
ABSTRACT: The issue of human-induced load and related mechanical performance has become one of the leading research 
topics in structural dynamics during the last decade. Although the concept of variability and uncertainty is well developed in 
structural dynamics disciplines such as wind, wave and earthquake engineering, most of the human-induced force models 
developed so far in structural engineering are deterministic, despite the intrinsic randomness of the crowd behaviour. The 
probabilistic models proposed in the last years have recognized two main sources of uncertainties, namely the structural system 
and the human-induced force. The pedestrian-related random variables usually considered in the cited force models are walking 
frequency, step length, free walking speed, single pedestrian force magnitude and body weight. According to the authors, 
another source of uncertainty should be considered, namely the one associated to the pedestrian traffic approaching and crossing 
the footbridge. This may find an analogy to what is usually done in wind engineering, where uncertainties related to the 
incoming wind are due to the inborn variability of the latter. Pedestrian traffic uncertainty is expected to deeply affect the crowd 
load on the structure: the magnitude of the overall force depends on the number of incoming pedestrians, while the load spatial 
distribution follows from the position of each pedestrian at the footbridge entrance and subsequently along the walkway. 
Coherently, in this study, the uncertainty evaluation includes the description of the undisturbed incoming traffic in terms of 
pedestrian density and hence introduces the variability of each pedestrian position. A two parts paper follows. The current one 
proposes a general procedure to collect in-situ data about the incoming crowd density and extract statistics. As such 
measurements are currently missing, a first attempt to obtain such statistics from data available in literature is proposed. The 
coefficient of variation of the incoming density is obtained and compared with the one of other pedestrian-related random 
variables. 
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1 INTRODUCTION 
The issues of human-induced loads and related mechanical 
performances at both serviceability and ultimate limit state 
has become one of the leading research topic in structural 
engineering during the last decade, due to the recent trend of 
the structural design towards increased slenderness and 
reduced mass, stiffness and damping. 
Despite the intrinsic randomness of the crowd behaviour, most 
of the human-induced force models developed so far in 
structural engineering are deterministic. This inadequate state 
of the art has been recently outlined by Racic and co-workers 
in their review paper [1]: ”Although the concept of variability 
and uncertainty is well developed in structural dynamics 
disciplines such as wind, wave and earthquake engineering, 
the stochastic concept is surprisingly underdeveloped in the 
area of human-structure dynamic interaction where there is a 
considerable randomness of the key design parameters related 
to the human-induced dynamic loads and structural dynamic 
properties.” Let us briefly review the existing studies related 
to these recognised sources of uncertainties (i.e. structural 
system and human-induced force), before discussing the 
completeness of this categorisation. 
Structural dynamic properties. Among the parameters 
related to the mechanical properties of the structure (mass, 
stiffness, damping), the latter has been early recognised as the 

most uncertain one and the one which mostly contributes to 
the overall structural response. A great scientific effort has 
followed during the Eighties and Nineties, and several studies 
have specifically dealt with damping, e.g. the ones collected 
in the field of Wind Engineering by [2][3]. 
Human-induced dynamic loads. The dynamic load exerted 
by a single pedestrian is affected by uncertainties which can 
be ascribed to inter-subject and intra-subject variability, 
related to differences between different people, and to the 
different behaviour of each pedestrian in different conditions 
(e.g. the difference between two subsequent steps during 
walking), respectively. In the last years, some probabilistic 
models have been proposed, from the Zĭvanović’s pioneering 
studies [4][5] to the most recent ones ([6] 
[7][8][9][10][11][12][13]). They are dynamic force models in 
the sense that pedestrian force is time dependent, and mainly 
account for pedestrian intra-subject variability and/or inter-
subject variability. The pedestrian-related random variables 
(r.v.s) usually considered in the cited force models are the 
walking frequency fp, the step length lp, the free walking 
speed vp, the single pedestrian force magnitude in terms of 
Dynamic Load Factors DLFip, the body weight Wp. It is 
worth stressing that these r.v.s are introduced to describe the 
magnitude and frequency content of the single pedestrian 
force. A non exhaustive list of the random variables 
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recognised in literature and ascribed to the mentioned sources 
of uncertainty is given in Table  1. 

