes 140-142; 235-237; 330-
332). The central node of each section is associated to the central result
in each sub-zone of the graph.

Fig. 14a and b highlight the same pattern of results for the first three
modes, with the vertical accelerations significantly exceeding the upper
bound (denoted with a thick solid line). The maximum values, more
than twice the upper bounds in Table 6, are found in the three nodes
of midspan for the 2nd mode (Fig. 8b) and, with similar but slightly larg-
er values, in the two end nodes of the sections at quarter spans for the
3rd mode (Fig. 8c).

It is further noticed that, as it has to be expected from the relevant
mode shapes (Fig. 5a-c and Fig. 8a—c): (a) the accelerations associated
to the 1st mode exceed the limit (of about 20%) at quarter span cross-
sections, whereas are practically zero at midspan; (b) the same acceler-
ation, associated to the 2nd mode, is experienced by the three nodes at
midspan; (c) the two nodes reaching the extreme values associated to
the 3rd mode (torsion) are placed on the opposite sides of the two
cross-sections. Consequently, the out-of-bound response of the
midspan section is due only to the 2nd mode, with practically null
values related to 1st and 3rd mode. For the quarter-span sections, the
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accelerations due to the 1st mode are uniform on the three nodes
while those due to the 3rd mode are almost null along the bridge axis
and reach the extreme values at the two ends.

The role of the 4th and 9th mode deserves further comments:

a) Fig. 14 highlights that the response due to the 9th mode (Fig. 8i) is
within the limit for class TC1 and on the lower comfort limit for
class TC2. In addition, the accelerations due to this mode are practi-
cally uniform over each cross-section, with values slightly larger at
midspan than at quarter spans;
The vertical acceleration related to the 4th mode (Fig. 8d) is within
the limit for class TC1 and at the lower bound for class TC2 (Fig.
14). However, lateral vibration related to this mode exceeds the
limit for both TC1 and TC2 (Fig. 15);
¢) When the excitation frequency exceeds the value of the 4th mode,
the second harmonic of pedestrians loads comes into play. The sig-
nificant response due to both 4th and 9th mode indicates that for
this particular footbridge also this harmonic must be considered.

o
-

Due to the difference in the loading scenarios, the accelerations re-
corded during the experimental tests cannot be directly compared
with the numerical results obtained by applying the HiVoSS guideline.
However, the order of magnitude of numerical and experimental values
is the same. In addition, the Fourier spectrum in Fig. 9, extracted from
the results in terms of vertical acceleration of dynamic tests, has a fre-
quency content concentrated between 1.8 and 2.2 Hz, where modes
3-5 of the footbridge (Fig. 5c-e) fall.

However, two main discrepancies are found between numerical and
experimental results, related to the contributions of the 1st and 5th
mode. The former appears to be significant in the numerical analyses,
but not in the experimental results (Figs. 9 and 10). The harmonic
load tuned with the latter does not produce any critical acceleration in
the numerical simulation, since its reduction factor is equal to zero.
Thus, the relevant contribution of the 5th mode, as it appears in the
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Fig. 15. Serviceability assessment for lateral vibration: (a) traffic class TC1; (b) traffic class TC2.



experimental data, is neglected when the numerical procedure of
HiVoSS guideline is applied.

6. Conclusions

The results of the serviceability assessment of a lively steel suspen-
sion footbridge are presented in the paper. The assessment is based on
both an experimental campaign including operational modal testing
and walking and running test, and numerical analyses on an accurate
FE model developed in ANSYS. The numerical assessment complies
with a current code of practice, the HiVoSS guideline [15], for two traffic
classes, very weak and weak (TC1, TC2), respectively associated to max-
imum CL1 and medium CL2 comfort classes. The following main conclu-
sions can be drawn from the experimental campaign:

(a) Within the frequency range 0-10 Hz, 14 vibration modes were
successfully identified in operational conditions, using the Fre-
quency Domain Decomposition [16] and the data driven Stochas-
tic Subspace Identification [17] techniques and a good agreement
was generally found between the two methods in terms of both
natural frequencies and mode shapes.

(b) The identification of natural frequencies and mode shapes pro-
vided the necessary data for highlighting serviceability issues of
the structure.

(c) Three vibration modes turned out to fall in the frequency interval
of 1.9-2.2 Hz, critical for walking activities, whereas two other
modes were identified in the interval 2.5-3.0 Hz, critical for run-
ning activities. Moreover, non-negligible vibrations have been
detected due to the load second harmonic of pedestrians, either
walking or running.

(d) The accelerations measured under walking and running scenari-
os exceed comfort values. The frequency content of the signals
turned out to be dominated by the contribution of the relevant
modes in the two intervals described in point (b).

The FE model, based on as-built drawings, has successfully matched
the experimentally identified modal parameters of the footbridge. Since
the global dynamic characteristics of the investigated suspension bridge
are highly affected by the tensile forces in the cables and no field data
were collected on the cable tensions, it is worth noting that the match
in terms of modal parameters has been found only when the design
values of cable pre-tension have been simulated through fictitious tem-
perature variations, applied properly to each cable. Thus, the numerical
procedure herein proposed (Section 4.2) for the computation of the fic-
titious thermal loads, has been a key point in this work.

The numerical serviceability assessment according to the HiVoSS
guideline has shown that the accelerations due to the harmonic loads
tuned to the first 4 modes exceed the comfort limits in both traffic clas-
ses considered. Even though the loading scenarios are different, the re-
sults are in good agreement with the experimental outcomes, with two
main differences related to the role of the 1st and 5th mode. The former
affects the numerical results but not the experimental outcome, where-
as the latter fades in the numerical analyses due to the null value of the
reduction factor s in the relevant frequency range (2.3-2.5 Hz).

Finally, in the implementation of HiVoSS guideline [15], the 2nd har-
monic of pedestrian load has to be considered for frequencies exceeding
2.5 Hz. Among the modes in the related frequency range, one (i.e., the
9th) is associated to significant values of acceleration. Hence, the role
of the second harmonic of the load is highlighted and this result
seems quite significant, as it is explicitly stated in [15] that no case of
bridges significantly excited by this harmonic was reported yet.
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