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Introduction

APrevention i sthidbstatermeatrcould tamliedinaonamy éedds,
but none of them can be considered as expensive as the boitdifdot only for the
coss of the structure itself, but also for the pbsilt in adjustments. Indeed, in
presence o# low stiff structure, due tis material and/or geonwy, it is nowadays
common practice the addition ®inedMassDampers (TMD) after the construction
for serviceability reasons. Their implementation requires a deep analysis of the
completed structure, leading to consistadditional costs. This pcedue is not
always a choicebut, sometimesit is necessary. One of the most unpleasant case is
the closure of the London Millennium Bridge, during its opening, due to an unexpected
lively dynamic behaviour. Countermeasures required almost a year of stddy an
additionalcogof 5 mi |l Il i on pounds. I't wasnodét a desi
but it was a design error due taleeplack of knowledge corerning the interaction
between Hmans andStructure. Since that moment, engineers have definitely
acknowlelged the HumaStructurelnteraction (HSI) as a serious problem to be
addressed urgently.

This work proposes a contribution to the HBbdelization as a pursuance of
previous work$1,2], by means of the development, application and validation of three
newHSI Models In the first one, Model 1, a local modelization of the pedestrian, with
respect to his/her position on the structure, is adopted. This represgnémta
improvement, if compared with the approach adopted by the previoug2jobls for
Model 2 and 3, in each of them a differeditional complexity idreated and
modeledfor a more detailed description of the H&hrting by Model 1as background.

An experimental campaign was performed to acquire a series of pededuramtion
required tocorrectlyreplicatethe peopleand their effects on the occupied structure.
Not only, also the structure musthe analysed (a staircase was taken as reference),
to properly reproduce it during the numerical application of the Models-toally, a

series of different HSI scenarios were reproduced both numerically and
experimentally, in order to validate the Modédlke pedestrian situations were thought

to test dfferent aspects of the Models and so to assess their behavior, through the
vibration levels estimated by each of them. The experimentalwese performed

with the cooperation of five subjects, the same ones for which the pedestrian
parameters were aciged, over the aforementioned staircase

The aimwasto verify if a more realistic representation of the pedestisamsture
coupling(i.e. HSI) and so a greater complexity involved, could produce significant
improvement in the estimation of tiservicability of the structureThis througha
correct prediction of the vibration levels undertaken by the structure itself

At first, in Chapter 1, the topic is introduced the State of Art abouthe HSI,
and a short presentation of the previous contributidghe¢ddiSImodeling is presented
as well. In Chapter,2a deep description of the three advanced Modédsag with an
explanationof their working principle, is reportednstead, a descriptioof the
procedures used for thexperimental acquisition of the necessary pedestrian
information and their storage in databases, followed by the Experimental Modal
Analysis of the structure, ibustratedin Chapter 3Then, in Chapter 4he application
of the proposed Models, for the numerical simulation of the scheduled pedestrian
scenarios, and the pgstocessing analysis of the simulation results are explained.

vii



They are followed byhe description of the experimental campaign of the scheduled
pedestian scenarios. Finally, in Chapter 5, all the results obtained by the experimental
and numerical simulatienof each tested pedestrian scenario are repogerd
conclusions about the performed work are drawn.



Chapter 1

Introduction to
Human-Structure Interaction

1.1 State of At

In the las$ decadesgengineeringexperience and knowledgallied with the use of newly
developed materials and technologiesveallowed to build uplways more complex structures.

Of these,pedestrian infrastructures, like footbridgeesultedin slender longer and ligher
configurations. The con was that in this way, also small exiting components, like pedestrian walking
action, wergound to be ale to make the structure dynamically respokgien if such response
most of thetimel o e s ndt i nv ol v anussustainable vibragoh levierahehumane s |,
being sensibilitywas observedn response to the issue, design criteria started to account for the
problem.Historically, the British Standard BS 5408] was the first codéhat, more than B years

ago, was concerned footbridgevibration problemDespiteit was followed by otherghiswa s n 6 t
enough toik the matterindeeda number oproblems with vibration servicbdity continued to

be reportedNone ofthemas widely discussed as tbl@sures of both the Pont de Solferino bridge

in Paris in1999(Sétra4]) and then the London Millennium Bridge2000(Dallard et al[5]),
during their inaugurationshis last can be consideisthe most prominent casehich once

and for al drew the scientific attention on tlifrastructuralproblem.

The vibration serviceabilitissued o e s n 6 t  risenéli@structores) byt also to huge ones.
Indeed, different publications dealt with buildings and structures for public evemtexample,
Reynolds et al[6] monitored the vibration response of a stadidine observations were made
when thestructurewasempty, and in the meanwhile afférent events/activities. For the occupied
stadiumthemodal properties were extracted, and the configurations of the crowd were monitored
by correlating vibration response data with synchronised video images. The observations showed
that seated crowett! to a decrease in natural frequencies and an increase in damping ratios. Further
decreases in natural frequencies were observed when the crowd stood and/or jumped, highlighting
in this way the influence of different postures.

As just introduced, anothémportant matter in the field of the HSI is the position/activity
performed by the crowd that occupied the structure. This is dushenge ostiffness and damping
of the uman contributioras a function of thposture Therefore great attentiomvas ai ispaid to
the body configuration in the different analysed scenarios. A contribution imithigion was
carried out bywan Nimmen et al[7]. In her work, he dynamical chaceristics ofpeoplein the
normal standing, two legs bent postures and postures corresponding to the single and double stance
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phase of the walking cycle were identified experimentalty @mpared with other researshén
experimental study on a footbgd in laboratory conditions showed a decrease of the natural
frequencies and an increase in structural damping. Similar observations were obtained on a in situ
footbridge analysis. A simulation stage was then performed in which the human occupants were
represented by iBgle Degree Of Freedom(SDOF) systems, since the body response, at low
frequencies, was found well approximated by a highly damped SDOF system. Suchbnigigen
model was able to predict the experimentally identified dynamic behaviour obcthepied
structure.

In the following, a literature review is presentétifirst, a gatheringf the publicationsof the
last yearsarereported, tgrovide some ofthe mostcomprehensiveeferencesThen,a series of
paragraphgo illustratethe main aspcts of the dmanStructure mteracton (HSI) problemare
introduced: (ithelateral vibration interactiorssue since it was the firdirection of interactiorio
be deeply studiedhs it wasdiscovered to be thmain responsible for the badon Millennum
Bridge troubles; (ii)the first studiesbased on parametric analyseghich tried to connect the
multiple variables involved in the HSI with the obsenstlucturalbehaviours,d show how little
it was understoodintil the beginning of the 200Giii) the discussion on the design guidelines
suggested by the regulations giw) a comparison of the simplest models utilized to reproduce the
humanstructurenteractionFinallyyt he st udy of the human@andapparent
unusuakvi) approacheso account for itaretreated

1.1.1Literature Review

As a new phenomenon to be studitte publication on the topltave beerseveral with
different approaches and methodologies. Some-malie literaturageviews, which can be
useful to have a whe view on thaesearclalready donén this field, are presented fyachse
et al.[8], Zivanovic et a[9] andRacic et al[10].

Sachse et a[8], in 2003, released a literature review, with more than 130 piecaserning
the problem of Humasstructure dynamicniteraction applied to the design of civil engineering
structures. Firstly, the paper dealt with how structural movement affects human induced dynamic
forces, and then, how humans charlge dynamic propdies of structurethey occupy. The
literature dealing with the first aspect was found quite limited. Se@amgle Degree Of Freedom
models of standing people were discovered. However, all these models were found based on
unwarranted assumptions in respto damping and/or the lumped mass of the occupant model.
Furthermore, the experimentddtaused to derive the properties of human occupant models were
declared &ien incomplete and unreliable.

In 2005, Zivanovic et al[9] published a review of about 200 references, referred to the
vibration sericeability of footbridges under humanduced excitationThe source of vibration,
mechanical parameters of the footbridges and the receiver of the vibrations, the pedestrian, were
the main key pints. From it was concluded that the influence of walkiegple on footbridge
vibration properties, such as the natural frequencies and damping, was not well understood, let
alone quantified. In fact, a single national or international design guidahaeh covers althe
aspects of the problemwvas not found. The authors ended stating:it he over due wupdate
current codes will be a great ablenge forthenext 0 year s 0O

A great comprehensive review piiblicationsup to 2009, with 270 references dealing with
different experimental and analytical charadations of human walkinpad, was presented by
Racic et al[10]. Basing orthe review, the authors provided a consistent background and indicated
the major gaps for future researches. More than the traditional force measurements utilizing a force
plate, methods were introduced for indirect measurement of@imeng records vi@ombination
of visual motion tracking and known body mass distribution. A considerable uncertainty about how
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structural vibrations modify walking, and hence affélbe pedestriarinduced forces, was
underlined as a main challenge.

1.1.2Lateral ibration

Since he most gnificant event of this topidlje aforementionedondon Millennium Bridge
in 2000)was discovered to beaused by a nehinear interaction between pedestrians and
lateral vibratios, at this specific vibration direction was dedicatexhost of the initia
literature. Here, two different approaches to the study of the problem, which was advanced
in the past years, are reported.

Venuti et al[11] proposed a mathematical model and a computational approach to study the
interaction between the lateral vibrations of footbrglysd the pedestriangho walk onthem The
method is based on the decomposition of the coupled system into two subsystems and on the
interaction between them. In particular, the dynamics of the crowd was modelled in analogy to a
compressible flow. However, the model was testétl a lack of experimental data, therefore it
was used only to qualitativansiderations

The other completely differentapproachreported is the one dhgolfsson et al[12]. A
stochastic load modetas usedrom themto modelthe frequency and amplide dependencygf
thepedestriarinduced lateral forces.Wasmade by the sumahe6 6 si mpl ed6 6 | at er al
and the ones due to the interaction with the structureshwirere quantified through equivalent
pedestrian damping and mass coefficients. The selection of parameters was shown affects the
critical number of pedestrians needed to trigger excessive lateral vibrations.

1.1.3Parametric Sudy

To approach th HumanStructure Interactionproblem, parametric studies weralso
conducted Suchmethodologyis generallychosento handle groblem thatis againat itsinitial
understandingto help to highlight the main correlations among the inputs and the owtilts
studied phenomenolin this perspectivetwo valid works which bring their contribution five
years of the nevnillennium are reported.

Sachseet al.[13] attempted to expin observedhangsin modal characteristiasade by other
researchers, when the considered structures were ocdypisebple Natural frequencies, mode
shapes, mal masses and damping ratios were examined parametrically for ranges of mass
stiffnessand damping coefficients of tweDOFsystems connéed in series. One SDOEresens
a pedestrian anthe other one theelevant mode of the empty structure. It was found shah a
model can explain (lthe damping increas€2) additional modes and (8)eincreases as well as
thedecreases of natural frequencéssa functiorof resonant frequency considered, high an |
respectively.

Alexander[14] advancd a theoretical treatment for thmodeling of the crowdstructure
interaction. The model was built up in plane, with a continuous crowd mass spread over the
structure .Using a mathematical approach, each mode of thectstre wasdoneinteract with the
corresponding crowd mode only. This allowed to treat the problem as a seri®egfees Of
Freedom (2[DF) systens, one pemode. Given the uncertainty in the values of biomechanical and
structural parameteran extensie parametric study was conducted. As a result, a seriesiof
plots were obtained. From them, a set of crucial paraswtes showedexist, at which a sudden
drop innatural frequencigegor small increasen crowd mass, takes place.

1.1.4Guidelines

Although along the time different regulations were kgtauthorities in order to account for
HumansStructure hteractionduring the design stage of new structures, these guidelines were and
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are discussed by a lot of authoffie contestatimaredue to thaype of modds used which are
consideredas non-physically representativef the phenomenaonsideredConsequent incorrect
vibration leves areestimatedTo find more reliable approacheslot of publications compare new
ideas with then-forceregulations

Figueiredoet al.[15], with the purposeto obtain a reliable model for the dynamic behavior of
composite footbridges (i.e. concrete slail on a steel truss structure), fmmed extensive
parametric studies on eleven espman structures. Four different load models were considered to
incorporate the dynamical effects induced by
harmonicof the pedestriarwalking loadthat matched the first natural frequency of the structure
was applied. Irthe second one, the individuakight and the first fourth harmonics of the Fourier
seriesof the walking loadvas used, with alwaysne matching resonant conditiobhe first two
models were applied at the midspan of the footbridges. The third model was set equal to the second,
with the difference that the dynamical load position was changed accordingly to the individual
position. A number of six forces to model one single stepeset and applied accordingly in time
and space. To obtain the fourth walking load model, the human heel effect was added to the third
model. To do that, a modified Fourier seri@sincorporate the heel impact effestaisadopted. A
parametric analysisonsideringfootbridgespan variation was conducted. The structure model was
made with threglimensional beam elements, for the steel girders, hedl slements, for the
concrete slabThe footbridge maximum acceleratioalues were calculated for tHeur load
models and compared withe American Institte of Steel Construction (AISE)6] regulationand
the ISO 26312 [17]. The acceleration gak values showed that the load model Il produces
acceleration values always higher than load model I, underling the effect of the load harmonic
components. Even more high values were observed with the load modeld IN.afhis fact
emphasizes thawvhenthe individual position is changed, there is a substantial increase in the
structure dynamical response. As result, the acceleration peakdad#dhmodelll and IV crossed
the AISC[16] and ISO[17] limit values. Whereby, the authdrk5] stated that the actuals design
standards could produce unsafe thotdtvalues, since they are based on excessively simplified
load models.

