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Abstract

In the present paper, a detailed crowd model is applied to investigate the impact of vertical human-structure
interaction (HSI) on the dynamic response of footbridges to pedestrian excitation. Assuming that the walking
behaviour of the pedestrian is not affected by the motion of the supporting structure, the contact force between
the pedestrian and the supporting structure is decomposed into the force exerted by the pedestrian on a
perfectly rigid floor and an interaction term determined by the mechanical interaction between the person and
the structure. The model is also used to evaluate the impact of various simplifying assumptions and inter- and
intra-person variabilities.

The results show that for the low-frequency dynamic behaviour of footbridges (< 6 Hz), HSI leads to an
effective damping ratio which is (significantly) higher than the inherent damping ratio of the empty structure. In
addition, it is demonstrated that the detailed moving crowd model can be well approximated by a time-invariant
crowd-structure model. Furthermore, the influence of inter- and intra-person variability in step frequency is
observed to decrease as the impact of HSI increases. Finally, it is shown that in many cases accounting for HSI
leads to a significant reduction in the response of footbridges to pedestrian excitation which may be considered
in practical design.

Keywords: human-structure interaction, human-induced vibrations, footbridge, random pedestrian traffic,
vibration serviceability, full-scale testing

1. Introduction

For slender and lightweight structures, vibration serviceability is a matter of growing concern and has often
proven critical for design [1]. In recent years, special interest emerged for structures subjected to human-induced
loading, in particular for footbridges where the design freedom is restricted by fewer functional and structural
demands [2]. Currently, designers are forced to rely on — what are assumed to be ‘conservative’ — equivalent
load models, upscaled from single-person force measurements [3, 4]. With designs governed by the dynamic
performance under high crowd densities, a strong demand exists for the verification and refinement of the
currently available load models [5, 6].

In the prediction of the structural response induced by groups of pedestrians or crowds, persons crossing
the footbridge are often simplified to (moving) loads [7]. This approach disregards the fact that people are
mechanical systems and, therefore, does not account for the interaction between the crowd and the structure that
is supporting them [8]. However, in the low-frequency range of interest for vibration serviceability (0-10 Hz),
the dynamic behaviour of the human body in vertical direction resembles that of a highly damped single degree
of freedom (SDOF) system [9, 10] (see figure 1-a) for which the natural frequency (2.7 < fy1 < 7.0 Hz) and
damping ratio (20 < &1 < 60 %) largely depend on the body posture [11, 12, 13]. As a result of the interaction
between the human body and the footbridge, the dynamic behaviour of the coupled crowd-structure system can
differ significantly from that of the empty structure [14, 15, 16, 17]. The significance of HSI increases with the
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crowd to structural mass ratio [18, 19, 20]. Hence, the effects of HSI on the structural response to pedestrian
excitation are expected to be important for lightweight structures [8, 18].

This contribution presents a comprehensive analysis of HSI for pedestrian excitation. To this end, the
contact force with the supporting structure is decomposed into the well-known force exerted by a pedestrian
on a perfectly rigid laboratory floor [7, 21] and a mechanical interaction term which depends on the dynamic
properties of both the pedestrian and the footbridge. The pedestrians are thus modelled as passive mechanical
systems with an internal driving term that is independent from the motion of the supporting structure. A similar
approach is adopted by Alexander [22] and Caprani et al. [23], and is also widely applied in the field of building
acoustics to describe source-structure interaction [24]. In the literature, active systems have been developed
as well to study the influence of the vibrating surface on the walking behaviour of the crowd [16, 25, 26, 27].
However, since phenomena similar to lock-in have not been observed due to vertical structural vibrations [25],
the choice for a passive interaction model has been made in the present study.

The analytical formulation applied in this study is similar to the one introduced by Alexander [22], Caprani
et al. [23] and Shahabpoor et al. [28]. However, starting from a general modally reduced system representing
the supporting structure, the formulation of the moving crowd model presented here can be readily applied to
structures involving both resonant and multi-mode excitation. A comprehensive numerical study involving a
realistic crowd model representative of inter-person variability investigates the impact of HSI on the dynamic
properties of the coupled crowd-structure system. This numerical analysis is supported by a set of full-scale
experimental observations. Furthermore, the impact of HSI on the structural response to pedestrian excitation
is analysed for a wide range of pedestrian densities and footbridge parameters, and the impact of modelling
simplifications is investigated.

Following the philosophy of the widely-applied design guides Sétra [3] and HiVoSS [4], the structural response
to pedestrian excitation is evaluated for the conservative load case where synchronization occurs between one
of the natural frequencies of the footbridge and the corresponding harmonic of the walking load. Considering
a realistic range of step frequencies f; [Hz] (1.0 < fs < 2.5 Hz [1]), the mean value of the step frequencies
(or its 2nd or 3rd harmonic) of the pedestrians in the crowd is chosen to coincide with the considered natural
frequency of the footbridge.

The outline of this paper is as follows. First, the moving crowd model is presented. Second, the effect of HSI
on the dynamic properties of the coupled crowd-structure system is investigated and analysed experimentally
from in situ measurements on a lightweight steel footbridge. Third, the influence of some common simplifying
assumptions and the inter- and intra-person variability in step frequency is investigated. Finally, the structural
response to pedestrian excitation is evaluated for a wide range of footbridge parameters and pedestrian densities
and the impact of HSI is assessed by comparison with the predictions of a moving force model.

2. The moving crowd model

Pedestrians in a crowd are active systems for which the walking behaviour is controlled by an internal
driving term. In the crowd-structure model presented here, the pedestrian and the supporting structure (i.e.
the footbridge) are considered as two linear subsystems coupled at a single contact point. The contact force
not only depends on the internal driving term of the pedestrian but also on the dynamic properties of both
subsystems [24]. The equations of motion of the coupled crowd-structure system are derived starting from a
general modally reduced system representing the supporting structure. The system presented here can therefore
be readily applied to structures involving both resonant and multi-mode excitation or reduced to the case where
only a single mode of vibration of the structure is considered. The following subsections subsequently discuss (1)
the coupled crowd-structure model, (2) the characteristics of the crowd, (3) the considered statistical approach
for the analysis of the predicted structural behaviour and response and (4) a number of modelling simplifications.

2.1. Coupled crowd-structure model

A modally reduced system is derived from the linear dynamic finite element (FE) model of the supporting
structure. The governing equations of motion in modal coordinates read:

7Z(t) + Tz(t) + Q%z(t) = @ "'p(t) (1)



with z(t) € R™ the modal coordinate vector, n,, the number of modes retained in the modally reduced
system, Q2 € R™»*"m 5 diagonal matrix containing the square of the natural frequencies wpj = 27 fp; in
rad/s, I' € R"»*" a diagonal matrix containing the terms 2&pjwg; with &g; [—] the modal damping ratios,
® c R™orX™m g matrix which has the mass-normalised mode shapes ®3; as columns, ® "p(t) the modal
projection of the external forces p(t) € R™°" with n,,, the number of degrees of freedom of the FE model. The
vector of the forces p(t) is composed of the contact force(s) with the ny pedestrian(s). For each pedestrian, the
contact is reduced to a single point representing at the same time the left and the right foot, an assumption
which is justified given the small dimension of the step length relative to the bridge span. The time history of
the contact force p,(t) with each of the ny pedestrians are collected as rows in the force vector pp(t) € R™.
The vector of forces applied to the bridge deck p(t) in Eq. (1) now reads:

p(t) = Sp(t)pp(?) (2)

where Sp(t) € R™or*™ ig a selection matrix which transfers the forces to the corresponding DOFs of the FE
model of the structure. Each column of the matrix contains a single non-zero element s, (s, = 1) which
indicates the time-variant position of the involved pedestrian (see also section 2.2).