Table  1 - Uncertainties recognized in literature 

source single pedestrian force structure 
r.v. Wp DLF1p lp fp vp ξs 
Distrib. emp norm norm norm norm lognorm 
Cov 0.15 0.16 0.10 0.10 0.18 0.40 
Ref. [11] [5] [5] [5] [14] [3] 
 
It is worth pointing out that the generic pedestrian-related r.v.s 
ε show comparable values of the coefficient of variation 0.10 
≤ cov = µε/σε ≤ 0.20, significantly lower than the one of the 
structural damping. 
According to the authors, another source of uncertainty should 
be accounted for, that is the pedestrian traffic incoming and 
crossing the footbridge, while only the single pedestrian force 
and the structural properties actually are. In fact, such source 
of uncertainty deeply affects the crowd load on the structure: 
the magnitude of the resulting overall force depends on the 
number of incoming pedestrians, while the load spatial 
distribution follows from the pedestrian position along the 
walkway. 
Even if pedestrian flow is characterised by some specific 
features (see Section 2), the analogy with the well established 
uncertainty treatment in wind engineering is introduced. 
Parametric uncertainties affecting wind-induced vibrations are 
usually ascribed to the meteorological data, the aerodynamic 
behaviour and the structural parameters (see for instance [15] 
[16]), besides to model or testing procedures [17]. The 
uncertainties related to meteorological data are due to the 
inborn variability of the incoming wind: analogously, the 
incoming pedestrian traffic, i.e. the one undisturbed by the 
footbridge features, cannot be described in deterministic 
terms. Further uncertainties affect the wind flow around the 
structure, i.e. the aerodynamic behaviour of the latter: 
analogously, random variability affects the pedestrian flow 
along the footbridge. In spite of these analogies, the 
probabilistic modelling of the incoming wind is well 
established [18] and today available for a huge number of 
meteorological stations worldwide on the basis of the wind 
speed records initiated by Gustave Eiffel in 1889 [19], while 
the probabilistic evaluation of the aerodynamic behaviour has 
been recently tackled [20]. On the contrary, the statistics of 
the incoming pedestrian traffic and the probabilistic 
evaluation of the traffic along footbridges are surprisingly 
scarcely studied in civil engineering, nor conceptual 
distinctions are clearly made between the incoming traffic, 
and the traffic along the walkway. In the following, a short 
and non-exhaustive review of the available literature is 
provided also with reference to research fields other than civil 
engineering and to pedestrian facilities other than classical 
footbridges. 
The lack of statistics on the incoming pedestrian traffic is 
certainly due to the technical difficulties involved in 
automatic pedestrian counting and pedestrian density 
estimation. The first automatic procedures using image 
processing date to 1995 [21], i.e. one century later wind 
anemometry; the real time processing of the recorded videos 
and the individual detecting remain very intractable for the 

moderate to high density scenes, despite the recent advances 
of pattern recognition and computer vision techniques (for a 
recent survey, interested readers can refer to [22], [23]). 
Among others, Helbing and co-workers have provided a deep 
insight in the crowd dynamics from both the experimental 
[24], modelling [25] [26] and design [27] point of view. In 
particular, a part of their research activity has been applied to 
the pilgrims flow entering the Jamarat footbridge in Mina, 
Saudi-Arabia, under extreme density conditions in normal and 
panic situations [24] [28]. To the authors’ knowledge, in-situ 
measurements of the pedestrian traffic along more 
conventional footbridges and usual crowd events are available 
only in [29], [12], [30].  