Also Setarh et a[18] analysed the effect of watlg force modelgoming from widely used
sourcesappliedon a longcantilevered building structurdswasmade by a 34 m long steel trusses
part, cantilevered from a concrete core. Wmking tests were conducted by the same male
individual, walking along corridors which cover the length of the structure. To measure the
response, accelerometers were placed at the extrefritig cantilever By using a metronome to
synchronize the stgpthe individual walked at the first three measured resonance frequencies. A
computer model of the structure was created and updated by the modal test results. Also for the
simulations, only walking at the first three modes were considered. Six walkoesg faere used.
Four Fourier series based modsiace they were/are generallgapted, taking the Dynamicoad
Factors (DLF)from sources (Bachmann et |l9], Smith et al[20], ISO 1013721], Murray et al.
[16]). Plus, other two measured wiall forcefunctionswere usegdas they wereecommended by
Bachmann et aJ19] and by Khoncarly22]. Theselast two were used to find the best representative
step force way. To do that, numerical and measured accelerance FRFs were computed and
comparegermode.By using theiratio, the first harmnics of the forcing functionsvereadjusted.
The subsequent application of these two walorcefunctiors weremade by applying each step
at the corresponding time and location, with the appropriate overlap time, with the Smeante
step frequenckein turn Discrepanciewith the used ofthe Fourier series models weeported In
most cases an overestimation, while in a few cases an underestimated. A good match was observed
for the measured foedunctions after the adjustments. The explanation proposed by the authors
[18] involvedthe fact that thé&ourier seriedased forcdunctions were applied on the model by
using the combination of the two steps at each step contact \Mbiié. using the measured force
functions, the correct spatial and temporajusnce of steps was used. Hence, they concluded that
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theway in whichthe stegforcefunctions are applied can have a large effect on the response. Also
for the Fourier series based models it was proposed an adjustment, changing the DLFs. It was found
thatto have a good match, substantially different coefficients could be required. This depends on
how the walk forcing function are applied on the structure. As last, because most design guides that
use the Fourier series approach recommend to place itlgtatidhe most critical position, the
authors compared also the response resulting frgphaite marching and from walking along the
cantilever. h-place marching seemed to overestimated the structural response.

Anothernoteworthy work, is the one condudtby Mashaly et alf23], in which the authors
used a response spectrum approach to predict the vertical acceleration fieéikelfootbridges
were taken into account. The pedestmaiking forcewas modelled as a Fourier series, using the
first four harmonics. This was applied steadily at the midspan and as a moving walking load (case
V1 and V2). A walking frequency was chosen suchittatits harmonics coincide with the bridge
fundamental frequency. Two types of structural eisdvere used. A MulDegrees ®Freedom
(MDOF) model made by twdimensional beam elements. The second modsl| avGeneralized
Single Degree OFreedom (GSDF), in which the footbridge excitation was filtered by a half sine
shape function and the fundamental frequency wasdaime of an equivalent free bending pinned
pinned beamThe fundamental frequencies, of the five footbridges, calculated using ti@FMD
ard the GSIDF models, were found almost identical. The maximum acceleration at midspan for
each model was ofined, using also the Americanstitute for Steel Constructions (AISC)
standards (i.e. wittheAl | en and Mu [16]).alheddata shayeadatatithe acceliers
obtained by the GSDF modelfor load cases V1 and V2 were alshadentical to the ones obiaid
by the MDOF model This was attributed to the fact that the bridge dynamic response, during the
resonance, was totally governed by the response of the fundamental mode. Moreover, the
accelerations obtained for load casew&e always found lower than those of load case V1. For
what concern the acceleration c a[l6tiuténdedmbde wi t h
higher than the one of the V2 case, but more close to the one of the V1 case. Looking at the case
V2, as opposed t¥'1, the acceleration response was found to increase, as the pedeatkied
closer tothe midspan, and then to decreasshe walked away from the midspan. Going forward,
to study the effect of the bridge dynamic properties on the vibration response, the peak value of a
response quantity, as a function of the naturalukegy of the structure, was investigated. As
response quantity was considered a pseudo force, defined as ti@F@&Ximum acceleration
times the GSDF mass. In this way, all the GEP systems that have different masses but constant
frequency and dampingtio will have the same pseudo force. The response spectra were developed
for different damping ratios. This approach implies that the pedestrian dynamic load is considered
stationary at the midspan of the footbridge. At the end, the@FSDaximum accelet@mn was/can
be calculated as the pseudo force, divided by the@Smass. This equation indicates tlifleet
induced by themassof the footbridg as it increaseshe maximum acceleration decreases. The
results showed that the response spectrum preakictiere very close to those of the P
approach, and more accurate than the results obtaingtke Allen and Murramethod[16]. This
capability to catch themaximum acceleration responsessattributedto the fundamental vibration
mode,as main responsible of the dynamic response. Therefore, this can be assumed to be a useful
tool to evaliate the maximum vibration level of a structure, as long as the structure can be
approximated as a SDOF. It requires just the fundamental frequency, damping ratio and modal
mass.

InsteadVan Nimmen et al[24] evaluated the European HiVo§%] and the French Sétf4]
guideline, which are widely applied in practite.them, the human induced lodolg a stream of
pedestrians are simplified as a uniform load applied from an equivalent number of N perfectly
synchronised pedestrians. Ang the parameters, a coefficient is present to accounthéor
probability to match the frequency of the considered mode. Looking e¢fdrencestructure, the
guidelines classify a footbridge based on the expected pedestrian traffic, i.e. pedessign de
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They also suggest minimum and mean values for the damping ratio as a function of the accounted
type of structure. Vibration assessment is performed by maximum acceleration level in a specific
direction, which is calculated considering resonant d¢awdi for the investigated mode. The
outcomes are classified in four levels, with the corresponding comfort indexes. To test the rules,
they were applied to eight footbridges, Aibefore
available at the dam stage, the vibration assessnsewerecarried out for different pedestrian
densities. Due to the strong variations of the aforementioned coefficient, the acceleration
predictions were found highly sensitive to small variations in natural frequendgtimedHence,
Van Nimmen et al[24] pointed out that the psent form of the two guidelineould be explited
by designers to pass thibration serviceability check. Jusinall adjustmentgo shift the predicted
natural frequencies in a low value zone of such coefficieatld require To fix this issue, the
authorg24] proposed a modified coefficient to adopt in the design stage. Going forward, it was put
in evidence that only the force component in the considered direati@iaken into account. This
would benot true if modes with significant modal displacementsnore than one directioare
present. A more reliable prediction was obtained by using the experimental natural frequencies and
damping ratiosA deviation up to 10 in natural frequency and a good prediction of the mode
shapes were observed. Thereforgghhsensitivity to small variations in éhpredicted natural
frequenciesand the corroboration for the recommended damping valeesoencluded for the
checked guidelines.

Toso et al[26] performed an extensive parameséudy for the identification of reliable force
and biodymamic walking pedestrian models, as alternaiteethe one suggested by the regulations
(i.e. Sétra[4], ISO 10137[27] and Young[28]). Moreover,they compared the vibration levels
reachedwith the comfort classesindicatedfrom the UK-NA to ENI code[29] and the Setra
guidelines[4]. Going in details, e biodynamic model wasetasa SDOF systen) moving along
the structure, with # corresponding ground reactiforce This last wasonly applied on the
structure, mice it was obtained from walking on a rigid surfacé/hile the force model was
composed by only the ground reaction foftiee biodynamic model parameters (i.e. mass, damping
and stiffness) were obtained for every pedestrian by solving a system ofdhii@gear equations,
which werethe expression of the acceleratiorduencyResponsd-unction (FRF)of the SDOF
model. The required informatiomerethe first three harmonics of the ground reaction force and of
the acceleration athe waist level. In addition, dataf pedestriangweight, height and step
frequency) were statistically processed, with correlation and regression functions, with both the
biodynamic and force model parameters (medasjping, stiffness / ¥hamicLoad Factors). Not
only, regression functions were evaluated also for several combinations of the variables, and the
best correlations were used to propose newsw@yevaluate the biodynamic and force model
parametersAn Artificial Neural Network (ANN) wasimplemented tooThe proposed regression
modelswere comparedvith those obtained by other authors and with the originatinear
system.Toso et al[26] conducted the experimental stage using a prototype footbridge, subjected
to three pedestrian densitidsclosedwalking path, in which the test subjects crossed the structure,
was adopted. An accelerometer was placed at midspan. ImtteeHfemert Model (FEM)model,
the SDOFs were placed along all the structure deck and activated/deactivated when was required
to Aimovingo the pe ckeThafarce madas waré movagth thelfSBOFené r uct ur
The CorrelationVector Index (CVI) was usetb indicate the degree of consistency between the
experimental and numericat@elerations. It was found thiéte models can predict the reduction of
natural frequency due to the increase of the mass, for high pedestrian densities. However, such
shifts wee not observed when the foroaly model was used. Looking at the damping, the results
from the biodynamic model showed a better match wtitle experiments The authorg26]
concludecclaimingthe better performance of the ANBompared to the regression approaahd
supporting the pq@osed modelasa valid alternative to theiewedguidelines
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Going on, given the lack of reliable modehnd adequate design guidelines pertinent to
vibration serviceability of light and slender structures, Venuti ¢8@].proposed aheir approach
to handle the problenusingascomparisorsome of the st relevant design guidelines, etlge
French $tra guideling[4], the European HIVoS&5] and I1ISO 16137 [21]. In their work, they
proposed a model that comprises also crowd dynamics (positions and velocities of eachmedestria
in addition tothe HSI model. Indeed, the speed of a pedestrian is fimatiby the interaction with
neighbouring pedestrians and environment. To account for that, a frontal pedésidanf
interaction was used, which triggers an as high repulsige fas the proximity of the obstacles is.
After a sensitivity analysis, executed to calibrate the imawmameters of the crowd model, the
crowd modelwas able to predict the expected decrease of speeds as the density of pedestrian
increased. It is to higight that such model was used separately from the vibration analysis, since
Afino experiment al evidence was found that verti
pedestri ans 0, [3Q.tFar wieaticoncemiee Hal,tHe Istauctuse was model as a
SDOF, representing the first mode, and moving SD@é&® usedo representhe pedestrians. As
a consequence, separated simulation was conducted. For what concernapeatestnanical
paraneters, they were taken from published studies, and randomly assigned during the simulations.
Along with the pedestrian dynamic model, an external force was applied to the structure only. To
account for the inter and intra subject variability, the verticalking force was obtained by a
stochastic generatdt.wasdivided per pacing frequency. The key input parameters of the generator
are the mean step frequency and durations of successive footfalls, which are derived from position
and velocity given byhte crowd model. A test stage was performed on four virtual footbridges, all
of them with the same size, natural frequency, damping ratio andshage, but different modal
masses. Simulations with light, medium and dense pedestridirc thadre carried duon each
footbridge. For each structudensity pair, the structural response was evaluated with: (i) HSI
model, without the crowd dynamics; pedestrians were done walk along straight lines and equally
spaced, at same velocity. (i) Pedestrians modellsidgs forces moving at the velocity obtained
from the crowd model. (iii) All sudmodels together. The results showed that neglecting the crowd
dynamics the structural response was underestimated with respect to with it, since synchronisation
of pace rate wt h t he footbridge natur al frequency <co
pedestrian dynamic model, the response was found 30 times higher than the one with it. This was
concluded due to the damping added by the pedestrpro 5% was claimed inhte paper. Venuti
et all.[30] analysed also the acceleratipmmbability density function, finding the best match with
a Weibull distribution. Thereby, they suggested that having a prior knowledge of ddily dred
the properties of the footbridge, the likelihood to exceed a given acceleration limit could be
evduatad by means of such distribution.

1.1.5Comparison of Base Mdels

In the following is reported a comparison about the most confrasemodels utilized at the
beginning of the HSI modelingThey are presentetbgether witha critical analysisof the
discrepany of the results obtained with each of them. This useful contribution is di&pi@ni et
al. [31]. Indeed after a deep literatarreviewthe authors chogdtree different model® compare.

The treatment waarguedwith a well-posedmathematicabackgroundThe pedestrian was in turn
reducedio aMoving Force (MF), Moving Mss (MM) + MF and moving [Bing-MassDamper

(SMD) + MF. The pedestrian models were then extended to crowd models by superimposition. The
pedestrian and force parameters were taken by the reviewed literature. The walking was described
by spatially continuous footfall forces. The consideredcstme was an arbitrary footbridge, a
pinnedpinned continuous beam, that was modelled using both modal coordinates (MA), with 10
modes, andrinite Bements (FE) method. The bridge damping ratio was taken as a constant (0.5
%) for each mode in the MA casesidchangedollowing the Rayleigh damping in the FE cases.
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For the FE description, ordimensional elements were used with two DOF per node, and shape
functionswere used to allowcontinuous walking. The three models were tested in different
scenarios (agle pedestrian, deterministic crowd, and random cro¥at)both the FE and MA
analyss. A noteworthywork s the tracking of the change of the dynamic properties of the structure,
frequency and damping ratio, as pedestrians cross the strldioving forward, in the single
pedestrian cas¢he pacing frequency was takequal tothe empty bridge natural frequency. For

the deterministic crowdsimulation 100 pedestrians with deterministic characteristics were
generated. Howevea, normal distribution for pacing frequency was assumed and arrival gap of 1
m was used. In the random crowd case, 100 pedestrians were generated too, for 100 tinmeg, but us
different distributions fopedestrian and walking parameters. Pedestrian bwbsconsidered as

a Poisson process, and pedestrians with differing velocities were free to overtake each other. The
differences in bridge response, amdhg different pedestrian models, were found to be more
pronounced when subjecticrowd cases. Wle results fom FE and MA simulations were found

close. Looking at the results, tMF pedestrian model was observed overestimating the vibration
regponse. In the MM and SMD modelke bridge frequency reachedtimimum value when the
pedestrian reacklethe midspan, while the mode damping experienced its maximum. For MM
model, approximately half magnitude for the change in frequencies, and an order less with opposite
sign for the damping, with respect to the SMD model, were obsekvedther contribuion of this

work arethe shapes of the change of frequency vs pedestrian density and change of damping vs
pedestrian density. These two were not found uniform for the random crowd ageitedgr the
deterministic crowd. Therefore, prediction of frequeang damping shifts, under random crowd,

are not straightforward. On this, requirement of further studystedsdoy the authors.