At this point, the key assumption is made that the walking behaviour of the pedestrian is not affected
by the vibrating surface, i.e. the internal driving term of the pedestrian is identical to the one in case of a
stiff supporting system. This assumption holds when the displacements of the bridge deck are (sufficiently)
small. In the case where the perceived motion causes the pedestrians to adapt their walking behaviour as for
lock-in, this condition is not met. So far, the latter has only been observed for lateral and not for vertical
deck motion [25, 29]. Assuming a fized driving term allows the body motion and, hence, the contact force of a
pedestrian py(t), to be decomposed in a term resulting from the driving term pr(t) and a term resulting from
the interaction between the pedestrian and the supporting structure py(t) [24] (see also figure 1):

pp(t) = pe(t) + pult) (3)

For a perfectly rigid floor, thus without interaction (py(t) = 0), the contact force equals the ground reaction
forces (GRFs) as registered by the force plates or an instrumented treadmill fixed to a rigid laboratory floor
(pp(t) = pe(t)) [7, 30]. This force term is in this study modelled using the probabilistic single-person force model
developed by Zivanovié¢ et al. [31]. This model accounts for the first five main and intermediate harmonics of
the walking load as well as for the narrow-band nature of the force around each (sub-)harmonic. The magnitude
of the main and sub harmonics are defined in agreement with the findings of Kerr [32] and Zivanovié et al. [31],
respectively. The related input parameters, i.e. the pedestrian’s weight and step frequency, are assigned in
agreement with the considered crowd conditions (see subsection 2.2).

When the supporting structure is flexible, the contact force p,(¢) in addition depends on the interaction
between the two subsystems [24]. The interaction term py(t) in Eq. (3), can be further elaborated based on the
mechanical properties of the linear system representing the human body. The latter is represented by a SDOF
system (see figure 1-a). The corresponding mechanical properties are discussed in section 2.2. When py(t) is
written in terms of the displacements of the mass my; (uy1(t)) and the bridge at the contact point (ug(t)),
Eq. (3) reads:

pp(t) = pe(t) — muotis(t) + cut [t (t) — Us(t)] + kut [wi () — us(t)] (4)
[Figure 1 about here.]

The second-order differential equations of motion of the moving crowd model can be written as a first-order
continuous-time state equation:

. . . . T
x(t) = Ac(t)x(t) + Be(t)Sp(t)pe(t) ;  with  x(¢) = [z(t) uu(t) 2z(t) vu(t)] (5)
where x(t) € R™ represents the modal state vector and ngy = 2(n,, + ny). The time-variant system matrices

Ac(t) € R™*"s and Be(t) € R™*"™°r are defined as:

0
Ao(t) = —Mﬁé(t)KHB(t) —M;é(t)(_jHB(t)} ; Belt) = [Tp(t)] Y



where Tp(t) denotes the generalised input transformation matrix and Myg(t), Kus(t) and Cyp(t) are the gen-
eralised mass-, stiffness and damping matrices of the coupled crowd-structure system as defined in Appendix A.

The output vector y(t) € R™ with n, output quantities is chosen to collect the accelerations of a selection
of DOFs of the footbridge (ny < nyop):

y(t) = Ce(t)x(t) + De(t)Sp () pr () (7)
with the system matrices Cc(t) € R™*"s and Dg(t) € R *"wor:

Ce(t) = So® [~Mi; ()Kun(t) —Mis ()Cun(t)] 5 De(t) = Se®Tp (1) (8)
where S, € R"™*"or ig a selection matrix that indicates the selected output DOFs of the footbridge.

2.2. Crowd characteristics

In a crowd, each pedestrian has his own characteristics, such as the weight, the step frequency and the
walking speed (inter-person variability [33]). Some parameters such as the step length and the walking speed
may vary along the individual trajectories (intra-person variability [7, 34]). Furthermore, the pedestrians will
enter the bridge at different times and their behaviour is subject to various environmental stimuli such as
the behaviour of their neighbours and the group as a whole [35, 36], as well as the motion of the supporting
structure [29, 37].

This subsection briefly discusses the characteristics of the crowd and the pedestrian flows as considered
next. Given the fact that focus is on the resulting structural response, a number of reasonable simplifying
assumptions are made. The comprehensive numerical analysis performed by Tubino et al. [38] shows that
the statistical distribution of the walking speed and the pedestrian weight have a negligible influence on the
dynamic response of the structure in terms of standard deviation, peak factor and maximum value. Therefore,
all pedestrians are assumed to have the same weight G = 700 N [3, 4, 39] and walking speed vs [m/s] [3, 4].
The latter is defined in terms of the considered pedestrian density d [pedestrians/m?] [36]:

(@) = v0{ 1= exp | = dom (5 - djim)]} )

where v = 1.34 m/s is the free-flow speed, 7 = 0.354 [-] a parameter related to the travel purpose and
djam = 5.4 pedestria]as/m2 is the jam density, where the corresponding values are set to match the original
relation proposed by Weidmann [40]. The walking trajectories r(t) € R1*? [m] are assumed to be straight
lines parallel to the longitudinal axis of the bridge deck: r(t) = [r1(t), r2], whereby the offset in the lateral
direction 79 is chosen randomly along the bridge deck width and the longitudinal component 7 (t) follows from
the walking speed and the arrival time of the pedestrian ¢, [s]: r1(t) = vs(t — t,). The arrival times are
assumed to follow a Poisson distribution [35, 41] whereby the arrival rate A [persons/s] is computed from the
pedestrian density d [persons/m?]:

ny  Aeg d
)\:—:
T T

(10)

with ny [-] the number of pedestrians, T' [s] denoting the time taken by a pedestrian to cross the bridge span
with length L [m] (T = L/vs) and A [m?] the walkable bridge deck surface. Together, the pedestrian’s step
frequency fs and weight G characterise the vertical walking load as exerted on a rigid laboratory floor [7].
To account for intra-person variabilities, the probabilistic single-person force model developed by Zivanovié et
al. [31] is used (see section 2.1).

Aiming at the conservative load case of (near-)resonant human-induced loading, the mean value of the step
frequency (or one of its harmonics) is chosen to match one of the natural frequencies of the structure fg;. The
fundamental harmonic of the walking load is considered for resonant conditions up to 2.5 Hz, while for natural
frequencies between 2.5 Hz and 5.0 Hz, and between 5.0 Hz and 7.5 Hz, (near-)resonance occurs with the second
and the third harmonic of the walking load, respectively. The present approach accounts for a realistic range of
step frequencies fs [Hz] (1.0 < fs < 2.5 Hz [1]) but not for the risk of resonance in relation to the corresponding



probability distribution of possible step frequencies. Similar to the methodology of the design guides [3, 4],
the latter could however be accounted for through the application of an associated reduction coefficient on the
resulting structural response.

For low pedestrian densities (d < 1), spatially unrestricted traffic and thus free movement of the pedestrians
is assumed [3]. In the case of dense crowds (1 > d > 1.5), the normal walking behaviour gets hindered causing
the forward movement of the stream to slow down and the level of synchronisation to increase. Beyond the upper
limit value of 1.5 persons/m?, the walking of pedestrians is considered to be obstructed, significantly reducing
the dynamic effects [4]. Sparse crowd conditions (d < 1) are simulated assuming a Gaussian distribution of
the step frequencies, centred around the targeted frequency f; with a standard deviation of 0.175 Hz (fs =
N (f1,0.175) [Hz] [3, 4]) with 1.0 < f; < 2.5 Hz and fg and integer multiple of f;. For dense crowd conditions
(1 >d > 1.5), all pedestrians are given the same step frequency (fs = f; [3, 4]). Together, the speed and the
pacing rate determine the pedestrian’s step length (I = vs/fs).