 
The lack of data about incoming and crossing pedestrian 
traffic reflects on the codified approach to human-induced 
footbridge loads, in particular to their magnitude and 
distribution along the walkway. In the following, prescriptions 
about static-equivalent and time dependent loads by Eurocode 
and Setra Guidelines, respectively, are briefly recalled in this 
perspective. In Eurocode 1 [31] the characteristic value of the 
modulus of the static-equivalent vertical load is set equal to 
qk=5 [kNm-2]. No information are provided about the 
pedestrian density, even if the load magnitude is obviously 
related to the incoming crowd density. In other terms, the 
pedestrian load is defined as a r.v. and its value is related to a 
probability of exceedance, but no rational information about 
its phenomenological or statistical origin are provided. Hence, 
qk is an excessively synthetic measure of the uncertainties 
which take place in the problem. It follows that, in practice, 
this magnitude has been increased with conservative aims by 
the footbridge owners or designers, even if nobody actually 
quantitatively knows the degree of ”conservativeness”. For 
instance, a static-equivalent uniform load equal to 6 [kNm-2] 
has been increased for the Fourth Bridge over the Canal 
Grande “bearing in mind the high pedestrian flow in Venice” 
[32]. Furthermore, a high variability of the modulus exists 
among different national codes (for a review, see for instance 
[33]). 
The Setra guidelines [34] suggest a time-dependent load 
model and provide a deeper insight in the phenomenological 
origin of the load by referring to pedestrian density. In short, 
the approach subdivides four footbridge classes, defines the 
level of pedestrian traffic each one can bear and set the 
corresponding values of pedestrian density in deterministic 
terms (ρ = 0.5, 0.8, 1.0 ped/m2), in the sense that they are not 
related to a given probability of being exceeded. 
In both codes, the uniformly distributed load on the walkway 
surface (and of the pedestrians, in turn) is piecewise 
distributed along the walkway in the unfavourable parts of the 
influence surface, longitudinally and transversally [31], in 
order to maximise the load effects. Hence, such distribution is 
somewhat fictitious and deterministic, in the sense that it does 
not correspond to pedestrian traffic phenomena and it is not 
associated to a probability of occurrence. In other terms, such 
distribution obeys to a worst-case scenario approach. 

Face to the state-of-art shortly depicted above, this study 
proposes a comprehensive approach to the probabilistic 
evaluation of the pedestrian traffic on footbridges. In 
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particular the study aims at evaluating the uncertainty which 
affects both the macroscopic undisturbed pedestrian density 
incoming the footbridge and the pedestrian traffic along the 
footbridge, the latter being due in turn by the inter-subject 
variability of the pedestrians entering the footbridge. A two-
part paper follows. The current Part 1 describes the overall 
modelling framework for the probabilistic evaluation of the 
pedestrian traffic and proposes a general procedure to collect 
in-situ data on the incoming crowd density and to build their 
statistics. In the current absence of such measurements, a first 
attempt to obtain some statistics from existing data available 
in literature is performed. Part 2 [35] focuses on a 
probabilistic approach to the pedestrian dynamics to describe 
the spanwise propagation of the inter-subject uncertainty that 
affect the pedestrian position at the footbridge entrance. The 
uncertainty propagation is evaluated by a microscopic crowd 
model in the framework of the Monte Carlo like method.  

2 A MODELLING FRAMEWORK FOR THE 
PROBABILISTIC EVALUATION OF THE 
PEDESTRIAN TRAFFIC  

Let us briefly recall some phenomenological key-features of 
the pedestrian traffic [36] [37], which are considered to be 
useful to approach its uncertainty quantification: 
• pedestrian traffic is a dynamic transport phenomenon, 

i.e. pedestrian state variables vary in space and time, 
being transported by the pedestrians themselves. Hence, 
uncertainties in the incoming pedestrian traffic are 
expected to propagate along the walkway and to be 
modified by the transport phenomena due to the 
pedestrian kinematics;  

• pedestrian traffic is a multiscale phenomenon, which can 
be described at both macroscopic level (continuous 
medium) or microscopic level (granular medium). 
Hence, uncertainties can be included in both 
descriptions, depending on the scope of the uncertainty 
quantification;  

• at the macroscopic level: pedestrian density is not 
constant, that is crowd flow is compressible;  

• at the microscopic level: pedestrians are active particles, 
i.e. they perceive external stimuli and react to them 
giving rise to interaction among them. The position of 
each pedestrian potentially affects collective phenomena;  

• moving from macroscopic to microscopic (or vice versa) 
description of the traffic is possible, once an information 
enrichment or coarse graining is provided. 