1.1.6Posture & Degrees of Freedoms

Great attention was paid to the human bawichanicakchematization, in particular to its
passive effecbnthe occupied structure. On this matter, a determinant role is played [ystivee
and the activit that thepeopleundertake dting the analysed case scenaRor these reasons, a lot
of the publshed literature dealt and deaith this problem.n the following,some of the main
contributiorsin this sensare reported

A study conducted by Matsumoto et 2] was aimedo determinethe influence of the
postureandthe vibration magnitude on the dynamic response détdmeding human bodotion
was measured along the whole bofiwelve subjectsook part at the experimentwith threeleg
posturegnormallegsbent and one leg), and five magnitudes of random vibigiiothe frequency
rangeof 0.5 30 Hz were considered. The main resonance frequencies of the apparent masses were
found to differ with the posture. When the legs were bent, the resoinagaency of the apparent
mass decreased. The same was observed for the one leg posture, but noiothéslidile peaks
at frequencies below 30 Hz were present. The main resawaroefound to slightly decrease, as
the vibration magnitude increasddoing on with the workMatsumoto et al.in [33], searched
mathematical models, based mmped parameters, to model the human body apparent masses.
SDOF and 2DOFsystems both in series and in parallel, with and without support mass, were
considered. The model parameters were optimisedjuhe mean apparent masses tdk@n the
previousstudy [32], for three dferent standing postures and four vibration magnitudes. The
calculated responses of the 2D@bdels, with a massless suppshpwedhebest agreement with
the measured apparent mass and phase. The model parameters obtained by fitting the mean
measuredapparent masses of all subjects were similar to the means of all sets of parameters
obtained by fitting the individual apparent masses.

Sim et al[34] analysed the frequency response of a joint cretmacture system in which the
structure was treated aSBOFsystem and the seated and standing crowds vadhenodelled as
a 2DOF system.In a subsequent wiky Sim et al.[35] investigated the HSI by two equivalent
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reduced systems, a SDOF and 3DOF system. The two were compared with their previous work
[34]. The results showed that a full mo@ehibitsthe behaviour of a SDOF system for structures
with natural frequencies less than 4 Hz (when empty), whereas for structuhesatiral
frequencies above 4 Hz, the equivalent 3DOF system provided a bétigr fit

Kim et al[36] gavetheir own contribution on the human body modeling toouhliizing a
2DOF model. Comparison with the dynamic responses using thedtimain force and
experimental data were performed. Unexpectedly, tmamyc responses using the human body
model was found to be larger than the tidmmain force model. It was also found,eagected,
that the synchronization of walking produdager dynamic responses than those from the random
walking. However, for low dnsity walking streamsynchronization ofwalking and random
walking showed similar results.

1.1.70ther Modeling Approaches

As can be understood by the previ&@extion (1.1.6)the HumarStructure Interaction is all
but a simple issue tdeal with. Thereforeunconventional method®.g spectral modsl [37],
control theory[38] or 3D inertia tracking39]) with respect to the previous (and most common)
oneshave beerproposed tdace the problentoo. Some of the most particular ore® in the
following showed

Based on pedestrian traffimodeled probabilistically and with natimensional parameters, a
spectral model for the modal force induced by pedestrian groups, was proposed by Piccardo et al.
[37]. It was based on the assumption that pedestdan be schematized as a stationary random
process. This requiresminimum time opedestrian flonto approximate astationary the loading
process. Based on it, a simghealuaton scheme was introducdd evaluatehe maximunof the
dynamic response.

In the wake of recent proposed models based on the control theory, Caiced38i al.
suggested closed loop control mod@&® and PID) to model thduman Structure Interactio’
comparison with two traditional modelsising a SDOF and a 2DQmvas performed. The
experimental data used for the comparison were obtained from a labdeatastructure, that was
modeled as a SDOF. The 2DOF model showed a better agreement than the SDOF, to represent the
experimentallransfer FunctionTF): force - acceleration. However, models based on closed loop
control theory present more agreement, \hthadvardage of less paramesmequired.

Instead,Van Nimmen et al[39] tried to characterize walking loady a 3D inertial motion
tracking technique. A first laboratory stage was conducted. The registered motion allowed for a
strideto-stride variation identification, which is usually disregarded in the simulation of walking
forces. This allowed to identiffhe average step frequency of the tested subject, which was
implemented in the simulation by means of a generalised force model, providing a good
approximation of the imperfect real walking force. A subsequent application on a real footbridge
was executedyhich was followed by the calibration of its numerical model. Accounting for the
walking variabilities led to a significant improvement of agreement between the measured and the
simulated responses. While perfectly periodic forces led to a significarestiveation of the
structural response. The remaining discrepancies were explained through the structural changes
caused by the presenaepedestrians

1.2 Previous Contributions

1.2.1Passive People Effect

One of theprevious publicdons [1] analysed the influence of the presence of passive people
on the modal properties of a structure, and proposed a method to predict such Gteaggsoach
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was able to provide a mathematical justification to the observed phenomenon. Imefaffiedt of
each human subject on the structure was evaluated locally. Tiatdorto elements were required:

() adynamical model of the empty structure;
(i) adescription of the dynamic behaviour of each person standing on the structure.

As for point (i), amodal model of the structure was employed (i.e. natural frequencies, damping
ratios and mode shape#ft)can be obtained either from experimental data or ¢ model As

for point (ii), the quantity used to represent the dynamic behaviour of the Musdgrnwas the
apparent mas$40]. It is the transfer function betweehe forceexertedby the person on the

structure 'Q at the contactpoint, Fig. 1, the Ground Reaction Force (GRF)and the
correspondingcceleratiomy in the frequency domain
. nQ ’;‘Q
o3 _ 1
O Qe o] «y

Obviously, - 4 B is a complex functioandthe GRF of each person on the structure depends on
his/herbodydynamic propertied.e. mass, stiffness, damping).

T ]c'Human

lfHumtm Tx T .

Fig. 1: Connection passive persstructure throughQ (GRF).

Theapproach proposed by Krefkl] wasemployed to account f@resencef peopleon the
structure. Krenk's model was originally developed for the introduction of dampers on discretised
structural systems. The effect of each damper is introduced through the fnteel é&y the damper
on the structure. In the frequency domain, this force may be expressed as the product between the
FRF of the damper and the displacement of the point where the damper is located. This model was
extended to the case of passive peopléhbyauthorgl]. One of the advantages of this model is
the possibility to introduce each subject and evaluate the corresponding effect individually.

Thebasic steps of the approach usedbtain the transfdunction ofthe joint HS systerare
reported below

Since the eigenvect®mwere measured at discrete points (hodeBg FRFsof the empty
structure, expressed fwces overdisplacemerg were afinite numberand stored irthe matrix
¢ Q1 , whichexpression i§41]

0] (2

T Q11 7

where is the ith mode shape vectorprmalizedby the square root of thenit modal massg

is the ith naural frequency of the structure, is thenon-dimensional damping ratiof thei-th
mode U is the number of modes taken into considerafldverefore, the dynamiesponsef the
structure in terms of displacementsanbe obtained by



1.2 Previous Contributions 11

6 & 'QHY ©)

Accordingly, 6 Q1 is the vectorthat contains the displacement responses ahddesof the
structure while "HQ) is a generic fore vector containintheforces appliedo the nodes.

Peoplecontributionremainedo be added. According to the definition of apparent mass, each
person fixed to a node of the structureintroduce aforce in agreementwith the structure
acceleratiorw of the specific point otontact Therefore, the GRF for a passive subjget a
stationary onegonnected to the-t point of the structure is

Q Q 0 Qo W 0 Q1 0@ OQUwe Y (4)
In termsof full vectors, Eq(4) can be expressl in matrix formas
’?’H ’?'Q_| "O ’rQ ’i’I ’?’I c!) ’?'Q_| (5)

thanks tdl , whichidentifies the connection of thEerson with thé-th node of thestructure asit
is shownin Fig. 2. Extending the procedure fo people present on the structure

H QO AEQR 0 (6)
wheref "I B Al containsd "I vectors, and so thieformation about theonnection of
each of them subjectswith the structure. Whilé B is the diagonal transfdunction matrix
containing the& "OQ functiors of the subjects.

Joining thetwo contributions, that arEqg. (3) and(6), and keepingFig. 1 as reference

¢ o Ha H Q Ho A& Q@ o @
e AEQR o ¢ Wow HQ ®)

Thus, in Eq(8) ¢ Q1 represerdthe new transfer functisof the HS systenThe new FRFs can
be expresseexplicitly in€ Q) by the Woodbury matrix identitj42]:

A RAR A ARA AA R AA 9)
£ £ nen € €NE n €l N ¢ (20
This approach alloweith evaluateseparatelyhe effect of each subjedty means of his/her apparent
mass, which is contained &1 B and just scaled by] . This effet is a function of the

charactenstics of the subjectand posture, but also bdis\her positionon the structurewhich is
accounted through  in the matrixr| .

w =[0 1 0 0 0]

O O O O O
1 2 3 4 5

Fig. 2: Connection of a subject with th&2ode of the structure.

The procedure was testbgl using different models of apparent mass and the effect of using
apparent masses obtained with differenels of vibration was analyséab.
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1.2.2 Active Pedestrian Eect

In case of occupied structyrie use of the dynamproperties of the empty one egimate
the structural responseduced bythe effect of active pedestriaman lead to an erroneous
predictionof the vibration amplitudes. On thisproblem the latst contribution[2] proposé an
approach to improvehe estimationof the responsebasing on the previous methodology
(Sectionl.2.7).

A distinction between active and passive effect was first of all introd@deckin [1] only the
passive effect wagresent, ince onlystandingpeoplewere accounted hereby theforce™Q
inducedby the pedestriawasimplicitly equal to the Passive Ground Reaction Force (PGRF).
Converselyin presence of moving pedestriarboth the PGRFNd the Active Gund Reaction
Force (AGRF)must be consideredrherefore, theforce "Q , induced by thepedestrian
comprises both the contributions:

Q Q Q (11)

This split of contributioawasallowedsince’Q wasconsidered as the active force exerted on an
infinite stiff surface(i.e. no ground displacemeand sono PGRF involvemenj, while "Q
accounteanly for the ground vibration and the consequent body respbmites way, the problem

of egimating the response of the occupied strudiyreoving peoplevasdecoupled into two main
tasks, i.e. the identification of the PGRFs of moving people and their AGREesrdingly, the
PGRF of each subjectvas modelled throughis/herequivalent apparent maskhey werethen
added tahe empty structuré Q) , as shown in E¢), in orderto obtain theRFsof theoccupied
structure (i.eé Q) , Eq.(10)). Hence, the dynamic model of the occupied structure is given by
the empty structure one plus the passive pedestrian contrib@orssich model, the acé forces
weretheneasilyapplied adding their contribution to tirgght-handside of Eq(8)

é ’ng.l 'y] :é “1"£2.| ﬁ (!) “1"£2.| é TQ.| (1) ’?’gz_' TH’F’(Z.' ’?’H '?’m (12)

Unlike to still people, thepassive contribution (i.e2GRB of a moving person significantly
changes with time becaustthe change oposture Indeed, the apparent mass of a person strongly
depends on his/her bodgnfiguration The approacproposed if2] assumedhata meanPGRFs
can be usetb represent the average behavior of the human body during the walkiwlg. that,
thesubsequerdteps were followed:

I.  identification of the cycle time T (i.¢he elapsing time between two subsequent touches

of the same foawith the groundt

II.  divide thecycle into an appropriate number of posturéwhich must be representative of
the overall motioh

Il identify an average apparent mass; Q) , for each posturéto accounts for different
people (intersubject variability);

IV. define an equivalent apmmt mass) Q) asthe weighted average of the posture
apparent massés Q) :

0 Q 0 R (13

wherethecoefficienty are the weightsuch thatm | pandB | p.

Three posturewere used, and so three weight coefficients, because they were found enough to
describethe main walking postures: one leg (leftgredingon two legsand one leg (right).
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At this point, two ways were proposed to apply the PG&Hribution:

. Each™Q is considered as a moving component. Hencegth® changes with time
due to the matrix} , which accounts for the pedestrian positidbg.(7) and(8)).
ll. A fractional apparennassa Q) is assessed

a Q é—b Q (24
with & the nunber of people on the structy@nd¢ the number of points in which the
structure is discretisethend Q) is applied to each node of the structieus, Q]

becomes a diagonal matrix of ordgaleda Q) (i.e.£ Q) 1 & Q& withé
identity matrix)andthe PGRFor each poinfQr pH8 it becomes as follow

nQ ’?‘Q.| d ’?‘Q_I d) ’?‘Q_I _| d ’F’Q.| (b’F’Q] (15)
Collectingall of themin full vectors, Eq(15) becanes
H Q@ fEQf o Q@ 1 4 QifEH 0°Q (16)

where under the current assumptions, betindr &) are¢ ¢ identity matricesAs a
consequenceEq.(12) becomes

e B 1 a QtoB ¢ BOB HH H B (17
where¢ Q) isat & matrix containing the FRFs of tleecupied structure. Obviously,
this is an approximated approach, since the passive contribution of the people who occupy
the structure is spared over the structure and not locally applied at the specific pedestrian
position, aghe AGRFs are.