To account for the interaction between the pedestrian and the supporting structure, each pedestrian is in
addition represented by a linear mechanical system. To allow for a good representation of the low-frequency
(0 — 10 Hz) dynamic behaviour of the human body [9, 10, 12, 42], a SDOF model is adopted here (see figure 1-
a): a sprung mass myj, an unsprung mass myo and a spring ky; and damping element cy; with my = my; +
myo = 70 kg and gy = myr/my = 0.95 [11, 12]. The mechanical properties of this SDOF system are set to
approximate the low-frequency dynamic behaviour of a person with one or two legs slightly bent (fi1 ~ 3.25 Hz,
&u1 ~ 0.30 [—]), i.e. similar to the postures assumed during the walking cycle [12, 13]. To account for the
expected inter-person variability, the natural frequencies and modal damping ratios for the different individuals
are sampled from the following distributions: fu1 = N (py,,04,) = N(3.25,0.32) [Hz], & = N (1ey» 0e,y) =
N(0.30,0.05) [—] [12, 13]. The Gaussian distributions involved in this study are truncated to exclude infeasible
negative values. The SDOF system presented here is only an approximation of the human body of a pedestrian
and these assumptions should be validated or its model parameters calibrated based on in-field observations.
However, the recent study of Shahabpoor [28] involving walking persons reports a similar range of natural
frequencies of 2.75-3.00 Hz and damping ratios of 28-30%.

2.8. Statistical analysis

Given the inherent variability of pedestrian excitation (see section 2.2), a statistical analysis seems most
suited for the evaluation of the predicted structural behaviour and response [43, 44]. To ensure convergence
of the output quantity of interest, a 5% tolerance is set at 95% confidence. The number of Monte Carlo
samples is thus increased until the probability that the true percentile of the distribution is within +5% of
the corresponding percentile of the simulated data accumulated so far, is higher than 95% (Statistics Toolbox,
[45]). When the induced structural response is of interest, an observation time period with length 7" is applied
(see section 2.2 and Eq. 10).

2.4. Modelling simplifications

The computational cost of solving the time-variant state-space model in Eq. (5) depends on the correspond-
ing system order ngy = 2(n,, + ny). Generally, the number of modes n,, of the footbridge system is limited
and much smaller than the number of pedestrians ny in case of a (dense) crowd. In the following, a number of
simplifying assumptions are discussed (see table 1 and figure 2). The objective is either to reduce the model
order or to approximate the dynamic behaviour of the time-variant system by a time-invariant system.

Pseudo moving crowd model

If the crowd is (roughly) homogeneous and uniformly distributed over the bridge deck, it is reasonable
to assume that the dynamic properties of the coupled crowd-structure system are time-invariant. Hence, the
coupled crowd-structure system is represented by the time-invariant system matrices A¢, B¢, Cc and De:

_ 0 I r 0.~ -1 16 . _
A, = MR, M CHJ ; Be = [Tp] ; Ce=Sc® [-M;sKiz —MyCip(t)]; De =So®Tp (11)

In this way, a pseudo moving crowd model is obtained which accounts for the moving fixed-driver term but
approximates the HSI-effects by considering a time-invariant coupled crowd-structure system (see table 1).



Mowing force model

When HSI-effects are insignificant, the contact force reduces to the fixed-driver term. Consequently, the
state vector x only contains the modal displacements and velocities of the supporting structure and the system
matrices Ae € R"*" B, € R"*"n C. € R"*" and D, € R™*™°r are independent of the mechanical
properties of the pedestrian(s) and, therefore, time-invariant:

x(t) = H’;ﬂ A= [_222 _IF] . B.- [qf’T] . Co=S,8[0* T]: D=5, 887  (12)

This fized driver assumption is valid when the natural frequency of the system representing the pedestrian
is much more flexible than the supporting structure (fy1 << fs;). For these frequency ratios, the subsystems
behave decoupled. In this case, one can assume that the pedestrian only injects a force (the corresponding fixed-
driver term) into the supporting structure and does not provoke any significant interaction. This assumption
is valid for the high-frequency modes of the footbridge (fs; > 10 Hz) which are generally not relevant for the
vibration serviceability assessment or when the response of the supporting structure is small. The latter may
be the case for non-resonant loading and low pedestrian densities.

Mowing force model with added mass

When the systems representing the pedestrians are much stiffer than the supporting structure (fu1 =>> fs;
and uy; ~ ug), the pedestrians act as an equivalent added mass. When the crowd is roughly uniformly
distributed on the bridge deck, the response of the coupled crowd-structure system can be computed based on
the fixed-driver assumption, i.e. using Eq. (5) with system matrices Eq. (12). The natural frequencies and
mode shapes of the supporting structure are in this case computed accounting for the added mass on the bridge
deck. This added mass assumption is valid for very low natural frequencies of the footbridge (fs; < 1 Hz).
However, such low natural frequencies are generally not found for vertical structural modes.

Stationary force model

In some cases only the steady-state response is considered whereby it is assumed that for each pedestrian
the steady-state response is reached within the time needed to cross the bridge span. However, for the case
of (near-)resonant excitation of lowly-damped modes, the latter requires a high number of loading cycles [46]
which may not be reached by the actual number of loading cycles L/l; = Lfs/vs. When in addition HSI is
disregarded, the consequent structural response is in this study associated with the stationary force model.

[Table 1 about here.]

[Figure 2 about here.]

3. The effect of HSI on the dynamic properties of the coupled crowd-structure system

In some cases, the dynamic behaviour of the coupled crowd-structure system can differ significantly from
that of the empty footbridge [16, 18, 47]. As observed for structures equipped with tuned mass dampers [48]
and vehicle-bridge interaction [49], the interaction between the two subsystems highly depends on the ratio of
the masses and the natural frequencies [8, 50]. In this section, the position of the crowd is considered fixed.
The dynamic properties of the coupled crowd-structure system are examined based on the frequency response
function (FRF) relating a harmonic input excitation to the acceleration response of the footbridge, in relation
to the corresponding FRF of the empty structure. To take into account inter-person variability, these properties
are evaluated by Monte Carlo simulation (see section 2.3). The aim of this analysis is to determine when the
interaction is significant and whether or not it is beneficial. At this point, the interaction is considered beneficial
if it reduces the maximum resonant steady-state response of the footbridge. The interaction effects evaluated
here will be less significant than for other studies based on two-degree-of-freedom systems where inter-person
variabilities are disregarded [8].

Section 3.1 discusses the relevant properties of the footbridge and the crowd. Section 3.2 determines the
pertinent output quantities, which are subsequently evaluated in section 3.3. The effect of HSI is analysed
experimentally in section 3.4 from in situ measurements on a lightweight steel footbridge.



3.1. Input parameters

The following footbridge and crowd parameters are considered:

o [ootbridge parameters: A reference structure is used which is considered representative for over 150 recently
constructed footbridges [13]. The reference structure has a span of 50 m and a bridge deck that is 3 m wide,
roughly corresponding to the average values of a bridge deck surface of 150 m? and a total mass Mpriar
of 50 x 10® kg [13]. Only the fundamental vertical bending mode is considered with a sinusoidal mode
shape and a modal mass equal to half of the total mass of the bridge as for a simply supported beam. As
footbridges are generally lowly-damped, modal damping ratios between 0.2% and 2.0% are considered. In
view of the vibration serviceability issues of footbridges, the natural frequency is varied between 1 Hz and
6 Hz [1, 3, 4].

o Crowd characteristics: Pedestrian densities are usually considered from 15 persons over the entire bridge
deck up to 1.5 persons/m2 [1, 3, 4]. With a total mass of the footbridge mgrper = 50 X 103 kg, a bridge deck
surface of 150 m? and an average human body mass of 70 kg [39], the crowd to bridge mass ratio puyg [-]:

McrowD (13)

MpBRIDGE

reaches a maximum value of about 30% for a pedestrian density of 1.5 persons/m?. For the lower (0.02) and
upper (0.30) limit of the mass ratios considered here, this corresponds to a total number ny of 15 and 225
persons, respectively.