 
Bearing in mind such features, the following approach to the 
uncertainty quantification in pedestrian traffic is proposed:  

1 the uncertainty on the pedestrian traffic incoming the 
footbridge is described in statistical terms by 
referring to a macroscopic random variable (density);  

2 further uncertainties at the footbridge inlet take place 
at the pedestrian (microscopic) scale because of the 
stochastic arrival process. The propagation of such 
an uncertainty across the footbridge span is described 
by a microscopic crowd model;  

3 finally, a macroscopic probabilistic description of the 
resulting flow and related pedestrian distribution 
along the walkway is recovered.  

3 STATISTICS ON THE INCOMING CROWD 
DENSITY 

In the following, two issues are faced, that is the definition of 
the incoming pedestrian density in the perspective of its long-
term future measurement and statistical analysis, and a first 
attempt to obtain a large enough ensemble by collecting 
public data already available in literature. 

3.1 Definition of the global crowd density for statistical 
purposes 

Statistics on the crowd density, i.e. a macroscopic quantity, is 
perfectly adapted to describe pedestrians incoming a 
footbridge because: 
• the macroscopic information is more significant than the 

microscopic dynamics of each single pedestrian in the 
engineering design and evaluation of the facility 
performances;  

• the inlet boundary condition reflects a lack of knowledge 
about the pedestrian dynamics outside the modelling 
universe of interest (i.e. the footbridge). Statistics of a 
macroscopic variable well reflects this lack of 
knowledge.  

The crowd density (number of pedestrians over surface) 
requires a reference area AR to be evaluated. This area is 
necessarily included in the area Arec in which the pedestrian 
flow is recorded, i.e. 𝐴! ⊆ 𝐴!"#. The reference area should be 
defined according to phenomenological-based principles, 
conventional parameters and technical limitations. 
Position. The recording area must be located outside the 
footbridge walkway, and upstream the scrutinised incoming 
flow if directional analysis are planned, so that the pedestrian 
are not affected by the walkway shape (undisturbed incoming 
pedestrians). An example is provided in Figure 1, where 𝐴!"# 
is located just upstream the entrance of the Jamarat Bridge 
[28]. 

 
Figure 1 - Recorded area adopted to evaluate the global crowd 
density incoming the Jamarat Bridge, after [28]. 

Size. Different issues are addressed:  
• the size of the recording area 𝐴!"# is limited by technical 

features of the measurement apparatus (optics of the 
camera, height of the installation pole (e.g. [28]);  

• the size of the reference area 𝐴! should not be related to 
the one of the footbridge walkway, because the global 
incoming density is not directly related to the traffic 
across the footbridge;  

• the size of the reference area 𝐴! = 𝐿!! , being 𝐿! its 
characteristic length, should be large enough to evaluate 
global crowd density ρ(t) having very large 
characteristic scales in space 𝐿! and in time 𝑇!, i.e. to 
average the local densities ρ l due to local traffic 
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inhomogeneities having shorter characteristic length in 
space Ll and in time Tl. In fact, in the proposed 
approach, the simulation of emerging local 
inhomogeneities (due to uncertain initial positions, 
geometry of the domain boundaries, interactions among 
pedestrians giving rise to self organisation phenomena, 
pressure waves, crowd turbulence) will be in charge of 
the crowd model (see Part 2 of the present study). Hence, 
Lg >> LR >> Ll ≈ 12 m according to the cited work of 
Helbing and co-workers [28]. 