The second approachaw used, since it allowed have a fiedé Q] matrix in time(i.e. Time
Invariant FRFs of the occupied structyiepnding to easier and faster simulatiofshe coupled
HumansStructure systernto deal with Furthermore, when the number of people on the structure
increaseqi.e. high pedestrian density situatignig)e accuracy of the approach was expetted
increase as well, since its approximation (i.e. spread passitgabution$ shouldbetter describe
the HSI situation.






Chapter 2
Modeling of HSI

2.1 Pedestrian Interaction

As it wasintroduced in Section 1.2.2, a distinctiogtween the active and passive contribution
of a walking pedestrian was maitiethe pevious contributiori2] and herat is doneas well Such
distinction is possiblethanks to superimposition principle, which is allowed by the linear
hypothesis. Of course, the human body is far to be a linear dynamic system. More in general, its
behavior change as a function of the undertaken activity. Indeed, different studies have
demonstrated the dependency of husratuced forces on many factors. One of the most dominant,
which was at the centre of different researdd8s45], is the gait speed. For instance, Galbraith et
al. [43] measured the&ertical force for speeds ranging from slow walking to running. Whereas,
Keller et al.[46] collected over 1100 verticalrGund ReactionForcetime histories for walking,
slow jogging and running over a wide range of speeds. The results indicated that the maximum
vertical GRF increases linearly with gait speed up to about 3.5 m/s. At higher walking speeds the
maximum vertical forces were found constant, at approximately 2.5 times the body weight.
Moreover, gait style appeared to be an imporfaetorin the deterrimation of theamplitude of the
forcepeaks, as reported by other authors{47,48]

Studies to account for the structural flexibility in the lateral direction were also conducted (e.g.
Pizzimenti et al[49] and Ronnquist50]). These indicated that a negligible interaction takes place
between pedestriamand structure in case of smathplitudes ofiibrations. While large amplitudes
of vibrations appeared when the harmonic multiméghe pacing rateapproached the lateral
vibration frequencies, leading to higher horizontal walking forces. A particular phenomenon that
occurs when people change theiitgo adapt to excessive vibratiof the structure is known as
Humarn Structure synchronizatiofb1] or lockin effect[5], which involves strongly ncfinear
interactions.

Conversely to the lateral flexibility of the structures, when the vertical stiffness is so small to
allow significant leved of the vibration amplitudethe walking is oltsuctedand not synchronized
Indeed, changes in walking wavbserved when perceptitdenplitudesof vibratiors werepresent
(Zivanovic et al52]), instead of a synchronization ofetfiootfall as in the lateral casehe same
happens during an earthquake, as limit case of course, when the amplitudes of the vibrations are so
high to preclude walkingdowever, more in general, experimental studies on the vertical walking
forces inducedbn pexi bl e structures are not s[63] common
investigated the effect of surfaceffsiess on the running mechanism. A decrease in the surface
stiffness resulted in a decrease of the vertical GRF. Alternatively, Ohlsdpbrmompared the
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spectra of wvertical wal king forces measured on
pboor. The force amplitude spectra were found to
of the structure.

Conversg}, in the curraet studied case, the vertical displacements were not so relevant to
obstacle or alter the walking.egligible lateral vibration componenigere involved and so, no
synchronization of th@edestriarrates could take placeTherefore, the source of the maion
linear HumarStructure Interaction was discarded (i.e. latkphenomenon due to lateral
vibrations).
For what concern the lively behavior of the structure considered, due to its low dampiigeaon
responses were engaged in the experimental sedioce also the presence of few crossing
pedestrians was enough to lead the structure idinearity. However, the variations in terms of
natural frequencies were of the order of tenths of Hertz. Therefore, the magnitude otlihearon
behavior of he structure was considered acceptable.
The nonlinearity of the human body instead was mitigated by considering the body in distinct
configurations. This allowed to simplify the human body as a sequence of linear systems, and to
describe each of them dsetsum of two effects, arctive and passivene. This permitted to have
an easier dissertatiaf the human body

Summing upthe presencef pedestrians iaccountedn the present worky means of:

I.  An active contribution 'Q 7! AOEORQIAMAAQE OR A 2 &which accourst
for the active component of the walking dynamics exerted on an infinitely rigid ground. It
is applied on the structure only, at the pedestrian contact point.

ll. A passiveontribution @ TOAOORKORZAAAAQEOR A 2 &which accounts
for the interaction between the human body dynamics and the structure dynaimics. It
introduced trough the apparent maskich represents the body response behaua
specific walking positiopat the vibratn of the structure

It is noteworthy that the ground movementonsidered in the passive contributanly, where the
acceleration of the ground acts as input for the apparent mass. Whereas, the active comtagution
evaluated on a nondeformable saddas it is usually assumed in the model[230). In such a
way, itis possible to split the two effects.

2.1.1Pedestrian Description

Once it is decidethow to consider the interactisthat occur when a walkingedestriaris
consideredthe next step is the definition of a mathematical description of such contributions.
Among the possible ways in which this matter can be addressed, three potential methods are
advanced in the following. At first, the use of an equivalent mechanicalnrsyst@rompted,
followed by a general black box schematization. Finally, a mathematical approach which would
allow the direct use of the experimental measpasivecontribution of a pedestrian, based on the
convolution technique, was proposed. It isbepointed out that in all the methods, the active
contribution is considered as a time dependent force vector applibe structurg¢ogether the
passive one. The passive part instead (i.e. the apparent mass) is the one that will be differently
modeledwith the next methodsdt is also worth mentioning that the ways in which the active and
passive contributi ons o faffeqgtehd &bty of adeancedddelsot s c he ma't
this thesigo account for the BI, since their effect is in any @sonsidered

Mechanical system

There are different ways in which the apparent mass of a subject caatbematically
described, awas shown in thantroduction (Section 1.1). Simphleasse$15,31], Single Degrees
Of Freedom (SDOF) systenfig,13,30,31,33,38]2DOF system$32i 34,36,38]and even control
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feedback loop$38] were utilised. Among them, given the simpliciiyought bythe number of
DOFs involved, along with its good representation of the experimental (dataustainedoy
Matsumoto and Griffif33] and confirmed by experiments (Section 3.2) 2DOF system was
consider as the suitable representation as mechanical system of the apparent mass.

A detailed description of the 2DOFs system imm@tation in the HSI will be discussed in Section
2.3.

black box

Another possible way in whiché apparent mass can be tredgdst using a model as general
as you want, with gy shape and number of variablge. without any physical meaningt is
enough thasuch a model fits the Frequency Response Fundfidriss)of the involved pedestrians
(i.e. a tuned model for eagiedestrianthen stored i& ), so that to give back the responses
of the pedestriansH ) for the given iput accelerations of the structut®.(

E6 no ¢€o6 H H

H £ 0 (18

WhereEM AT & are the mass, damping and stiffness matrices oériaty structure.Ec(18)
shows the use of seveldhck boxscontained irg to represent the apparent masses of the
person involveds takes the accelerations of the structbi@nd provides the PGRFs (i.e.
"H ). They are then applied to the dynamic equation of the structure (first equatior(i8)Eq.
along with the AGRF (i.€H ).

It is tobe underlned that the black box approadmd also the mechanical system one, which
are usea@ccount for the presence of the passive contribution of a pedeatgaralid for a specific
configuration of the body, namely for a time lap3derefore, their implementatiorior a
mathematical treatment of the passive contribution of a moving pesipbelld be constantly
updated Sincea continuous upgrade of the parameters of the model (mechanical system or black
box) would be extremely hea¥som a computational point of vie{given the constant update of
the parametengquired and meaningless fromphysical point of views{nce a significant change
of apparent masand so oparameters of the modéhkes place only with a significanthange of
the body configurationfi possible solution could be the one offered by a discretization of the
walking act. It would be enough to slice the walking motion in the most significant postures
assumed and identify their correspondent model paramatdetailed description of the procedure
will be illustrated in Sectiog.3for the use 02DOFmechanical systems. The passages for the use
of a black box approadre the samén this way, a good representation of the change of the passive
contribution of a pedestriato be used in the HSI modeling for the numerical simulatisimsuld
be allowed.

Conversely, the next approach that will be introduced wirksne domainby means of a
convolution approachrhereforea continuous evaluatiorf the passive pedestrian contribution is
directly assessedhrough the direct use of the experimental passive pedestrian .clihiss
highlights the advantage the use of suchamethod.

Convolution

A differentprocedure to treat the HSI is the onealmpnvolution approach. This method allew
the direct use of the measured apparent mass curves (passive pedestrian contributions), without any
use of a modédiitting, as itis instead required for the use ofreechanical systemr a black box
representatiofto obtain the parameters of the model

Indeed, give this advantage, a convolution methodology was implemented in the previous work
[2] to estimate the vibration level of an occupied structur@]ina distinction between the active
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and passive contributiomas made, as explained in Section 1,Z@nsidering the activene by
mears of a timevariant force vector and the passive one by means of pedestrian apparent mass
curve. As for the timeariant force vectqgrit was moved on the structure with the pedestrian
position. Convesely, the passive contributievasspread ogr the entie structure (i.e. a fractional
apparent mass curve at each node of the discretized structure was placed), as ex@aictazhin
1.2.2(Eq(13) and Eqg(14)). In such a way, instead of moving the passive and active component of
each pedestrian present on the structure, only the active component wak witbvés own
pedestrian on a modified structufiehis last was built up in the frequency domain by combination
of the Frequency Response Function (FRF) of the empty structu(g), Egth the total apparent
mass of the pedestrians who occupied the strudiagrél4) and Eq(17). In this way, a direct use
of the apparent mass curves was possitbout the request of any model interpolation. Therefore,
a Time Invariant structure was obtained, leading to a great advantage from the computational point
of view. Indeed, fixed FRFs of the occupied structure were obtdtggd,7). The next step required
was the passage from the frequency domain to the time domaisincegonvolution works in
time domain. To do that, an Inverse Fourier Transform (IFT) of the FRFs was performed, leading
to the knowledge ofhe fixed(i.e. always the saméjnpulse Response Functions (IRFs) of the
nodes in which the structure was disiaed. Then, the convolution between the active components
(movingtime variant force vectors) and the IRFs was enough to assess the dynamic response of the
structure produced by the presence of crossing pedestrians.

The same proceduis here applied withat the introduction of any approximat®n.e. with
moving apparent masses of the subjects together with their active forces (AGRFs). Hence, an
evaluation of the new IRHs necessary every time that any subject chahg#her position (node
of the struture) to properly perform the convolution with the updated IRFs. The consequent Linear
Time Variant (LTV) system can be described by State S{&8gormulation of the occupietly
pedestriarstructure:

00 Aooo Ao’lo
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where the matrixA 6 FA0 AT "Ad represent the state space matrix, the input matrix and the
observation matrix of the occupied structure evaluated at diffi®. in a specific pedestrian
configuration on the structure) respectively. The state véctorcontains the displacements and
velocities of the nodes of the structure, while the vettor contains the values of the AGR of
the involved pedestriaressumed at timé Instead, the vectay 0 contains the displacements of
the nodes of the structure for a matid properly setup to extractonly the displacement from
the vectoo 0 . The solution of the of SS system is described by the folloj&h

200 oo o ot At +Qt

(20)
oo AG oD 6 ot 1t Qt
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As the vectoio 0 has siz& p, with € number of DOFs of the structure, aid as well. The
matrix ot (i.e. A0 ot A1) has size¢ & (A0 has sizet ¢&, ot ¢¢ ¢& and
At ¢¢ ¢).Indeed, contains theabove mentioned IREFsvhich are evaluated by performing
the IFT d the FRFs of theaupied structure (see from E2).to Eq(10)) that contain the measuare
apparent mass curves (see(By.Eq(5) andEq(6)). They ar& ¢ IRFs(¢ colocated an@ ¢

¢ nonco-located) for impulses applied at tineand observed at timie While 6o , which is

equal toQ A , itis used to evaluate the free response redtbetthe state at timeo, due to
the initial conditiond presentat time 6 . In order to obtain a constant o matrix (i.e.
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o (0} ) it is possible to split the overall time interval fb in subintervals obtained
by cuttingthe time-line each time that a person moves, leading to a constant set of state space
matricesAHARAfor each sullime intervaltonfigurationof pedestrias assumedn the structure
Conversely, iff2], the interruption of the integration time was not required, since a Time Invariant
occupied structure was used, as aforementioned, and a single global time integraganuwgas
Indeed, starting from null initial conditions the second equation ofZBybecomes:

60 o1 tQt (21)

which is the convolutiomxpression. Therefore, in the previous work, the knowledge on the IRFs
(i.e. ot ) was enough to compute the displacemeffitthe structured 0 and fromthemthe
vibration level though doublgéme derivationof themselvesNow instead, even if the sammull
initial conditions are imposed, the free response (eeniA® o 0 ) is present, as null initial
conditiors ensure its deletion onlyf the first sukiime interval but not for the following ones.
Indeed, due to the integration time int@rgubdivision, every time that the integration is restarted,
the value of the state reached at the end of the previous integratibimsuinterval must be
accounted as initial state for the followingsubtime interval Hence the knowledge of the free
response matrix O appears now required.