As previously discussed in section 2.2, each pedestrian is represented by a SDOF model for a person with
one or two legs slightly bent. To account for the inter-person variability, the natural frequencies and modal
damping ratios for the different individuals are sampled from the corresponding distributions. In turn, the
influence of the location of the pedestrians is taken into account by assigning random pedestrian locations,
following a uniform distribution along the bridge deck.

3.2. Output quantities of interest

At this point, the dynamic behaviour of the coupled crowd-structure system is of interest. This dynamic
behaviour is examined based on the FRF relating a harmonic input excitation to the acceleration response of
the footbridge. The FRF of the coupled crowd-structure system (Hyg) is found as:

Hp(w) = D¢ + Ce (iwl — Ae) ' Be (14)

with A¢, B, Cc and D, the system matrices as defined in equations (6) and (8) which, given the fixed position
of the crowd, are in this case time-invariant. Analogously, the FRF of the empty footbridge (Hg) can be
calculated using equation (14) whereby the system matrices defined in equation 12 can be applied. In case of
(near-)resonant excitation, it can be assumed that the structural response is dominated by the contribution of
the (near-)resonant mode j. As of now, only the (near-)resonant mode of the structure is considered. For this
reason, the subscript j is omitted when referring to the corresponding modal properties (fg, @5, & and mg)
and the FRF of the empty structure can alternatively be written as:

S, &, &
(=63 +128sPs + 1)
with fg the ratio of the harmonic forcing frequency to the natural frequency of the mode (8 = w/wg). From

equation (15), it follows that the maximum steady-state amplitude of the response of the empty footbridge
(i max) is observed for (near-)resonant loading (w = wp = 27 fg) at the antinode of the mode:

Hp(w) = — (15)

Po
2£BmB

with po [N] the amplitude of the harmonic input and S,®,®/]S] = max(|®s|)? = mz ' with S, € R™orx1 in
this case indicating the location of the antinode. Apart from the forcing amplitude pg, the natural frequency
fs, the modal damping ratio &; and the modal mass my are the key parameters that determine the structural
dynamic response.

fip,max = po max [Ha(w)| = po [Ha(ws)| = (16)



[Figure 3 about here.]

In figure 3, the FRF of the empty footbridge (Hgy) is compared to that of the coupled crowd-structure system
(Hyp) for a reference case involving five different frequency ratios fyui/fs = {0.4,0.6,0.8,1.0,1.2} and two
different mass ratios pys = {0.1,0.4}. For the reference case in figure 3, the modal damping ratio of the
footbridge and the modal damping ratio and the natural frequency of the human body models are assigned a
fixed value: &g = 0.5%, &y = 30% and fy; = 3.25 Hz, respectively. This figure illustrates that the FRF Hyp(w)
is characterised by a single peak with a value that depends on the frequency ratio fu1/fs. The lowest peak
value is observed for frequency ratios fy1/fs slightly lower than unity. Furthermore, figure 3 shows that the
peak value of the FRF of the coupled crowd-structure system is in all cases significantly lower than the one of
the empty footbridge. Comparing figure 3-a with figure 3-b shows that the impact of the interaction, i.e. the
change of the peak value and corresponding frequency (abscissa), increases with the mass ratio, as expected.
Furthermore, the frequency at which the corresponding peak value of Hyg(w) is reached, also depends on the
frequency ratio fy1/fs. For frequency ratios lower and higher than unity, this frequency is found above and
below the natural frequency of the empty footbridge, respectively.

Analogous to equation (16), the peak value of the FRF Hyg(w) is a measure for the maximum amplitude of
the steady-state acceleration response of the footbridge (iiupmax) When subjected to harmonic excitation with
forcing amplitude py:

. V4
Up,max = PO ‘HHB(wHB)’ = 0

= ith = H 1
TP wi Wyp = arg u])max] s (W) (17)

where feg [Hz] (for = 92), Lo [-] and meg [kg] are defined as the effective (or ‘apparent’) frequency, effective
damping and effective mass of the coupled crowd-structure system. The latter is in this study set to match
the modal mass of the empty footbridge (meg = mg), meaning that both changes in mass and damping result
into a change in effective damping ratio. By doing so, the effect of HSI is in this section translated only into a
change in effective frequency and effective damping ratio.

For each crowd configuration, the normalised effective natural frequency feg/fs and effective damping ratio
Eo are calculated.

3.3. Results

Figure 4 presents the mean and the 5% and 95% percentile value of the normalised effective natural frequency
(ferr/ fs) and effective damping ratio ({g) as a function of the natural frequency of the empty footbridge, for
five mass ratios pys = {0.05,0.1,0.2,0.3} [-] and three different modal damping ratios of the empty footbridge
& = {0.2,0.5,2.0} %. On average, 500 Monte Carlo simulations are required to attain the desired level of
convergence (see section 2.3).

From figure 4, it can be observed that the effective natural frequencies and damping ratios are characterized
by a low degree of variation. Exceptions are the modes of the empty footbridge with a natural frequency
around 3.5 Hz for which a large variation in effective natural frequency is observed. The latter is explained
by mode shifting whereby the frequency ratio feg/fs determines which mode of the coupled crowd-structure
system dominates the structural output [8, 13, 51].

For low natural frequencies of the empty footbridge (fs < 2.0 Hz), the pedestrians mainly act as an equivalent
added mass: the natural frequencies reduce in relation to the considered mass ratio and the effective damping
ratio is approximately equal to the modal damping ratio of the empty footbridge ({e =~ &z). This is due to the
natural frequencies of the human body models that are relatively high in comparison to the natural frequency
of the empty footbridge (fu1/fs > 1.5). The effective damping ratio (slightly) increases with the mass ratio
and the natural frequency of the empty footbridge. Figure 4 also illustrates that the lower the structural modal
mass and the inherent structural damping ratio, the lower the natural frequency from which the increase in
effective damping ratio in relation to &z becomes significant.

For intermediate natural frequencies of the empty footbridge (2.0 < fz < 4.5 Hz), the frequency ratios are
close to unity (fu1/fs ~ 1 given uys,, = 3.25 Hz) and the corresponding HSI-effects are expected to be significant.
Figures 4 shows that the effective natural frequency of the coupled crowd-structure system is slightly lower (for
fs < g, ) or higher (for fz > py,,) than the natural frequency of the empty footbridge. More striking is the



significant increase in the effective damping ratio. For low mass ratios, the effective damping ratio increases
up to 4%-5% while for high mass ratios, the effective damping ratio easily exceeds 10%. Similar to the case
of a tuned mass damper, the frequency ratio for which the highest effective damping ratio is found, (slightly)
decreases for an increasing mass ratio.

For high natural frequencies of the empty footbridge (4.5 < fs < 6 Hz), the effective damping ratio again
increases with the mass ratio, but less strong than for intermediate natural frequencies. For high mass ratios,
the effective natural frequency is also slightly higher than the natural frequency of the empty footbridge while
for low mass ratios the HSI-effects are insignificant.

Comparing figures 4-a, 4-b and 4-c shows that the effective damping ratio increases more rapidly for lower
values of the inherent structural damping.

[Figure 4 about here.]

8.4. Ezxperimental observations

This section examines the effect of HSI based on in situ measurements on a lightweight steel footbridge in
Eeklo, Belgium (figure 5). It is verified if the coupled crowd-structure model allows reproducing the experimen-
tally identified effective natural frequency and damping ratio. Tests with standing as well as walking persons
have been performed. All procedures were approved by the ethical committee of the university hospital of the
KU Leuven and each person gave a written informed consent prior to participation.