 
Sampling frequency. Bearing in mind that pedestrian traffic 
belongs to transport phenomena in space and time, it is 
important that time-sampling interval is consistent with space-
averaging. The characteristic time TR related to the 
characteristic length LR of the reference area AR can be 
expressed as TR = LR/vp, where vp is the pedestrian free 
walking velocity. In other terms, pedestrians cannot travel 
along LR in a time shorter than TR. Bearing in mind the chain 

of inequalities about the spatial scales, it follows that Tg >> 
TR >> Tl ≈ 45’’[45] and 1/Tg << 1/TR << 1/Tl ≈ 0.02 Hz. 
 
The key question is: are local and global traffic scales far 
enough in space and time to allow reference scales to be set in 
between? This is the case in wind engineering, where large 
amount of experimental data testify that the macro- 
meteorological and micrometeorological (turbulence) scales 
of the wind in the Atmospheric Boundary Layer (ABL) are 
well espaced by the so-called spectral gap, corresponding to 
time scale of about 10’, around which the wind energy is 
almost nil. In order to tentatively provide a partial answer to 
such question for pedestrian traffic, let us consider the 
observations of the pedestrian traffic along the Clifton 
Suspension Bridge (CSB) [30] and the Podgorica Bridge (PB) 
[12] In both cases, straight walkways of constant width and 
relatively low pedestrian densities are suspected to minimise 
the walkway constraints on the pedestrian traffic: hence, the 
traffic measured along the footbridge is conjectured to be 
similar to the incoming one. 
 

 

 
Figure 2 - Global crowd density (data courtesy by Zĭvanović and digitalized after [30]): time histories (a), normalized PSD (b)

Furthermore, in both cases 𝐿! = 𝐿 is large enough to be one 
order of magnitude of the larger local scales. The 
measurements adopt different sampling window 𝑇! and 
sampling frequency 𝑓! = 1/𝑡!: in [30], 𝑁! is evaluated about 
each ts = 60 seconds along Ts ≈ 107’, while in [12] the 
sampling frequency is much higher (fs = 1 Hz) and the 
sampling window shorter (Ts ≈ 42’), i.e. ts,CSB ≈ TR/2, while 
ts,PB ≈ TR/75. The time histories of the global crowd density 
ρ(t) after the cited studies (“Test 3” in [12], directions City-to-
Bridge and vice versa) are plotted in Figure 2(a). The 

corresponding normalised power spectral densities 𝑆!∗ =
𝑓𝑆!/𝜎!! is evaluated by the Authors and plotted in Figure 2(b). 
The obtained results seem to confirm the hypothesis about the 
gap between global and local scales. In particular: 
• fluctuations characterised by long time scales and low 

dimensionless frequencies (𝑓𝑇! < 1) correspond to the 
high power density and are probably related to global 
traffic phenomena. In other words, long time fluctuations 
are related to the coherent structures of the ”smooth” 
incoming traffic, in analogy to macro-meteorological 
scales of the wind in ABL;  
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• short space-scales and high frequency fluctuations 
(𝑓𝑇! > 1) are by far less energetic and are expected to 
be related to inter- and intra-subject variability or to 
local phenomena at low crowd density (or to waves or 
crowd turbulence at very high ones); 

• the higher the incoming mean crowd density, the longer 
the time scale and the lower the frequencies which 
characterise the global density fluctuations. This results 
seems to be qualitatively reasonable form a 
phenomenological point of view;  

• the shorter time scales of the global density are about 2’ 
long, while the ones of the local, low energy fluctuations 
are no longer than about 60”;  

• the spatial averaging over 𝐴! involves an artificial 
spectral gap at 𝑓𝑇! = 1, i.e. traffic fluctuations with time 
scales around the reference characteristic time 𝑇! are 
filtered by the spatial averaging.  