It is to notice that, even if the expression of the matriéht of the known IRFs contains thiee
response matrix oD

ot A oA (22

a ot extraction by mean of matriand’A inversion & not allowed, since their namuare
sizes(A0 hassiz& ¢&¢ andAT ¢¢ ¢, with& the number of DO§of the structure)The only
possible way to evaluate ot is through eigenvalues and eigenvesewaluation Indeed, the
matrix ~ Oft is function of the State Space matix Eq(23). For a subime interval, i.e. for
constant SS matrices:

ot Q@ A (04 (23
and the SS matrid can be expressed as the eigenvalue matrix thanks the eigenvedt]one
Ay (29)

where is the matrix containing per column the eigenvectors of the SS nigtéxd -is the

diagonal matrix containing its eigenvalues. Thereftre,free response matrix can be obtained

from the modal parameters of the occupied structure & +fi . However, this is true for a sub

time interval, in which the occupied structure
changes position on the structure, the -smie interval changes, the occupied structure
configuration changes and with it iesgenvalues and eigenvectoendso . Hence,a modal

extraction othe modal parameters (eigenvalues and eigenvectors) would be required any time that

a pedestrian mogeSuch computational burden definitely eclipses the advantage to directly use the
experimental apparent mass curves for the modelization of the HSI and the consequent estimation

of the vibration levels.

Our Case

Summing up, of the possible presented medliocaiccount for the human body presence on
the structure, the mechanical systendmap by 2DOHs the one selected to be used in kgl
presentedModels. The convolution approaishdiscard for the reasgost listedabove that is the
continuous request of the modal information assess(hentmodal extraction)instead, a 2DOF
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meclanical system formulatiois preferred to a black box one as it allows to maingaphysical
description of the body mechanjcalong with a quite good accuracy in the apparent mass
representation, as will be shownSection 3.2.4.

2.2 Background of the Modds

As wasintroducedin Section 1.2.1 and Section 1.2.2pravious contribution to the Human
Structure Interaction modelization was already pref@nsuch a Mdel was based on an average
approach to deal with the pedestrian presence. Moreover, the contribution of the human body was
split in an active and passive contribution. The active one was applied to the structure coherently
with the person position in time and spdostead, the passive one of each subjest gathered in
a huge global apparent mass that was then spread over the entire strudgtufesTled to a
considerable simplification of the problem, as the new structure (empty structure plus the spread
passive contributions) was a Time Invariant system. The physical justification behind such
procedure was that, under the hypothesis of a langeber of pedestrians crossing the structure
(i.e. high pedestrian density), the effect of the application of moving passive contributions would
be the same one of spreading the overall passive contribiginosall the available space on the
structurewould be occupied in a similar way. This was confirmed, as reported in the[phEes
the experimental vibration level checked fell inside the range estimated Mottel. While, a
great overestimation of the vibration level was obtained by using the model of the unoccupied
structure to perform the estimation. Thasshownthe alility of people to damp the structure they
occupy in addition to their excitation abilitytffought theAGRFs).

In the following the main coref this thesis is presented. The aimto investigate the
improvement that can be obtained in the estimatigheofiibration level undertaken by a structure
when subjected to the interaction with walking pedesdriay increasing the complexity of HSI
modelzation The starting poinis the modelization proposed by the previous wjoidt recalled
[2]. For thesake of clarity, it will be froomow on called Model 0. As just introduced, it utiszn
average approach which is more valid as the pedestrian density and the time interval {Boiegse.
to augment the accuracy of the Hbdelization, by means of the Models proposed by this thesis
(they will be shown starting from the next Sectidn)p aspectsvant to be investigated:

() whathappens when the more accurateddls are used for the estimation of the vibration
levels in high pedestrian density situatiarsl longtime intervalscenariogi.e. Model 0
applicability conditions), with respeti the estimationmade by Model O;

(i) in the same way, what happens when the more acddratels are used for the estimation
of the vibration levels in conditions of fepeoplecrossing the structure (low pedestrian
density) and short times considered (tlee onegust required to cross the structure).
Always with respect to Model.0

As Model Owasthought to deal witlihe scenario depicted by in the first poiaimore detailed
description of the phenomenon it is expected to only confirm the results produced by Model 0. This
would underline the uselessneggurther increase the complexity of the HSI model for this type

of pedestrianscenario. As for the second puiit is worth to remember that, while the active
contribution (AGRF) excites the structure, the passive one, by means of the Passive Ground
Reaction Force (PGRF), is able to damp the structure, as aforementioned. Hence, Model 0 spread
the available dampg effect over the structure. When this is done in case of fpeaple the
resulting dampingpread by Model @er unit area of structure drastically decreases. This leads to

a decrease of the added local damping effect. While a higher value of locahdanmuild be
theoretically added in case that the passive contrilmitibipedestrians would be treated as the
active one (i.e. locally considered and not spread), dn@moved in time and space coherently
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with the single pedestrian position. Therefora, more detailed description of the HSI should
properly describe thdynamic behavioof the structureand sdts vibration levels, in case of few
crossingpedestrians, with respect to the average approach (Model 0).
The conjecture about the time mentiomegoint (i) and (ii) is only to distinguish between the case
in which the time it is enough to allow the filling of the structtineisa steady state dense condition
can be establishednd when the time it is not enough to have such a condition. Mayenieral,
the introduction of a local description of the passive contribution of the pedestrians allow to account
for a series of effects that can take place in re@dity.the synchronization among pedestrians

To check point (i) and (i), three btek are proposed in this thesis. In the fosie Model 1,
the introduction of moving with pedestrian apparent masses (passive contributions) will be
presented. Therefore, both active and the passive effect of the single pedefitii@nlocally
considerd. Then, in the second one, Model 2, the effect of the overlap between two consecutive
footsteps, which normally occurs during the walking, will be analysed and introduced. Finally, in
Model 3 will be treated the variation of apparent mass inside theesiagtstep, in order to
reproduce the variation ¢iie bodyposture within the single footstelp.is notedthat, for the way
in which Model 1, 2 and 3are defined, they asupposed to be valid also for normal pedestrian
densities Indeedthe position othe PGRF and AGRBf each subject is correctly applied in time
and space. Therefore, pedestriem®leled through these Modelse expected to be more sensible
to the local vibrations of the structure (itlee ones in correspondence of their positions)verify
such matterdifferent crowd scenarios have bemmmerically simulated with all the folWlodels.
Not only, Model 1, 2 and 3 have been comparee by onavith Model O to test point (i) and (ii).
An experimental campaign on a real structuas peformed too, in order to validate the numerical
results. Of course, the virtual structure used in the numerical simulatastie same one used in
the experimental campaign.

2.3Model 1

With Model 1, a proper description of the PGRF of each subject (appaaesj is introduced.
While the AGRF is still modeled as it was done in ModdlyOmeans of a time variant force vector
that is moved together with the pedestrian position, the PGRF is no more spread over the entire
structure. Indeed, as introduced in Smtt2.1.1 the passive contribution of each subject is
mathematically described through a 2DOF mechanical system. Thanks to it, once the mechanical
parameters ofe system are identified (i.e. whee Bubject apparent mass curyvétiby the 2DOF
model), a description of theassive interaction is obtained. It can be thafly moved with the
pedestrian position along the structure.

An application ofModel 1 isfirst presented for the case of one pedestrian who occupies a
structure. For the sake of clarity, the structure will be synthetized as an equivalent 1DOF system at
first. Then, the extension of the approach to Fidl@iFs structuresoccupied byx pedestrns will
be presented.

2.3.1Single Pedestriag1DOF Structure

A simple introduction to the application of Model 1 is presented in this SeBwmeath, the
dynamicdescription of the mechanical system depidtefiig. 3 (a 2DOF pedestrian on a 1DOF
structure) igeported.
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Here subscripti refers to thestructureandr) to the pedestrian Moreover,w is the degree of
freedom describing the motion of the structure, which is defined starting fetatiieequilibrium

position of the empty structure. Instead, thearethe two degrees of freedom that describe the
motion of the mechanical schematizatidritee passive contribution of the considered pedestrian.
They are defined starting from the static equilibrium position of the 2DOF system reached when it
is placed on the structure, with this last undeformed from the pedestrian static weight (i.e. empty
structure configuration). This definition of the zeros will be better explained in Section 3.2.1, where

a complete dissertation on the apparent mass is present. Basically, it is due to the fact that the
apparent mass curves, and so the 2DOFs, were meagitimgtie static weight filtered out, since

the devices used to measure them were based on piezoelectric material. The static weight was
instead measured/considered with the active compoHentcejt is present inQ (AGRF).In this

way, a correctapresentation of the pedestrieffectsis possible, avoiding that the sameemis
considered mortghan once
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Fig. 3: Schematization of 1 pedestrian on a 1DOF structure.

From the righthand side of the first and secoaguationof Eq(25), which represent the structure
andthebody dynamic equation respectivelyisi possible to see thpassive couplinggiven by the
first springdamper pairthatinteracs with the structure and firshass of th DOF system

Since the considered structure (at 1DOF) allows only two states: with and without the
pedestriaron it, the simulation with Model df such HSI situatiomould have three maiphases:

1) unoccupied structure;
2) the pedestrian is crossing the structure;
3) the pedestrian has crossed the structure and now the structure is empty.

For each of the these three phases a description of the simulation of the HSI made with Model 1 is
below reportd:
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1) The HSI model consists of 1DOF only, the structure one. Less than initial condition
different from zero, the structure remains in its empty positiondi.e. ). Otherwise,

2) The HSI model becomes a 3DOF systsincethe presence of the crossing pedestrian is
felt. This is the configuration assumed at the instant zero of the crossing pedestrian phase:
3DOF with all the DOB equal to zero value and no active foegplied. As soon as the
time rises, the active force time history of the crossing subject, which is applied to the
structure only (i.e. o ), starts to assume nanll values. As a consequence, the 3DOF
system starts to vibrate, and so the structudetlaa active and passive contribution start to
interact. It is clear that the second phase
Thereforethe time length of the second phase is equal to the lengthadtitie forceime
history. This makes sense, since the length of the active force time history represent the
amount of time that the pedestrian foot stays in contact with the ground/structure.

3) Sincenow the pedestrian has left the structure, the HSI model comes back to 1DOF system
represating the empty structure only, without any active force applied to it. Conversely to
the first phase (1), even if the structure is unoccupgedell an initial condition for the
state describing the structuse is now present. Indeed, an initial catiwh equal to the
structure state assumed at the last instant of phase two (2) must bediinpos#er to
properly describe the free decay of the structure.

This is the way in which Model 1 treats the HSf.course, this was the easiest possible example
since one pedestriawas presenand only one position of the structure was available to be
crossed/occupied. However, a more complex scenaviolving the presence of multiedestrians

and a muliDOF structure with available different positions that can be dedupy the crossing
pedestriands not so much different from the just illustrated ca$egreatest complexity concerns
alwaysthe correct splitting of the integration tinwf the HSI dynamic equations (E25) for 1
pedestriarlDOF structure case). Indeed, as it was mentionegkaiion2.1.1 (Convolutiorn) to

explain how the Linear Time Varian HSYystemcould be reduced to series ofLinear Time
Invariant HSIsystens, in Model 1 it is made the same thing. Since the occupied structure, which is
given by the empty one plus the passive pedestrian contributions, is the same (LTI) for the time
required for the application of the single active force time history, as it was shdtha second

phase (2), it is enough to split the integration time every time that a pedestrian ends his/her active
force history. Indeed, the end of the AGRF time history indicates that the pedestrian has to move to
the next positiorof the structureln this way, a series of LTI systeman be obtaied, leading to

an easieglobalsystem to béaandedwith respect to a LT\bne Therefore, any time #ta person
requires to changehis/herposition on the structurgi) the integratiorof the dynamic equins of

the HSlis stopped (ii) the person is movediii) the newLTI system given by the structure plus

the passive contributions of the pedestrisnsomputedwhich is the same of the previous LTI
system less than the pedestrian just moved),(iv) an initial state for the structure and for the passive
2DOF system is imposed equal to the one assumed at the moment at which the integration was
stopped, and then (ihe integration is restarted. Also for the moved pedestrian is provided the
same initial condition that he/she had before to move, since null initial conditions after the 2DOF
movement would be unphysical, since an instantaneous change of the body pegigsented by

null initial conditions cannot happen. Instead, a nattwatinuanceof the body motiongiven by

an initial state equal to the one just léftphysically correct.

Of course, as result of the overall integration stadet is known ighe displacement state
vector, which contains the displacement time histories of the structure. Since the aim is the
assessment of the vibration lesjehnd so the acceleration time histgreesloubleime derivation
of the displacement state vector iguiged to obtain the acceleration time histories of the consider
structure.
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Summing up, any scenario can be simulapedplewho start to cross the structure at different
time instantspeoplewho leave the structure, phasé free-decay due to the laak pedestrians on
the structure and then their reintroduction. Even the selection of the starting position of each subject
is allowed, things that would be completely unphysical in case of-amamdary position selection,
as the appearance of a persoihie middle of the structure would be unrealistic. However, such
program feature could be used to simulate scenarios that involve the structure already occupied at
time zero, as it was.

In the next Section, the just mentioned extension to a more genenadadistic case of HSI is
introduced, along with its most comprehensive mathematical description. This final version takes
the name of Model 1.

2.3.2Multi Pedestrians-Multi DOF Structure

Now that a preliminary introduction of how a pedestrian and a 1DOF gteuate consider
and made interact it is clear, its extension to a rieaigirees of freedom structure crossed by multi
pedestrians is illustrated.