For experimental identification of the modal characteristics and the calibration of the numerical model of
the Eeklo footbridge, the reader is referred to [52]. The two modes of interest in the present analysis are the
fundamental lateral-torsional mode (f; = 1.71 Hz, & = 2.3%, m; = 34 x 103 kg) and the first vertical bending
mode (fa = 2.99 Hz, & = 0.2%, ma = 22 x 103 kg). The results presented in the previous subsection suggest
that the second mode to be strongly affected by the presence of persons on the bridge deck.

The structural response is registered during free vibration tests as well as trials involving ambient and
random walking excitation. In order to obtain a free vibration dominated by the contribution of a single mode,
the bridge is first brought into motion by rhythmical human activities (bobbing) tuned at the selected natural
frequency using a metronome. Once the desired level of vibration is reached, the persons cease bobbing and get
into the selected body posture, thereby initiating the free vibration phase. The effective natural frequency and
damping ratio of the coupled crowd-structure system are subsequently identified by free decay analysis. For
the trials involving ambient and random walking excitation, the natural frequency and modal damping ratio of
the first and the second mode of the coupled crowd-structure system are identified from an operational modal
analysis.

Free decay analysis

The experiments include trials with a different number of persons on the bridge deck (figure 5). Every
individual is positioned at a point where a stringer crosses a transversal beam. In the first setup, only three
persons are positioned at midspan. For each of the next setups, the number of persons is increased by six, three
on the left and three on the right adjacent cross girder, respectively. For the setups involving free vibration
of the fundamental torsional mode, the persons on the central stringer are not included. In addition, the
influence of the body posture on the dynamic behaviour of the coupled crowd-structure system is examined.
The experiments therefore consider the human body in (1) a normal standing posture and (2) a posture with
slightly bent legs. For each of these configurations, four free decays are registered.

[Figure 5 about here.]
[Figure 6 about here.]

In order to estimate the effective damping ratio, an exponential function is fitted to the peak values of the
recorded decay with amplitudes between 90% and 20% of the maximum peak value of the acceleration levels
[53]. Figures 6-b and 6-e illustrate that the applied excitation indeed leads to a free vibration dominated by a
single mode, as assumed for the derivation of the effective damping ratio and effective frequency. Figures 6-c
and 6-f present the natural logarithm and the least-squares approximation of peak amplitudes (y;) in terms of



the number of cycles (z;). The excellent fit obtained by a linear function with slope —d, with § representing
the logarithmic decrement [46], illustrates that the damping characteristics hardly depend on the amplitudes
of the recorded free vibration motion.

Operational modal analysis

For the setups with ambient excitation, 9 or 21 persons were requested to stand still during 3 minutes, all
adopting one of the two investigated postures. In addition, the persons were asked to walk at a slow, normal
(self-selected) or fast speed along the main span of the bridge during 3 minutes (figure 5). The output-only
data have been processed using the reference-based data-driven stochastic subspace identification (SSI-data/ref)
algorithm [54]. Previous studies have shown that the estimated modal parameters are subject to a certain degree
of uncertainty which is generally low (=~ 1—2%) for natural frequencies but can increase up to 50% for damping
ratios [54]. The associated confidence intervals are therefore also presented in the subsequent paragraphs.

Numerical simulations

The dynamic behaviour of the footbridge is simulated using the mode shapes of the calibrated FE model of
the structure and the experimentally identified natural frequencies and modal damping ratios. All individuals
involved are weighed in the laboratory to determine their nominal mass. For each trial involving stationary
persons, the location of every individual was determined. To account for inter-person variability, the natural
frequency fy1 and damping ratio &y of the human body models are sampled from the Gaussian distributions
representative for the normal standing posture (fy1 = N(5.7,0.56) [Hz], & = N(0.44,0.07) [—] [10, 11]) and
the posture with slightly bent legs (see section 2.2), respectively. From the Monte Carlo simulations, the 5%
and 95% percentile value of the effective natural frequency and damping ratio of the coupled crowd-structure
model are retained.

Results

Figure 7-a shows the effective frequency and damping ratio of the vertical bending mode for individuals in
a normal standing posture, a posture with slightly bent legs and walking at midspan. For the normal standing
posture, the frequency ratio is relatively high (fu1/fs ~ [1.5,2]). As a result, the natural frequency of the
footbridge decreases in relation to the added (modal) mass. Despite the low mass ratio, the effective damping
increases substantially (from 0.2% to 0.7%) which is owed to the very low inherent damping of the empty
structure. The coupled crowd-structure model is able to explain the observed trends. For the posture with
slightly bent legs, the frequency ratio is close to unity. As expected, this results in a small modification of the
effective frequency and a very large effective damping ratio, e.g. &g > 3.5% >> & = 0.2% when 26 persons are
involved. Although small variations of the natural frequencies of the human body models cause a large scatter
in the predicted effective damping ratio, the trend is clear and in agreement with the experimentally identified
values. The attained effective damping ratio is more than five times higher than for the normal standing
posture. These results corroborate the observation of Kasperski [14] where it was found that more damping is
induced by a pedestrian than by a passive person for a mode of a footbridge with a natural frequency of 1.8 Hz.
Figure 7-a also shows that the effective frequency and damping ratio obtained from the OMA involving walking
persons, are in good agreement with the predictions which consider the legs bent posture. This confirms that
the presence of moving persons affects the dynamic characteristics of the coupled crowd-structure system in a
way which appears to be similar as in the case of stationary persons with two legs bent.

[Figure 7 about here.]

Figure 7-b shows the effective frequency and damping ratio of the fundamental lateral-torsional mode. For
both the normal standing posture and the posture involving two legs slightly bent, the persons act as an
additional mass, resulting in a small reduction in effective frequency. The latter can be explained by the fact
that, in both cases, the natural frequency of the persons is relatively high compared to the natural frequency
of the considered mode (fy1/fs > 1.5). However, figure 7-b shows that, experimentally, an increase of the
effective damping ratio is identified as well. It is believed that this mode, which is dominated by lateral motion,
is also affected by HSI in the lateral direction. In order to verify this conjecture, a lateral SDOF system for
each person with a fundamental natural frequency between 0.5 Hz and 1.0 Hz (as suggested by Matsumoto et
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al. [55]) is added to the crowd-structure model. Figure 7-b shows that the considered lateral HSI can explain
the observed increase in effective damping.

The results from the OMA involving walking persons are again in good agreement with the predictions
which consider the vertical as well as the horizontal body motion.

4. The effect of HSI on the structural response to pedestrian excitation

In this final section, focus is on the impact of HSI on the structural response to pedestrian excitation. The
maximum structural response is predicted for a wide range of footbridge parameters and pedestrian densities.

First, a number of modelling aspects are discussed. Second, the input parameters of the parametric study
are defined and the output quantities of interest are determined. Finally, the interaction effect is examined and
the predicted structural response is evaluated.

4.1. Modelling aspects

In this first subsection, the influence of common modelling simplifications is investigated. At this point,
three different natural frequencies for the fundamental mode of the footbridge fz = {2.00,3.25,5.00} Hz and
two crowd densities d = {0.2,1.0} persons/m? are considered. The impact of inter-person variability in step
frequencies is evaluated through the evaluation of the resulting structural response for two cases involving a
different degree of inter-person variability: case 1 where the step frequencies are sampled from a Gaussian
distribution (fs = N(/f;,0.175)) and case 2 where all pedestrians have the same step frequency fs; = f;, with
1.0 < f; < 2.5 Hz and feg an integer multiple of f; (where fog = fz when the empty structure is involved). For
the sake of brevity, only (a summary of) the most relevant observations is discussed next.