In short, the following approach can be envisaged to obtain 
the p-th percentile of the incoming global density ρ p for a 
given site:  

a. measure the global density ρi(t) during the i-th 
Crowd Event (0 ≤ 𝑡 ≤ 𝑇!"!) referring to a reference 
area 𝐴! and to a sampling time 𝑡! (observation by 
averaging in space);  

b. obtain extreme value in time, by extracting the 
maximum value 𝜌! of the global density (outcomes) 
occurred during the i-th Crowd Event (or 
alternatively by extracting, from a continuous record, 
the peak values reached for any period during which 
values exceed a certain threshold, Point Over 
Threshold method);  

c. collect extreme values series from several Crowd 
Events 1 ≤ i ≤ n (Crowd Event Maximum Series) and 
perform ensemble statistics by fitting to a suitable 
distribution with Probability Density Function 𝜙 𝜌  
and Cumulative Density Function Φ 𝜌 . Evaluate the 
p-th percentile 𝜌! = 𝑎𝑟𝑔 Φ = 𝑝  of the distribution 
to be assumed to define the design incoming 
pedestrian density 𝜌!.  

For sake of clarity the process is sketched in Figure 3.
 

 
Figure 3 - Conceptual scheme for the definition of the incoming pedestrian density design value ρd : spatial averaging (a), time 

statistics (b), extreme statistics (c)

3.2 Application: an attempt towards global crowd density 
ensemble statistics 

The approach envisaged above requires long-term 
measurements. Awaiting mature and reliable automatic tools 
addressed to crowd density estimation, ensemble statistics can 
be performed over data coming from several past crowd 
events occurred in different sites and reported in literature. In 
other words, bearing in mind the approach outlined in the 
previous subsection, this means that steps a) and b) are 
skipped and step c) is performed using literature data. Of 
course, the statistical representativeness of this subset is 
questionable, analogously to the critical remarks moved to the 
pioneering palaeontologist R.T. Bakker [38] about the ability 
of the statistics of the predator/prey ratio over the dinosaur 
fossils collected in museums to represent the same ratio over 
the total dinosaur population in nature. For sure, the model 
uncertainty about the statistical characterisation of the 
incoming crowd by such approach is expected to be very high: 
nevertheless, the proposed approach has, to the authors’ 
opinion, the merit to show at least the feasibility of the 
statistical characterisation and to provide a (rough) example of 
its application. In this perspective, an attempt has been made 
by the Authors collecting crowd event that induced different 

effects on footbridges (for collections of crowd events along 
other facilities and in other conditions, see for instance [39] 
[40]): global Collapse (C), Vertical or Lateral Vibrations of 
the deck (VL and LV, respectively), Stampede/trample (S) 
along the walkway. Only the events for which global crowd 
density can be estimated have been retained. To do so, 
reference has been made to the survey in [41], to other 
scientific papers in literature [12][30][42][43][44][45] and to 
movies/pictures available online (e.g. the Maori 
demonstration along the Auckland Harbour Bridge [46], or the 
stampede over the Sindh River Bridge [47] and the Akashi 
station [48]). The retained 24 crowd events are listed in Table  
2 in increasing density order, with explicative pictures of the 
pedestrian pattern for the ones highlighted in Italics. The 
event that causes persons to congregate and the kind of 
pedestrian traffic are specified according to widely 
comprehensive categories (e.g. the event ’crowd gathering’ 
includes sports, religious or festival gathering). It is worth 
pointing out that the collected densities are extreme values for 
each Crowd Event, even if the CEs are not necessarily 
crowded major public event such as the ones scrutinized in 
[39]. Let us introduce two remarks about the inhomogeneity 
of the data in the ensemble and the adopted corrective actions. 
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First, it is worth pointing out that in most cases the global 
crowd density ρ is estimated referring to the walkway surface 
as the reference area AR = LB, being B the walkway width and 
L the walkway length. Exceptions are the Auckland harbour 
bridge, (AR = LcB, being Lc ≈ 280 m the length of the 
demonstration trail [46]), the Verrazano Narrow Bridge (AR = 
LcB, Lc = 30 m [42]) and the former Jamarat bridge (AR = 
B2/4 is located just upstream the entrance ramp [24]). On one 
hand, this feature assures a kind of homogeneity of the data 
set. On the other hand, it follows that in most cases the 
undisturbed incoming global density is approximated by the 
one along the footbridge. Such approximation is somewhat 
acceptable if the walkway is expected to not significantly 
affect the crowd dynamics (unrestricted conditions), e.g. it is 
straight, its width is constant, and in absence of significant 
effects of the side barriers on the pedestrians (e.g. pressure or 
limitations [39]). For instance, such limitations can be easily 
observed along the Koh Pitch footbridge (Figure 4b) during 