In order to account for the presencedofwalking pedestrians on &degrees of freedom
structure state vetorsarefirst of all defined. The structurene,0 hcontains the displacements of
the nodes in which the structueediscretized. As for the pedestrians, their state vastefined
as follow

0 o pho B | (26)

that is a pair of state coordinates per persorgea 2DOF systemis usedto model the passive
contribution of each persoAs the approach here reported has to deal with a whatever namber
of DOF of the structure and ahatever numbeé of walking pedestrians, series of auxiliary
matricesareutilized to make interact the different sizef the matrices and vectors involvethe
first is the position matrix] (size¢ &), which allows to account for the interface betweernithe
pedestrians and tkenodesof the structure:

o\ I 8 Rl 27

It containgd position vectas™l , with™Qv  phd , onefor eachpedestriampresenbn the struaire
"I is defined as

7 T8 FpfB hit (29

with 1 placed at the position that corresponds to the pbdlee structure that is occupied the
consideredQth pedestrianHence, | has size& p. The secondnatrix isfj , which allows to

interact with the firsDOF of the 2DOF systemsistead of with the full pedestrian state vectaor
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Its size isd &, since the size of the pedestrigate vectob arecd pandd are the number
of pedestrians thatre present othe structure. Given its definition,Boolean value equal tbis
placed at each even column, changing every time. For the sake of clarity, the definitiomof

in case of 3 pedé&tans is reported in followingsig. 4.
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Fig. 4: Application offj  in case of 3 pedestrians.

Now that the necessary matrices and vectors are defined, the dynamic equations of the Human
Structure Interaction system can be written. A compact matrix notatinitized, reporting at first

the structure set of dynamic et¢joas and then the pedestrianes.
EO no €0 ATH A f 06 1 o E N o i o (30)
EO6 no €0 n /A 4 6 n o € w o0 n o

The vectorH is thevector that contains the AGRFs of the pedestrfargsFig. 5 reports a single
active force time historieandFig. 6 two subsequent active force time historiddore in detail, as

the AGRFs are force vectorre histories;H contains the instantaneous values assumed by the
AGREF of each pedestrian.Miery andé are the matrices thabntain the part of the pedestrian
passive system (2DOF) which allows the interact with the occupied structure (AT 8 ). To
allow their match with the sizeof the other matrices of H§0), they are defined as diagonal
matrices:

~
¥

i 5 E 1 Qy E ]
n € E & & € E & (3D
nm E 1 j n E Qj

Al the other matrices (i.& iy € RE Iy A1 & ) are the ones that contains the mass, damping,
ad stiffness parameters of the structure and of the upper part of the 2DOF §ystédmshx  h
and’Q of each pedestrian) respectively.

Modal Description of the Structure

As next step, a description of the structure by means of its modal coordinate is intr&auced,
(32). There are two advantages taken by the change of the free coordinates used to describe the
structure. The first lies in l@ss heavy computational burdéndeed, by using a modal coordinate
description, a decoupling of the dynamic equations of the structure is obtained. Second, the
requirement of only the modal parameters of the empty structureigiemvalues, eigenvectors and
damping ratiosto be ab# to describe its dynamics, instead of the local mass, damping and stiffness
valuesare required

o 6 Bo 10 (32)

In the change of coordinates stands fothe number of accounted mod#gshe structure, is the
matrix that contains the unit modal mass normalized eigenvectors of the structure per eoldmns
1 is the column vectathat containghe 0 modal coordinates. Substituting E2R) in Eq(30), the
following new decoupled matrices can be obtained

6p E- M p E m
E E € E §& E E & &
n E & nE p
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p E m ap E m ip E m
n n €6 E 6 é E & € E & (33
n E1 m E & n E i
® E m dp E m 15 E m
3 g 6 E é é E & € E &
n EQ n E & n E 1 ;

whered i AT R are the unit modal mass, damping and stiffness of-theriode of the empty
structure (given the use ohit modal maseormalized eigenvectors). Moreover, this last, the modal
stiffness, is equal to the squared natural frequency oftthenbde. Summing up, the matifx is
equal to the identity matrig, € to the diagonabquared natural frequenceyatrix , andthe
diagonal matrix] contain the modal damping values of the modes

After the substitution of E(B3), Eq(30) becomes

1 n 'l 1 fH nn 1/ O n 1 € N o0 N 1 (34)
E o6 no €0 n n n o n 1 E n o n 1
Developing the first saif equations (the ones of the structwtlEq. (34)
1 n ann ne il
. e e e (39)
n'H nnmn o € n O
and the second set equations (the ones of the pedestriari€)q. (34)
E o6 i N N N 0 £ N € N o
nonnhoe e e (36)
n nn | € n |
and putting them back together:
1 Ain n he no
H A "H An i o €& R o
YEO n A4 n A o € A4 €1 o
v nonnAa 1T &£ fq
T /1 € i "H nn N o & nf o
Eo o £ . e v e (37)
0 no €0 n N1 A I € N I
Below, the matrix expressiorns thelast passage of H®7) are reported
n n An A
, N (39)
n n nn
£ £ n € n

State Space Formulation

In the following aState $acedescription of the systeof equations (E¢37)) is reported56].
Suchanapproach allows the reduction of the differential order from two to one, making enough a
single integration to solve the time state descripfiordo that, two auxiliary identities was utilized
second and fourth row respectively
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Such system can be reweit in matrix formas
n’l rl ’1 € !
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As can be noticed, the first and the second term of thehiayhd side have the same state vector
1 Al B B . Therefore, thegan becollected in a uniqueermmatrix:
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The sizes of thabovematrices are below reported:

Cc
o

O —
3=
g_< =2

ca ca (41

i
e
£
S e M =

I
o
Q
o

2L L L L L LR
C -
C

o i AAADERN EEOBEGCEROOOKEDEOAORAOEUAA
ad T O AABAARAODEAGADEROOOROOO0A
0d, i AIADI T OERR DA A

As can be observed, in E40) are present different null and identity matriceande respectively.

Their sizeschange as a function of neighbouring matrices to match the spaces.
Eq.(40) can finally be written in Stateg@ce matrice®rm [56], Eq(42), through the definition

of the State Space vectar: 1 1 6 0
0 Ao Al (42

which is theStae Equationof the coupled HumasStructure systentere,’l is equal toH , and
the’AA T Amatrices are bellow extendedly reported.
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In order to obtain the State Space veotahe integration oBtae Equationmust be performed.
It is notedthat the State Space matrica#é 1 "Aof Eq(42) are constant for a given configuration
of pedesians on the structure. Taking advantage from that, as it was explained at the end of the
Section2.3.], is possible to split the integration time every time that a pedestrian moves. In such a
way, a set of constant State Space matifcdd "Acan be obtained for any configuration assumed
by the pedestrians on the structure @series of LTI systemisstead of a LTV systemTherefore,
by means of a start and stop integration technique, such that in any integration time interval the
Stae Equationresults a LTI system, applying every time as initial State Space vecthat isthe
State Space ¢®@0 reached at the end of the previous integration time interval, the integration of
the Stae Equationcan beperformed.

Once that the integration of the of tBége Equationhas bene performed, and so the State
Space vectoo is known, the extractionf the required information remains to bgecutedlt is
notedthatwhen it is said that the State Space vegisrknown, that means that the time history of
each of its element is known for the whole simulation/integration time (which is madetbg all
integration time intervals). Therefqreenceforth, when its spoken about vectors, such@®
and| , they are meant as their time histories along the whole integration time.

Coming back to the extraction, in cdabatthe structure displacement state veétowould be
the desired output information, as it ise Obsewration Ejuationof the State Space HSI system
would be

1
1
0
0

o ‘Ao (43
The sizes of the Statgp&ce matrices aiia the following reported
omg, cO ta p
A, ¢0 T1d g0 TG
A, ¢ 14 a (44
Hd & p
A, € ¢0 Tta

It is to bepointedout that, once the State Space veotisrobtained by integration of ti&tate
Equation(Eg.(42)), the modal coordinates of the structireare known too, as they are contained
in 0. Moreover, from their knowledge it is possible to come back to the physical coordinates of the
structured by means of the eigenvector matrix Eq(32) (from this comes the definition of the
State Space matriRof Eq(43)). However, the points of the structure at which the displacements
are known (i.e. the elements of thiate vector of the structute) are function of the points of the
structure in which the mode shapes of the structure are known. Therefore, it is theoretically possible
to use two eigenvector matrices:
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1 onein theState EquatioriEq(42)):
1 and one in th®©bservation Equatio(Eq.(45)):

|

, - 1

(0} A0 ) (45)
0

This can be desired as the eigenvector matritilized in theState Equatiomust be necessarily
the one containing the mode shapes of the structure evaluated at the points that can be assumed by
the pedestrians during the simulation (Seetion 3.3.40or more details)Instead, he eigenvector
matrix utilized in theObservatbn Equationcan be different, since the modal coordindteare
known. Indeed, the information about the weight that each mode has in the global response of the
structure, for every time instance, is present in them, regardless the points takenilte descr
mode shape Therefore, mode shapes of the structure evaluated at different points, for example, at
the ones in which the response of the structudesired can be used.

Now that the displacement time histories of the structure are known (j.¢he final step is
to perform a doubléme derivation of them, in order to obtain the acceleration time histories of the
structure (i.ed ) for the simulated HSI scenario. This passage was required, since the final aim of
the simulation is the d@station of the acceleration lesakeached.

In the following two Sections are introduced concerning the AGR#s)(and the PGRFs
(2DOF systems representing the apparent masses) which are used in Model 1.

2.3.3Apparent Mass

Conversely to Model 0, in whicit was performed thepreathg of the overall pedestrian
apparent massdg], in Model 1the passive contribution of eagérsonis individually modekd
thoughhis/her apparent maasd properly applied in time and space.

Since the apparent mass changes with the position assumed during walking, an average
approach is utilized in Model Indeed, instead of continuously change the apparent mass (passive
contribution/PGRF) of a pedestrian during the single footstep, a mean apparent mass representing
the positions assumed during the single footstep is implemented. Moreover, a visualstootjon
was performed to identify the most significant positions assumed during the single footstep, and for
each of them, the corresponding apparent mass was identified. Finally, an averaging of these last
was performed, obtaining the one that is utilized/iodel 1.

However, since the structure which was consider for the experimental stadiesstaircase
further considerations on the apparent masee necessarylndeed,the apparent mass strongly
depends on the position assumed by the human body, and the positions assumed by the body during
the ascent and the descent of a staircase are different. For this reason, the aforementioned mean
apparent mass identification wasng for both the crossing direction of the staircase: ascent and
descent.

Not only, always by visual motion analysis, it weeenthat for the ascending stroke the way
in which the steps are crossed can significantly change, not only among diffeopiebut also
with the same subjedtloreover, the main differenae due what part of the foot enters in contact
with the steps. Two casavas observed. In the first oriee crossing of the stepasperformed
with the tip of the foot onlyinstead, in the s®nd ongtheheelof the foot entexdin contact with
the step too. No significant variations were observed for the descent. To mitigate the matter, the
apparent mass curves for the ascending positions were measured for both the configurations: the
Aheem® and the Atiptoed one.
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As the apparent mass contribution was synthetized and make interacting with the Model
through a 2DOF mechanical system, a final fitting stage of the measured apparent magkycurves
means of the 2DOF systeymgas performed.

A more detailed description of the procedures followed for the identification of the passive
contribution will be illustrated irsection 3.2, as well as for the active contribution in Section 3.3,
which will be shortly introduced in the next Section.

2.3.4Active Face
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Fig. 5: Active force exerted by pedestriarduring the ascendf a staircase

For what concemithe activecontributionsexertedby pedestriansd ) duringwalking, one
active force time historfQ 0 (Fig.5) is applied on each step crossed by a pedestrian. Therefore,
the time required to each person to cross a step depends on the length ov¢héomeitime
histories angsincea set of them was experimentally acquired for each petsbrange every time

As wasintroducedn the previoussection for the apparent masice the considedstructure
is a staircase, theuman body behavior chgesif an ascending stroke or a descending one is
consideredFor this reasonguring the experimental stagiéhe active forcdime histories were
recorded for both therossing directionand coherently applied during the simulations. Not only,
given theintrinsic natural variability of the human behavior (inttabject variability), 10 active
force time histories per subject were recorded for each direction, distinguishing also between the
left and the right foot. A totalnumber of 40 time histories pesubject were obtained

At the so built up active force database of gaebtplewas then added additional active force
time histories coming from an already existing database. This was done for two main féestons.
because ahe low number of subjects involved (5 in this thesis). Hence, as texigtang database
had been built up with a greater subject variability, with such an additigreater intesubject
variability (variability among subjects) wasssble here too Second because athe intrasubject
variability (variability of the same subject). Indeed, also if 40 time histories were acquired per
person, they were acquired in a short time interval, just the one required for their acquisition.
Howevert it is clear thatwo active force profiles of the samperson measured at short time distance
are more similar with respect to two measured at different times of the day. For example, two
measured at 3 min of distance and two measured one in morning and one in the aftersasn. Thi
due to a tiredness factor.
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Summing up, the extra time histories were added to the database of active forces of each subject to
both increase the intra and the inter subject variability. It Befoointed out that the low number
of subjects involved (peoplg was due to the timeequired to the subjects take part to all the
experiments. Indeed, any subject took part to all of three experimental sections to evaluate the active
forces, the apparent mass curves and the real staircase test campaign, with the second one performed
atthe campus ot.eccoof Politecnico di Milano

As the aim of the present woi& to investigate the improvemeirt the estimatiorof the
vibration leve$ as the complexitypf the model used for the description of the HSI increases, the
overlap time that aaurs between two consecutive footstepsonsidered in Model 2. In Model 1
instead, as its main innovation is the introduction of a moving passive contribution, the additional
complexity concenmg the overlap time of the footstepss discard, utilising simple start and
stop approach. That means that as soon as the foot of a pedestrian ends it active force time history
over a step, the next active force time historgaaestated on the next step of the stairodsg.
6), along with the translation of the apparent mass R2Bgten from the previous step (node of
the structure) to the new on®f course, this is an approximatievith respect to wat it really
happens. However, such an approximation it is notreagt since the overlap time of the order
of 0.1 s for normal walking (as the analysed cases aré)ecalis®f the magnitude of thactive
force at its beginning and ending, where dkierlap takes place, it is not so highmagnitued
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Fig. 6: Active forces exerteth Model 1 on two consecutivdifferent steps by a pedestrian during the
descenbf a staircase

2.4 Model 2

As the main improvement of Model 1tise introduction of moving passive contributions by
means of 2DOF systems that schematize the apparent mass of each subject, the further complexity
accounted in Model 2, with respect to Model 1, is the introduction of the overlap time between two
congcuive footsteps. Indeed, agms aforementioned, a time exists in which both the feet are in
contact with the ground during the walking d&€g. 7 andFig. 8. Such time results function of the
activity (walking, jogging and running), and it becomes always less as the speed increases, up to its
negative walue (separated steps) for running (¢48]). However, in the analysed cases, at the
subjects wre asked to freglwalk. Aswill be shown in the nextetions, the effect of the overlap
time is accounted both form an actigad froma passive point of view.
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Fig. 8: Sequence of the descent of a staircase to show the overlap of the two feet during the step transition.