Impact of modelling simplifications

The impact of the modelling assumptions involving HSI (see table 1) is evaluated through the comparison
of the computational cost, which depends on the system order and whether or not the system is time-variant,
and the predicted structural response, i.e. the 95 percentile value of the maximum acceleration level at midspan
limax95 (see table 2). The following observations are made:

e The predictions of the SF- and the MF-model correspond well when the number of loading cycles is close
to the one required to reach the steady-state response. This number is easily reached when the footbridge
is sufficiently long or the walking speed sufficiently low, or, when the required number of load cycles is low
and thus when non-resonant loading is involved (case 1) or when the (effective) damping ratio is high.

e The predictions of the MF-model are (slightly) higher than those obtained for the MFAM-model. This
difference increases with an increasing pedestrian density.

e The predictions of the PMC- and the MC-model are highly similar, with a difference of at most 5% for the
lowest pedestrian density (0.2 persons/m?). Indeed, the lower the pedestrian density, the more important
the actual spatial distribution of the individuals.

e HSI in most cases significantly reduces the predicted structural response. This reduction is more significant
for a higher pedestrian density (and thus mass ratio) and frequency ratios slightly below unity.

e The impact of HSI is most significant for resonant loading (case 2), as also observed for the impact of a
tuned mass damper [56].

e Replacing the detailed MC-model by a MF-model reduces the system order, but, this occurs at the expense
of a significant loss in accuracy, in particular for high pedestrian densities.

For the reasons stated above, the pseudo moving crowd model is used in the subsequent sections to further
assess the impact of HSI.

[Table 2 about here.]
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Inter- and intra-person variability

As (near-)resonant loading is considered, the maximum structural response can be (highly) sensitive to the
variabilities in step frequency [44]. The impact of the inter- and intra-person variabilities in step frequency is
analysed by comparing the 95 percentile value of the maximum acceleration predicted (A) for case 1 and case 2,
and (B) for a driving term py(t) modelled using the probabilistic single-person force model (see section 2.1) and
a driving term modelled using the continuous load model of Young [57] (disregarding intra-person variabilities).
The following observations are made (see also figure 8):

e The impact of intra-person variabilities decreases when the degree of inter-person variability increases: (a
high degree of) inter-person variability can compensate for the effect of intra-person variabilities.

e The impact of inter-person and intra-person variabilities decreases for an increasing (effective) damping ratio
(as also observed by [58]), thus also for an increasing impact of HSL

As the impact of intra-person variabilities is not in all cases negligible, in the following the probabilistic single-
person force model developed by Zivanovié¢ et al. [31] is applied.

[Figure 8 about here.]

4.2. Input parameters

In the parametric study, the pseudo moving crowd model is adopted to simulate the structural response in sparse
(d < 1 persons/m?) and dense (d > 1 persons/m?) crowd conditions (see section 2.2). The pedestrian flows
are generated according to the crowd flow model defined in section 2.2. By comparison with the predictions
of the moving force model, it is in addition evaluated in which cases HSI is significant. The following input
parameters for the footbridge and the crowd are considered:

e [ootbridge parameters: The previously introduced reference structure of a simply supported beam with a
span of 50 m and a bridge deck width of 3 m is used. Only the contribution of the fundamental mode is
considered, with a sinusoidal mode shape, a modal damping ratio (£g) of 0.2%, 0.5% or 2.0% and a modal
mass (my) ranging from 20 x 10® kg up to 50 x 10% kg. The simulations are performed for a natural frequency
(fs) in the range between 1.0 Hz and 6.0 Hz.

e Crowd parameters: Five pedestrian densities are considered: d = {0.2,0.5,0.8,1.0,1.5} persons/m?, corre-
sponding to a total number of 30, 75, 120, 150 and 225 pedestrians, respectively. Following the stochastic
load model defined in section 2.2, all pedestrians are given the same step frequency for dense crowd con-
ditions (d > 1 persons/m?, f; = f;), whereas for sparse crowd conditions (d < 1 persons/m?), the step
frequencies are sampled from a Gaussian distribution (fs = N(f;,0.175)). In both cases, the arrival times
follow a Poisson distribution. The impact of HSI is investigated for a realistic crowd model consisting of ny
individuals, with a distribution of human body model parameters representing the inter-person variability
(see section 2.2).

4.8. Output quantities of interest

For each sample of the Monte Carlo process, the maximum acceleration level over the relevant time window
with length T is determined (see section 2.3). In agreement with the widely applied design guides Sétra [3] and
HiVoSS [1, 4], the 95 percentile value of the maximum predicted acceleration is evaluated here. The factor Ryg,
[-] is defined to quantify the reduction of the structural acceleration due to HSI:

'&F, 95
RHSI - — (18)
Upst,max95

where iy maxgs and s maxgs represent the 95 percentile value of the maximum acceleration predicted by the
moving force model and the pseudo moving crowd model, respectively.
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4.4. Results

As a starting point, the 95 percentile value of the maximum acceleration predicted according to the moving
force model (iip maxgs) is discussed for a footbridge with a modal damping ratio of & = 0.5%, and a low (0.2
persons/m?) and a high (1.0 persons/m?) pedestrian density. The desired degree of convergence (see section 2.3)
is reached for on average 10% up to 10* simulations, with an increasing number of required simulations for an
increasing synchronization rate and a decreasing effective damping ratio. Figure 9 presents the 95 percentile
value of the maximum acceleration levels in terms of the natural frequency and the modal mass of the footbridge.
The highest acceleration levels are found for natural frequencies between 1.5 and 2.5 Hz. In this range, resonance
occurs with the fundamental harmonic of the walking load. Between 2.5 Hz and 5.0 Hz, resonance with the
second harmonic of the walking load occurs, leading to a lower structural response. Figure 9 also shows that
acceleration levels as high as 6 m/s? and 20 m/s? are predicted for a pedestrian density of 0.2 persons/m?
and 1.0 persons/m?, respectively. However, due to (1) the expected increase in structural damping for larger
vibration amplitudes and (2) the large structural motion that will hinder the pedestrians in walking, i.e. the
self-limiting nature of pedestrian-induced vibrations [25, 59], it is highly unlikely that these extremely high
levels will occur in reality. In addition, it is expected that HSI as considered next will significantly reduce the
predicted structural response.

[Figure 9 about here.]

Evaluation of the structural response

Figure 10 presents the predicted 95 percentile value of the maximum acceleration (iins;max9s) in terms
of the natural frequency and the modal mass of the footbridge, for the five pedestrian densities and three
modal damping ratios of the empty footbridge £ = {0.2,0.5,2.0} %. It is again observed that the highest
acceleration levels are found for natural frequencies between 1.5 Hz and 3.0 Hz, i.e. when resonance occurs
with the fundamental harmonic of the walking load. A second (smaller) peak is observed for natural frequencies
of the footbridge between 4.0 and 5.0 Hz, thus, when the resonance occurs with the second harmonic of the
walking load. Similarly to the predictions of the moving force model in figure 9, it is observed from figure 10
that the structural response increases for a decreasing modal damping ratio and a decreasing modal mass of
the footbridge. However, the increase observed here is less strong than for the corresponding predictions of the
moving force model. This is due to the impact of HSI, leading to a larger effective damping ratio for a low
inherent structural damping and a higher mass ratio (see section 3).

Figure 10 illustrates that as the modal mass of the footbridge decreases, the natural frequencies at which the
highest accelerations are found, slightly increase, in particular for high pedestrian densities. As the modal mass
of the footbridge decreases, the ratio of the crowd’s to the structural mass increases and, therefore, the effective
natural frequency of the coupled crowd-structure system decreases (see section 3). The reduced effective natural
frequency may then be situated in the range where resonance occurs with the fundamental harmonic of the
walking load.