the stampede (𝜌~9.39 ped/m2) occurred in 2010 [49]. In 
particular, crushing phenomena along parapets look 
qualitatively analogous to the ones depicted at the Brooklyn 
bridge (Figure 4a) during the stampede occurred three days 
after its opening in 1883 [50]. Only density in unrestricted 
conditions have been retained and collected in the present 
study. 

 
Figure 4 – Pedestrians flow constrained by side barriers: 
Brooklyn bridge (a) and Koh Pitch footbridge (b)   

Table  2 - Crowd events retained in the ensemble. Kind of event: G crowd gathering, CT everyday traffic, OD opening 
day/demonstration, RS river spectacle, MS marching soldiers, – not available. Kind of traffic: W one direction walking, 2W two 
direction walking, Q queue, D drifting towards side barriers. Crowd effect: S stampede, C collapse, LV lateral vibrations, VV 
vertical vibrations. Ethnicity: A Asiatic, C Caucasian. 

year footbridge location event traffic effect ethnicity 𝜌 [ped/m2] TCE Ref. pedestrian pattern 
1886 Mährisch-Ostrau Czech Republic MS W C C 0.06 -- [41]  
1831 Broughton UK MS W C C 0.24 -- [41] 

 
2004 Podgorica Montenegro CT W VV C 0.26 -- [12] 
1996 Aranjuez Spain -- -- C C 0.42 -- [41] 
1972 Naga City Philippines RS -- C A 0.53 -- [41] 

 
2004 Verrazano USA G W VV C 0.54 -- [42] 
1850 Basse-Chaine France MS W C C 0.66 -- [41] 
1978 River Uremea Spain RS -- C C 0.80 -- [41]  
1877 Widcombe UK O -- C C 0.98 -- [41]  
1926 Whitesville USA RS D C C 1.02 -- [41]  
2003 Clifton  UK G W LV C 1.04 120’ [30] 

 

1975 Aukland Harbour New Zeland D W LV C 1.34 ≈ 5’ [46] 
2000 Millenium UK OD W LV C 1.40 -- [43] 

1974 Mahkali River  Nepal -- -- C A 1.67 -- [41]  
1877 Widcombe UK O Q C C 1.71 -- [41]  
1845 North Quay UK RS D C C 1.91 -- [41] 

 

1989 T-Bridge Japan G W LV A 2.12 20’ [44] 
2004 Miyun Rainbow PRC G 2W S A 4.09 110’ [45] 
1952 Knowsley Street  UK G Q C C 4.11 -- [41] 

 

1973 Bosporus Turkey OD W LV C 5.00 -- [41] 
2001 Akashi  Japan G W S A 5.00 45’ [48] 

2006 former Jamarat KSA G W S A 6.00 20 hrs [28] 

 