In the following,a Section concerning the selection of the overlap tsmeported then a
dissertation about how the active and passive contrils{ABRFs and PGREB respectively) are
treated in Model 2 shown

2.4.10verlap Study

[ms] ascent | descent
134 88
subject 1] 133 83
121 104
135 59
subject 2| 127 89
122 59
124 75
subject 3 119 83
115 81
mean 126 80

Table 1: Overlap time for the ascent and descent of a staircase of different subjects.
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In order to quantify the time thathe two feet spent together in contact with the
ground/structurea visual motion analysis was conducted. The optical devidhdacquisitiorof
the imagesvas a slowmotion camerdresolution:220-240 Frames Per Secand he tests were
conducted foiboth theascentandthe descent of a staircageaving the subjects free to walk at
his/her own speed. The analystsowedas aveageoverlap timeof 80 ms for the descent and of
126 ms for the ascernfablel.

Given the order of magnitude and the small difference between themsj4&nintermediate
value of 100 ms was selected for both the ascending and the descending direction. Such an
assumption was rebutted by preliminary simulations of a pedestrian who crosses the staircase one
time and that continuously crosses the sta&da a closed loop for 5 min, imposing in turn 100 ms
(the approximatethtermediatevalue betweethe ones for thascent anthedescent) and 125 ms
(the approximated value for the ascent). The results were evaluated in terms of the vibration levels
reached by the staircase (i.d. O RMS). Theyshowed that using a mean overlap time of 100
ms leaddo adifferenceof 3.9% and of 7%with respect to thease withl25 ms, for the onstroke
and for the 5 min loop sinlation respectively. It is be put ividencethat, a greater overlap time
means a greater amount of energy introduced into the strugingethe time interval in which two
active forces excite the structure together increases. Thersforesults obtained widm overlap
time equal td.25 msfor both ascent and descent of the staircagerestimatéhe vibration leved,
especiallyin the long simulation (pedestrian locked in a loop for 5 min). Indeed, in such a scenario,
once that the simulation timesst an higher number of stepse allowed with a high overlap time
with respect to a loar one.

In conclusion, given the obtained results, the assumption made on the overlapetiene
consider acceptable and a value equal to 108vassmposed in Model 2 for both the crossing
directions (ascent and descent).

2.4.2 Apparent Mass

Looking at the apparent mass, even it is influenced by the overlap time that occurs between
two subsequent footstepBloreover, the mechanical parameters of the 2DOF sysidrich
schematizes the passive pedestcamtribution, ardeft unchangedwhat is changed in Model 2 is
the interaction that the 2DOF system undertakes with the structure during such time interval.
Remember that the apparent mass (2DOF system) takes the ground/structure acceleration as input
andgives back the corresponding Passive Ground Reaction Force to be applied to the structure.
Therefore, in the middle of a footstep, when only a foot is in contact with the structure and no
overlap with the previous or the next footstep occurs, the inienaat the 2DOF system with the
structure is the same of Model 1. During the overlap phase, instead, the thing changes. Indeed, since
now the body is in contact with two steps, the 2DOF system is placed in contact with two steps of
the staircasas well Hence, the mechanical system now seds@g the accelerations of tiudd
step and newtep. However, given the linearity of the 2DOF system, the output PGRF would be
the same given by the sum of two PGRFs obtained by putting a 2DOF system on eadivaf the
steps of the staircase. Of course, this is different from what really happens. To mitigate such issue,
the output PGRF of the so placed 2DOF system (in contact with both the new step and the old one)
is halved. This allows to obtain an output PGRRéjortional to the presence of only one pedestrian
The final thing to do is the repartition of the PGRF among the two steps, since both of them have
participated to its creation. Thus, the PGRF is applied half on one step and half on the other one.
This is euivalent to place half 2DOF system on the old step and half on the new one, which is
exactly what happens in reality with the human body, when a ppfaoas one leg on a step and
the other leg on the next step.
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Thus, n this wayis possible toaccount ot only for the overlap of the active force time
histories, but it is also possible to reproduce the transition of the apparent mass between two
footstepswithoutinvolving any change of apparent mass and so of the mechanical parameters of
the 2DOF systemThis last further complexity will be instead introduced in Model 3, where a
change of apparent mass inside the same footstep will be used, allowing to account for the apparent
mass footstep transition.

2.4.3Active Force

For what concern thactive Ground Reaon ForceSAGRFs) the samactive force database
of Model lis used which distinguishes between ascending and descending crossing direction, and
between right and left foot of each subjéBection2.3.4. The difference here, with respect to
Model 1 is the introduction of the overlap time between two consecutive footsteps, which was set
equal to 100 ms, as illustrated in Sect®b#.1 That means that once the active force time history
of a pedestrian is at 100 ms from its end, the new active force time history of the next footstep on
the next step startbig. 9. In this way, it is possible to account for the overlap of the two footsteps
from an active force point of view.
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Fig. 9: Active forcetime historiesof a pedestriatreated by Model 2who goes upstairs five steps with
an overlap time of 100m blue the right foot, in red the left foot.

2.4.4Mathematical Model

To introduce the shown variations of AGRF and PGRF in thatems of the Modelsome
adjustmentvas required with respect to the ones of Modélitkt of all, the matrixj , Eq(27). As
explained in Sectio@.3.2 it allows to account for the presence of each pedestrian on tloasgair
and of his/her specific positiam it. In fact, at each pedestrian vector containel ifi.e.” ), is
associated a Boolean value of 1 in correspondence of the pedestrian position, while the reaming
part of the vector remains equal to zero,(E8).( has sie¢ p, with & the number of DOF of
the structure). In Mdel 2 instead, a value of G$assigned iril at the correspondinstegnode
positionof the structurewhen a pedestrias at the end of the previous step and at the beginning
of the new ongThis is the transition phase, with both the feet in contact with the struEtyf46).

To distinguish between the auxiliary matfand itspedestrian vectsicontanedin it) of Model 1
and Model 2, a tilde is placed on the Model 2 ones (i.e. Mod#gl hade byl / Model 2:1j
made byl ). Neverthelesghe usuaBooleanunit valueis set wherthe pedestriaris in themiddle
of a foostep(i.e.on one leg onlyleading to havél equal to'l (Eq(28)).
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i nE nmnmm™T™nnE n (46)
Anotherchange concerns the applicatiortlod active force time historie¢n fact, during the
overlap time of a person, two active forces are applied to the structure by him/her (see the overlaps
between the blue and red curvesig. 9). To deal with this issue, the active force vectar size
is doubled, passinffom & p to ¢4 p ,leading to the active force vectmamedH . In this
way, the application of two force time historjgs person is ensured (i.e. the blue ones and the red
ones offig. 9). Of course, both the slots of a person result occupied only durirayénkap time
of the footsteps (e.g. at 1.9 s of thig. 9; one slotoccupiedby the instantaneousue curve line
valueandthe othesslot by the insantaneous red curve linalug). A uniquenonemptyslot remains
instead when no overlap it is present and the pedestrian is on one step only. Now that the active
force vector matter isettled aconsequent adgtment of the matrix which allows its indetion
with the size of the other matrices in the dynamic equations is required. In Model 1 this matrix was
N , Eq.(27). However, such a matrix is present in diffengoints of the dynamic equations (E3f)
or Eq(40)) to match the dimensions of the other matrices, since it is an auxiliary matrix (note that
in Model 2 the dynamic equations are the same of Model 1 but theyrhaustead oft] , as
explained above Therefore, a ad hoc matrixj . is introducedfor "H only. In it, a pair of
columns is associated tgair ofslots of the active force vectoMoreover, one of the two columns
assumes unit Boolean valuat the proper positioanly when the corresponding slot of the active
force vector is noempty.
Essentially the matri§y has doublecolumnswith respect taj , and it works with Boolean
numbers only, whilé utilizes also 0.5n the overlap instants. An example is reported for clarity
in case of ataircase made by three steps is considered (therefore the mataces) have three
rows) with a persorplaced oncen the second stefil. 10) andonce in transition phase between
the second and third stelpig. 11), while another person is always presemthe first stepvithout
overlap (i.e. always peoplepresent on the structure, §o andfj have 2 and; ¢ columns

respectively).
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Fig. 10: Matricesii andfj for a pedestrian on the first step and one on the second step of-atésee
staircase
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Fig. 11: Matricesf| andi] for a pedestrian on the first step and en&ansition betweethe second
and third step of a threstes staircase
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Given the adjustmentserformedthe StateEquationbecomes
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2.5Model 3

Model 3 is the last one advanced by the present thesis. Summarizing, Model 1 introduces the
handling of the passive pedestrian contributions, so that both the active and the passive components
can be moved coherenthith pedestrians along the structure. From it, a further complexity, given
by the consideration of the overlap of the footsteps during the walking of a pedestrian, is
implemented in Model 2. Now, in order to evaluate the effect of each single added dymiplex
the modelization of the HSI phenomenam the estimation of the vibration level, the next
improvement in the HSI modeling is applied starting from Model 1, instead of Model 2. Indeed,
Model 3 is exactly the same of Model 1, less than the way ichvthe apparent mass is treated. In
Model 1, in order to have a fixed apparent mass during the footstep, and so LTI system (given by
the structure plus the occupants) for the time of the footstep itself, an average apparent mass of the
positiors assumed wring the single footstep for each pedestrian is used. In Model 3 such an
averaging is not performed. As introduced in Model 1, a visual motion analysis of the walking act
was executed in order to identify the most significant positions, and so theiemippasses, which
were averaged to obtain the one representative of the entire footstep. Now, the apparent mass of
each identified position is utilized.

More in details, tqroperly select the positionghich schematize the walking of a persan
slow-motion images analysigasused Since the structure selected for the validation of the models
was a staircase, the motion analysis was executed for people who cross a staircase as well.
Furthermore, since the positions assumed during an ascemdsging are different from the ones
assumed during a descending crossing, positions were identified for both the crossing directions.
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Fig. 12. Sequence of steps during the ascending and descemdssingof a staicase
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As can be observefilom Fig. 12, three positions were considered significant to properly describe
both the ascent (positions 1, 2 and 3) and the defuesitions 4, 5 and 6) of the stdse It is to

be pointed out that these are the positionkoseapparent masses were averaged to obtain the two
mean ones (one for the ascent and one for the descent) utilized in Model 1. Indeed, for each of these
positions the corresponding apparent mass curve was experimentally measured (Section 3.2). Not
only, as already mentioned, since it was observed that in the ascending crossing not always the heel
of the foot enters in contact with the step of the staircasegpharent masses of the ascending
positions were measured for both the configurations: with the heel in contact with the ground
(Aheel 6 configuration) and with the subject on
even if the human body s&/mmetric, there are natural differences among the left and right side of

it, both from a physical and from a dynamic point of view. For this reason, all the positions were
measured for both feet of the subjects. Finally, a total number of 18 apparesgweassavailable

per subject: 3 positions for the descent, 3 positions for the ascent with the heel, 3 positions for the
ascent on tiptoe and each of them with the left and right foot.

Even if there are a lot of positiotsdeal with, there are only treef them,from a modeling
point of view since three positi@were chosenTo accountor them, in Model 3the integration
time of the single footstep is split in three sub intervals of integration. In this way, the change of
apparent mass (by meansthé mechanical parameters of the 2DOF systéms)de the same
footstep is allowed, maintaining a LTI system inside the integration interval. Moreover, since the
selected positions are assumed almost equally spaced i(Fign&2), anequal subdivision of the
integration time interval of the single step was chosempfic.

Looking at theActive Ground Reaction Forces, they are applied and handled by Model 3
exactlyas they are in Model T.hat means that as soona®orce time history of a footstegmds,
the new force time history stassth the next footstepn the next stepf the staircasesig. 6.

Summing up, in order to maintain a LTI system as objective of the integration, the integration
time it is not only stopped and restated at each footstep ending and beginning with the proper initial
conditions (i.ethe state of the system reached at the end of the previous integration interval) as it
is done in Model 1, but the duration of each of the three position phases assumed in the single
footstep is considered too.

Considerthat: (i) a footstep lasts lessah a second an() that it is split in three(iii) each
footstep is different from the others (of the same person and of thepetii@g since its length is
a consequence of the measured active force time history extracted randomly form the datpabase;
different people are present on the structure at the same time and they move all.tégether
consequencep simulate also few seconds of HIS, a lot of integration time intervals are required,
since they can become vesmall.