From figure 10 it can be observed that the maximum peak acceleration levels are no longer necessarily
attained for the higher pedestrian densities as it is the case for the moving force model. When taking into
account HSI, the governing load case depends on both the mass ratio and the inherent structural damping
ratio. For low values of the structural damping ratio, even the lowest pedestrian density may be determinative
as this leads to the smallest increase in effective damping ratio. Furthermore, it must be noted that for the
considered range of footbridge parameters, the predicted maximum acceleration levels do not exceed 5.0 m/s?
and, thus, the unrealistically high acceleration levels predicted by the moving force model are not reached, not
even in case of high pedestrian densities.

Impact of HSI

Figure 11 presents the reduction factor Ry in terms of the natural frequency and the modal mass of the
footbridge, for the selected pedestrian densities (d = {0.2,0.5,0.8,1.0,1.5} persons/m?) and modal damping
ratios of the empty footbridge (5 = {0.2,0.5,2.0} %). It is generally observed that the reduction factor is
always equal to or larger than unity, implying that taking into account HSI reduces the predicted structural
response.
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Figure 11 clearly illustrates that the reduction factor increases with the pedestrian density, due to the larger
impact of HSI (see section 3). For the same reason, the reduction factor is higher for lower modal damping ratios
of the empty structure. Moreover, the acceleration levels are most sensitive to the structural damping ratio
when purely resonant excitation is considered. Hence, an increase in the effective damping ratio of the coupled
crowd-structure system has a larger impact and, thus, larger reduction factor, for dense crowd conditions.

The highest reduction factors in figure 11 are found for natural frequencies of the footbridge between 2.5 Hz
and 5 Hz, which are close to the natural frequency of the human body models. This was expected as the
increase in effective damping ratio was found to be most significant for frequency ratios (fu1/fs) close to unity.
The region corresponding to the maximum reduction is slightly shifted towards higher natural frequencies, in
particular for high pedestrian densities. This is due to the fact that for the moving force model and natural
frequencies between 2.5 Hz and 3.0 Hz, resonance occurs with the second harmonic of the walking load, whereas
for the moving crowd model the effective natural frequency reduces and resonance occurs with the fundamental
harmonic of the walking load. Although the amplitude of the fundamental harmonic is significantly larger, the
structural response predicted by the moving crowd model is still lower than the one of the moving force model
due to HSI. However, the obtained reduction factor is lower than for higher natural frequencies where for both
models resonance occurs with the second harmonic of the walking load.

Figure 11 shows that for high pedestrian densities (d > 1 persons/m?), the predicted response has reduced
by at least 30% for the entire range of footbridge parameters. In these cases, HSI is considered significant and
may be considered in practical design. Similarly, the reduction is considered significant for sparse pedestrian
densities in case of low modal damping ratios (g < 0.5%) and natural frequencies (fz) between 2.0 Hz and

6.0 Hz. On the other hand, for high modal damping ratios of the empty structure (g = 2.0%), the impact of
HSI rapidly reduces. Depending on the considered pedestrian density and modal mass, the reduction factor Ryg
stays well below 1.5, particulary for natural frequencies of the empty footbridge (fg) below 2.5 Hz and above
4.5 Hz. In addition, it is noted that a similar comparison with the steady-state acceleration level predicted by
a stationary force model would result in even higher values of the reduction factor.

From an engineering point of view, the beneficial effect for taking into account HSI is most desirable when
resonance occurs with the fundamental harmonic of the walking load as this leads to the highest structural
response. However, the present analysis shows that the effect of HSI is mostly relevant for natural frequencies
of the empty footbridge between 2.5 Hz and 5.0 Hz, when resonance occurs with the second harmonic of the
walking load.

The results presented in figure 10 and figure 11 for the fundamental mode of the reference footbridge can be
used to assess the sensitivity of the modal contributions to human-induced vibrations and HSI for structures
with multiple low-frequency modes.

[Figure 10 about here.]

[Figure 11 about here.]

5. Conclusions

A detailed crowd model is applied to investigate the impact of vertical human-structure interaction (HSI)
on the dynamic performance of a footbridge exposed to crossing pedestrians. Assuming that the walking
behaviour of the pedestrian is not affected by the motion of the supporting structure, the contact force between
the pedestrian and the structure is decomposed into (1) the force exerted by the pedestrian on a perfectly rigid
floor, and (2) an interaction term which follows from the mechanical interaction between the person and the
structure. The pedestrian is represented by a highly damped SDOF system representative of a person with one
or two legs slightly bent, corresponding to the body postures assumed during the walking cycle.

The most significant HSI-effect is in the effective damping ratio of the coupled crowd-structure system which
is much higher than the inherent damping of the footbridge, in particular for modes with a natural frequency
between 2.5 Hz and 5 Hz which are close to the natural frequency of the human body. In situ measurements on a
lightweight steel footbridge show that the coupled crowd-structure model is able to reproduce the experimentally
identified dynamic behaviour.
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The impact of HSI on the response of the footbridge to crossing pedestrians is evaluated for various pedes-
trian densities and footbridge parameters. By comparison with the results of a moving force model, it is shown
that HSI leads to a reduction of the structural response which, in most cases, is significant (> 30%). The
reduction is most important for structural modes with natural frequencies between 2.5 Hz and 4.5 Hz and
for low values of the associated modal damping ratio and modal mass. Furthermore, it is demonstrated that
simplified force models may lead to unrealistically high acceleration levels. These levels are not reached by the
coupled crowd-structure model due to the increase in effective damping ratio.

In addition, the impact of various simplifying assumptions and inter-person variability are evaluated. It
is demonstrated that the detailed moving crowd model can be well approximated by a time-invariant crowd-
structure model. Furthermore, the influence of the distributions of step frequencies is observed to decrease as
the impact of HSI increases.

This study shows that the mechanical interaction with the crowd is relevant for the vertical low-frequency
dynamic behaviour of footbridges, leading to a reduction in the structural response which may be considered
in practical design. In the assessment of HSI, the (distribution of) mechanical properties of the pedestrians
are key parameters. Although the present study is based on reasonable assumptions on the dynamic behaviour
of pedestrians and crowds, further research is required for the refinement and verification of these mechanical
models.
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Appendix A: Coupled crowd-structure model

In section 2, the equations of motion have been written for the human body model and the supporting
structure separately. They are combined by eliminating the interaction forces py(¢). The displacements,
velocities and accelerations of the bridge at the contact point with a pedestrian k& are found as:

us(t) = Spr()®z(t) , n(t) = S () PA(E) , iis(t) = Spp(t)PE(t) (A1)
with Sy (t) the corresponding column of the matrix Sy (¢). The interaction force py(t) can be written as:

pult) =k |wa (t) — s;ka)@z(t)] + e [am(t) — S (O)®2(t)| — muo Spp () PE(2) (A2)
Subsequently, Eq. (A.2) and the equations of motion for each of the ny human body models:

My tig1 (8) + cut [ () — ()] + kur [uni (t) —us(t)] =0 (A.3)
are introduced in the equations of motion of the supporting structure Eq. (1):

M (1)i(t) + Ca(1)a(t) + Ku(t)z(t) = @' Sp(t)pr(t) + @ "Sp(t) K (¢) + Curtut (1)) (A.4)

where the generalised mass My (t) € R"m*"n  damping Cg(t) € R™*"n and stiffness Ky (t) € R™ <" matrices
read:

M (t) = I+® 'S, (t)MyoS, (t)®; Cy(t) = T+® S, (t)CyS, (1) ®; Ky(t) = 2+ TS, (1)K S, (1)@ (A.5)
with:
My = diag {myo}; Cy=diag{cm}; Ky = diag{kyu} (A.6)

The terms in uy(t) and 0y (t) are moved to the left hand side of Eq. (A.4). By combining the two sets of
equations of motion, Eq. (A.4) and Eq. (A.3), in a single system, the coupled crowd-structure system is written
in state-space form. The continuous-time state-space model is given by the following system of equations:

%(1) = Ac(t)x(t) + Be(Sp(pe(t)  with  x(t) = [a(t) wa(t) (1) fn(t)]’ (A7)
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where the state vector x(t) € R™ with ng = 2(n,, + ny) collects the modal displacements and velocities of the
footbridge (z), and the displacements and velocities of the human body models (uy;). The system matrices
Ac(t) € R™*™s and Be(t) € R™*™or are defined as:

A= | Sttt i 0Cw0] | PO =[agy] i To0= [P0 ]

where the matrices My (), Kygs(t) and Cyg(t) € R™*™ with ny, = n,, + ny, refer to the generalised mass-,
stiffness and damping matrices of the coupled crowd-structure system:

Ms () = [Mg(t) 1\2}1} with My = diag {my}; (A.9)

o[ G —eTsmc] . = [ Kut)  —@TS,(0Kq

CHB(t) - |:—CHSPT(t)‘1> Cl; :| 5 KHB(t) - —KHSPT(t)q) I(pH (AlO)
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Figure 1: Schematic representation of (a) the human body model, (b) a footbridge subjected to pedestrian excitation and the
proposed decomposition of the contact force pp into (c) the fixed-driver term pr and (d) the interaction term py.
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Figure 2: Schematic representation of the models considered in this paper to predict the structural response to pedestrian excitation:
(a) Stationary force model (SF), (b) Moving force model (MF), (c) Moving force model with added mass (MFAM), (d) Pseudo
moving crowd model (PMC) and (e) Moving crowd model (MC).
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Figure 3: The FRF Hus(w) of the coupled crowd-structure system with & = 0.5%, &1 = 30% and a mass ratio of (a) pws = 0.1 and
(b) ps = 0.4, for a frequency ratio fu1/fs of: 0.4 (o), 0.6 (O0), 0.8 (A), 1.0 (¢) and 1.2 (V) and of the empty structure (black).
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Figure 4: The mean value (black) and the 5%-95% percentile interval (grey) of the normalised effective frequency fes/fn (top) and
the effective damping ratio &g (bottom) of the coupled crowd-structure system in terms of the natural frequency of the footbridge
(fs), for the mass ratios pus = {0.05,0.1,0.2,0.3} and a footbridge with a modal damping ratio & of (a) 0.2%, (b) 0.5% and (c)
2.0%.
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Figure 5: (a) Eeklo footbridge, (b) cross section and (c) top view with walking area (box) and stationary person locations (solid).
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Figure 6: Measured vertical free vibration response of the footbridge at midspan, dominated by the contribution of the vertical
bending mode (f2), with 15 human persons adopting the posture with (a—c) straight legs and (d—f) slightly bent legs: (a,d) time
series with selected peak values, (b,e) corresponding amplitude spectrum and (c,f) natural logarithm and best-fit line of peak
amplitudes (y;) and number of cycles (z;).
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Figure 7: The effective natural frequency feg and damping ratio e of the vertical bending mode (a) and the fundamental lateral-
torsional mode (b): the 90% confidence region computed by the coupled crowd-structure model (grey area), including in addition
horizontal interaction (hatched), identified from the free decay analysis (x) and identified from the OMA (confidence interval), for
a normal standing posture, 2 legs bent and for persons walking at a low (light grey), normal (dark grey) and fast (black) speed.
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Figure 8: The 95 percentile value of the maximum acceleration at midspan (imaxos) with the step frequencies of the pedestrians
set to follow a Gaussian distribution (case 1) or all identical (case 2), disregarding HSI (dark grey), taking into account HSI (light

grey) and disregarding intra-person variability (white).
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Figure 9: The 95 percentile value of the maximum acceleration predicted by the MF-model (iir maxos [m/s2]) in terms of the
natural frequency (fs) and modal mass (ms) of the footbridge with & = 0.5% for: (a) a low (0.2 persons/m?) and (b) a high (1.0
persons/m?) pedestrian density.

27



5 5 5 5 5 ] 5
¥ 3 ¥ ¥ ¥ 4
< 4 - 4 - 4 = 4 < 4 ]
S S S S S P
X X X X X 2
=3 =3 =3 23 =3 -
3 g g g £ N 1
n o ]
21 2 3 4 5 6 21 2 3 4 5 6 21 2 3 4 5 6 2l 2 3 4 5 6 21 2 3 4 5 6 0
(@) Jo [Hz] Jo [Hz) fs [Hz) fs [Hz) I [He]
a
5 5 5 5 5 M 5
"of "of "of "of "of 4
S a4 Za 4 S B
E] =] S S S 3
X, X, X, X, X, P
=3 =3 =3 -3 =3 ]
21 2 3 5 6 “1 2 3 4 5 6 21 2 3 4 5 6 21 2 3 4 5 6 21 2 3 4 5 6 0
(b) fu [Hz] fu [Hz] fu [Hz] fe [He] fi [Hz]
5 5 5 5 5 ] 5
"of "of "of “of "of 4
4 24 il Za Za ”
S ] S ] S P
X X X X X 2
=3 =3 =3 23 =3 -
£ g /\ g g /\ £ H1
a3 5 6 a4 2 5 6 A4 2 4 5 6 4 2 3 4 5 & A 2 5 6 °

3 4 3 4 3 3 4
fs [Hz] /s [Hz] fs [Hz] fs [Hz] fs [Hz|

(c)

Figure 10: The 95 percentile values of the maximum acceleration levels at midspan of the bridge (tiusi,max9s [m/s2]) predicted by the
PMC-model for low (d < 1 persons/m?) and high (d > 1 persons/m?) pedestrian densities, for a structural inherent damping ratio
of (a) & = 0.2%, (b) & = 0.5% and (c) & = 2.0%, in terms of the natural frequency (fs) and modal mass (msz) of the footbridge.
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Figure 11: The reduction factor Ry [-] derived for low (d < 1 persons/m?) and high (d > 1 persons/m?) pedestrian densities, for

a structural inherent damping ratio of (a) & = 0.2%, (b) & = 0.5% and (c) & = 2.0%, in terms of the natural frequency (fs) and
modal mass (ms) of the footbridge.
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Name Abbreviation

fixed-driver
term

Human-structure interaction

Stationary force model SF
Moving force model MF
Moving force model with added mass MFAM
Pseudo moving crowd model PMC
Moving crowd model MC

stationary
moving
moving
moving
moving

disregarded

disregarded

uniformly distributed crowd mass
stationary human body models
moving human body models

Table 1: The main characteristics of the numerical models considered to predict the response of the footbridge to crossing pedestrians.
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A'i/.fn')ax95 [%]

Time- — case 1 — — case 2 —
Model type N variant fs [Hz]  2.00 3.25 5.00 2.00 3.25 5.00
A. Pedestrian density: 0.2 persons/m?
SF 2nm No +19 +131 +158 +33 +180 +196
MF 2nm No +16 +109 +132 +23 +124 +135
MFAM 2nm No +15 +104 +125 +22 +117 +127
PMC 2(nm+ny) No -5 +2 +4 +4 +5 -3
MC 2(nm+nu)  Yes +0 +0 +0 +0 +0 +0
B. Pedestrian density: 1.0 persons/m?
SF 2nm No +130 +339 +368 +185 +617 +707
MF 2nm No +116 +303 +329 +122 +406 +465
MFAM 2nm No +87 +227 +247 +92 +305 +349
PMC 2(nm+nu) No +1 <1 -3 +1 -1 -2
MC 2(nm+ny) Yes +0 +0 +0 +0 +0 +0

Table 2: The system order ns, type and the predicted 95 percentile value of the maximum (iimaxos) acceleration, relative to the one
of the moving crowd model (MC).
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