1979 River Lerma Mexico G W C A 7.14 -- [41] 
2013 Sindh River India G W S A 7.14 -- [47] 

 
Second, the crowd density 𝜌 is obtained in geographic areas 
where different ethnicities prevail, so that the body 
dimensions are quite different. Hence, in order to homogenise 
the set of data, the density has been normalized by scaling to 

the maximum value 𝜌!"#  , i.e. 𝜌∗ = 𝜌/𝜌!!"  . Two ethnicities 
are considered in this study, i.e. Asiatic and Caucasian, for 
which maximum 𝜌!"#,!   values are available in literature for 
unrestricted and constrained conditions (k=f,c, Table  3). 
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Table  3 – Max density for Asiatic and Caucasian ethnicities 

ethnicity 𝜌!"#,! 
[ped/m2] 

ref 𝜌!"#,! 
[ped/m2] 

ref 

Asiatic 8 [28][51] 10 [28] 
Caucasian 6 [52][39] 8 [39] 
Figure 5 collects the empirical PDF of the dimensional crowd 
density in histogram form with contribution of the crowd 
effects and the empirical CDF of the normalized density. 

 
Figure 5 - Empirical PDF of the density and empirical CDF of 
the normalized density 

 
Figure 6 - Crowd density incoming the walkway (free 
conditions): quantile plots for the fitted distributions 

Among the considered distributions, the Weibull one 
(Extreme Value Distribution Type III)  

 𝜙 𝜌|𝑎, 𝑏 = 𝑏𝑎!!𝜌!!!𝑒!
!
!

!

𝐼 !,! 𝜌 , (1) 
provides the best fit to the data (Figure 6) with parameters a = 
0.34 and b = 1.10. The convergence of the parameters is 
checked for increasing number of the crowd events included 

in the ensemble. The residual for the generic parameter φ is 
evaluated at the n-th size of the ensemble as 𝜑!"# =
𝜑! − 𝜑!!! /𝜑!  and plotted in Figure 7. The complete set 

of collected events allows to reach a threshold of about 2%. 

 

Figure 7 – Convergence of the Weibull parameters 

Table  4 summarises the first statistical moments, quartiles 
and 95-th percentile [ped/m2] obtained from the Weibull law 
for both the considered ethnicities. 

Table  4 – Crowd density: statistical moments [ped/m2] 

ethnicity 𝜇! 𝜎! cov. 𝜌!" 𝜌!" 𝜌!" 𝜌!" 
Asiatic 2.60 2.37 

0.91 
0.94 1.93 3.64 7.33 

Caucasian 1.95 1.78 0.71 1.45 2.73 5.50 
 
The cov of the incoming pedestrian density 𝜌 is clearly much 
higher than the one of the random variables referred to the 
single pedestrian (Table  1). On one hand, such higher 
dispersion is not surprising bearing in mind the inborn 
variability of the pedestrian traffic. On the other hand, this 
rough attempt confirms the need of a careful evaluation of 
such significant and neglected source of uncertainty, which 
prevails by far over other widely studied sources. 

4 CONCLUSIONS 
This work attempts to complement the probabilistic 
description of the recognised uncertainties sources in human-
induced vibrations of footbridges by including the ones 
related to crowding conditions. In analogy to wind flow 
probabilistic models already developed and codified in Wind 
Engineering, the proposed approach provides a statistic 
description of the incoming pedestrians. A probabilistic model 
of the pedestrian traffic along the walkway is proposed in a 
companion paper [35] to account for the uncertainties of the 
pedestrian position at the footbridge entrance. 
The applicability of the proposed approach has been 
preliminary discussed by defining a global density and by 
evaluating the related space and time scales. Hence, awaiting 
mature automatic tools to estimate the crowd density, 
ensemble statistics have been performed over data coming 
from published crowd events occurred in different sites. The 
resulting preliminary results, even if quite far from 
convergence, clearly show the cov of the incoming pedestrian 
density is much higher than the one of the random variables 
referred to the single pedestrian.  
In the future, the authors hope to see the number of the crowd 
events and the related incoming pedestrian densities in the 
ensemble increased, in order to allow more precise statistics to 
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be obtained. Further contribution from the readers of this 
paper are welcome and acknowledged, if any. 
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