Chapter 3
Inputs to the Models:
Experiments & Discussion

In this Chapter, the experiments conducted and the procedures followed for the collection of
the necessary information that have been used in the numerical simulation stdgstted, i.e.
databases containing pedest@operties and the occupied structure characteristics. Moreover, the
databases concern the active and passive contribetkanted by pedestrians when they occupy a
structure, the Active Ground Reactive Fer¢AGRFs) and the Passive Ground Reaction Fsrce
(PGRF) respectively. Even if in literature a lot of modelere presenith their own calibrated
parameters to represent human body schematizations, the reason for which it was chosen the
creation of seHmade databases was the reliability of the physical data, since they would have been
utilized in the proposed models for the numerical simulations. In this way, the goodness of the data
was ensured, been the -sgt of the tests and the data acquisition pletely known. As for the
structure characterization, it was a due step to have a modal description of the structure. Such an
analysis was already performed by previous contribufib/® but it was here repeated to check
that the dynamic structure characteristics were unchanged.

Therefore, in the following are dealtfirst the acquision of the active force components; then
the measurement of the passive contribution exerted by the human body is treated (apparent mass);
finally, the claracterization of the structure, whiclhutslized for the experiments aimed to validate
the proposedumericalModels is faced.

3.1 Active Force Experiments

Usually, the force exerted by pedestrians at the ground is most of the times modeled though a
Fourier series, both in literature (gf45,18,23) and by regulations (e.pt,16,25,27). Indeed, they
report the Dynamic Load Factors (DLFs) for the Fourier series as a functibie giedestrian
activity (walking, jogging or running) and weight, in such a way a perfect periodic exciting profile
in time is obtained. However, in this way it is neglected the-gukgect variabilityf57,58], since
no change in two consecutive steps is contemplated. Not only, the Fourier series description of the
walking forceimplicitly joinsthe corributions of the two feet, since describeshe overall active
forcetime history Fig. 13.
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Fig. 13: Vertical active foce (a) advised by regulati¢fl] computed as the summationtbé first three

harmonics (b) obtained by the Dynamic Load Factors (DLFs) and phase angles indicated for normal
walking.

This condition was unacceptable for the present work, as the main objective of the experiments
was a staircase. Indeed, a Fourier sesi@oroach would have prevented the possibility to apply to
everystepcrossedrom a pedestrian only one force time history exerted by the single foot, since it
describes the overall time history (i.e. left and right tiroe historiesogether). Ofcourse, such
problem would have been faced even if a footboard (so no steps of stair involved) would be
considered as structure. However, in that contest (i.e. flat surface), the contribution of the two feet
can be acceptably approximated to a unique fiimoe history properly applied along the pedestrian
path. This is what is usually done when the Fourier series description is adopted, and it isszbnsider
acceptable since the position of the sequence of footsteps of a person is reasonably approximated
by a straight sequence of footsteps. mitigate the matter, it was preferred to directly measure the
exertedforces. To do that, dedicated setip was utilized.

Furthermore, given the great variability of the active force released by §irsgle walking
pedestrian, it was chosen to add to the collected active forces of each involved subject a set of active
forces coming from a previous active force database, which was utiliteeprevious work?2].

In such a way, psible intrasubject variabilitiesl i daatdhtn the sequencef the heraecorded

active forcetime historiesveretheoretically artificially accounted foreading to an increase of the
robustnessf the Models

3.1.1Experimental Setup

In order to collect the active forces released by pedestrians during walking, a stijeavast
implemented. Since the experiments degith a staircase as occupied structure, the main
arrangement of the experimental-sptwas made by two wooden steps and on the first of them it
was placed a force plate. The overall apparatus was then located at the end of a caab$tmr
14. This configuration was chosen to allow to the tested subject to pass over the force plate as if it
was a normatontinuanceof the real staircase. For tsame reason, the second wooden step was
posed after the one with the force plate.

The force plate was made by a thick steel palate connected to the ground through four load
cells (HBM model Z6FD1, sensitivityw Y pe ¢8t 1t 676, full-bridge). They were fednal
conditioned (standard conditioning for strain gauge bridge) by a conditioning unit (HBM model
Scout 5). The processed signals were then collected by personal computer via a National
Instruments acquisition board (model NI 9239).
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Fig. 14: Experimental setip to measure the active force.

It is worth torecall that the active and passive contribution splitting of a pedestrian was
theoretically allowed by the different interaction with the ground that occurs in both of them
(Section 1.2.2). Irfact, an infinitely rigid grounds assumed in the active interactjomhile a
deformable surfaces considered in the passive interactiéior this reason, the force plate was
designed such that the vibration of the plate itself was negligible for many tents of idingain
guasistatic condition Indeed, the first modef the plate was around 60 Hz., while the multiple
harmonics of the active forgeofile barely reaches 10 Hz. However, a low pagghth order filter,
with a cut off frequency of 25 Hz, was utilized to ppsbcess the active force time histories
recorded

3.1.2Tests

The tests were performed on thé-gp described in the previoug@&ion, and it involved 5
subject, 4 males and 1 female. The limited nhumber of people was due to a lack of availability of
volunteers, as the subjects had to take part to all thxperimental sessions (active force
acquisition, apparent mass measueat and staircase test campaign). However, as previously
introduced, to all the subjects was addedadaditional set of active forcemming from a previous
existing database. In this wanot only it was possible to artificially increase the intra subject
variability, but also the inter one was really augmenfedfor the measurement of teaact intra
subject variability, it was asked to each person to cross the stair ten times. dMpeedistinction
between the left and right foot walksomade to maximize the possible intrariability of the single
pedestrian. Not only, since the behavior of the human body chdrgessidered in an ascending
or descending crossing of the staicéas well as it wamentioned in Section 2.2.3 ftre passive
contribution), it was asked to the pedestrians to walk in both the directions too. A database with
200 active force time histories was obtained in the end (5 subjects, ascending and descending
direction, two feet, 10 test per case), which was extended with the contribution of the already
existing one (288 active force time histories).

3.1.3Results

In this Section,the measured active forces of the subjects involved in the experiments are
reported, vinich were collecta as specified in the previoug@&@ion. As was mentioned, 5 people
took part at the tests. Their weights are repdridthble2.

subject 1 2 3 4 5
gender male male | female | male male
weight [kg] 85 90 55 80 70

Table 2: List of subjects involved in the experiments.
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It is to be recalledhat one of the reason for which it was utilised a honaele database was the
possibility to account for the intra and inter subject variability of thweagitrofile with respect to

its mathematical descriptipkig. 13. About that, inFig. 15 are reported all the tests undertaken by
subject 1, split by direction and by foot, along with the corresponding average values for the four
combinationgdashed red linesAs can be noticed, both the ascending descending direction

have two main lobes, which are more evident in the ascent. This phenomenon is due to the transition
between the heel and the tip of the foot. Indeed, at the beginningfobtkiep, a sudden increase

of the force transmitted tihe ground occurs, with a magnitude greater than the weigt#, fdue

to the addition of thdynamicsof the body Instead, in the middle of tHeotstep, such contribution
decreases, to increase again, a little more than in the first part, in thadmalstant. This last is

due to forceexertedto the ground necessary to reaccelerate the body to proceed with walking.
Conversely, looking at the descent, the first lobe assumes a value greater than the second one and
greater than the ones involved irethscent (a direct comparison of the mean values of these last
cases is showim Fig. 16). Such trend can be explained by the fact that during the descent there is
a phase in the middle of the step change in which the body is left to be accelerated by the gravity.
As result, a much higher force woulddseertedo stop the motion. Indeed, $ua high contribution

is not present for the ascent, when the gravitational field is constantly against, and so a softer
transition between steps is allowed.

A comparison between the right and left foot is depictdeignl7. As for the ascent, the mean
behavior of the right and left foot is almost identical, while a small variation is present in the initial
part for the descent. Nevertheless, suchabdlity it is a natural aspect of the human walking
activity, and it was accountesincethese cures are utilized in theimulation stagef the Models

left foot ascending right foot ascending

1000 - 1000 1

Z 500 500 1
0 0
0 1 2 3
left foot descending
1000 1000 1
Z 500 500 |
0 " 0
0 1 2 3 0 1 2 3

Fig. 15 Measured active forces (ten tests per foot and directiomibpdéat 1 with their mean values (red
dashed line) evaluated with the starting points of the active force time histories aligned.
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Fig. 16: Comparison of the average ascending and descending active forces per foot of subject 1
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Fig. 17: Comparison of the average left and right foot in the ascending and descending direction of

subject 1.

3.2 Passive Force Experiments

In the present wotkthe interaction with the bodgynamics (passive contribution) was
accounted through its apparent masg((L)). The apparenmass depends on many factors: (a) the
subjectconsideredinter-subjed¢ variability), (b) his posture, and (c) the amplitude of vibration

involved Moreover:
as for the intessubject variabity, the apparent mass depemuasthe characteristics of the

a)

person
b) the posture was found to hea high influence on the appat mas;
c) the vibration magnitude wédsund to have a smaller ret@nce, as also shown([i] for the
case ofstill people(i.e. only passive contribution present)
In the present dissertation, the passive contribution (see8dcH.1) of the human body was

accounted through 2DOF mechanical system, as assumed by Matsumot$32,aB]and adopted
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by others[34,36,38] As was donefor the active contribution, an experimental databasdhier
passive componesnbf pedestrians was created as well. Such a choice has been a consequence of
the need of properly describe the variation of the human body properties, and so of its apparent
mass, as the position along the single aieping walking changs. Not only, a lack in literature
concerning the modelization of pedestrians who cross stairs and the relative parameters was found.

For these reasons, a study of the body motion of pedestrians who cross staircase was conducted
with the identificatbn of the main positions assumed. Whereupon, a characterisation of these
positions by means of their apparent masseas performed for each subject involved. Finally, in
order to us these information in the HSI ddels, a series of fitting by 2DOF modelgere
performed, whose parameters were then easily incorporated in the HSI dynamical equations
(Eq4(30) or Eq(40)) to account for the passive presence of crossing occupants.

In the following,the above lited steps to incorporate the passive pedestrian contribution are
detailed. At first, a mathematical treatment of the apparent mass to obtain its Transfer Function
expressionthat will be utilized in the fitting stages presented. Then, it follows a daption of
the setup used for the apparent mass measurements and a description of the performed tests.
Finally, the posprocessing data analyses are illustrated, along with their interpolation by the
apparent mass model and its parameters extraction.

3.2.12DOF Transfer Function

k == rpZ

| rpl

Fig. 18 2DOF system schematization of the human body apparent mass.

The apparent mass Q) is defined in the frequency domain as the ratio between the force
released by a mechanical system when it igestied to an input accelerati@nd the input
acceleration itselfEg(1). In our case this ratio is between the force releasethe structure and
the acceleration of the structutgelf. Bearing in mindhat a 2DOFmechanical systemraschosen
to represent the QY , Fig. 18, whosedynamic descriptio is reported in the following56]:

@ o 1o Qo a0l Qo
@G o 11 e @ e a0ieo o 1o Qo 49
TY il e @ e

wheredé it A R HAQ AQ are the mechanical parameters of the equivalB@F system
of theapparent mas&/represents the Passive Ground Reaction Force due to the 2DOF system (i.e.
passive pedestrian contribution) ai@s the acceleratioof gravity. Whilew , @ are the two
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free coordinates of the 2DOF system ands the free coordinate of the gnud (i.e.thestructure).

It is possible to express the free coordinates starting from the static equilibrium position of the
system (Ed49)), which can be obtainedufiing the system in static conditions (i.e.

o o o o o m. Furthermore, the ground static position was set equal to zero
(i.,ew ). Anoverbar was introduced into the equations to underline that the static configuration
was dealt

L0d a Q0

O Qo G Q0d Qd
ST Qo of

vof T

(49

Rewriting the dynanic equations of the systestarting from the static equilibrium position just
identified in Eq(49) (i.e. setting the zeros af , andw equaltoaf ,¢f andaf respectively,
the system of equations is now free from the gravitationalterm

a © 1o Qo io Qo
a ® 1 i e O Qe e Qo e Qo (50
TY 1 o o Qoo o

Now a shift to the frequency domain will be executed, since the appasass is defined per
frequency:0 Q1 , Eq(1). To do that, the Fourier Transform of the involved quantities is
executed

w o ® Q

w o Qo Q

® O 1T @ Q

W o O Q

® o Qe Q (5)
® O 1T @ Q

w O »Q

w O Qo Q

Yo YQ
Where the rightand sides of Eq51) represent the leftand side arguments in the frequency
domain, with® , & ,® and'Y that are complex vectors a@d istheEul er 6 s f or mul a
representation of the unit module vector rotating at the angular velogitythe complex plane.

Therefore, by means of the Fourier Transfoig(50) becomes E¢52), cancelling out the
exponential term€) |, sincethey are common to all the equation addenda.
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Finally, it is enough to divide for]
Eq(53), toapparent mas§orce / acceleration)Eq(54).
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in order to pass fromlynamic $iffness (force / displacemént
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It is worth to notice that the extended expression of the previous equation allows to link the
mechanical parameters of the chosen 2DOF system with the apparent mass. Indeed, such expression
was used to fit the experimental Q) curves collected durinthe experimental campaign, as it
will be illustrated in Sectio8.2.4

It is alsoto bepointed out that the apparent masses were defined with respect tstdlieir
equilibrium positions, E¢49), as it was introduceadhiSection 2.2.1Thiswas done since the load
cells used to acquire the forces released by pedestriarRFE&PGluring the apparent mass
experiments were made of piezoelectric material. Thus, the static component of the measured forces
was automatically filtered ouThe other reason wadmcause the effect of the static weight of the
subjects was already measdrin the'Q tests (AGRFs), since load cells (Secti.1), able to
measure the static componentgere usedindeed, to mitigate the matter and to notlaeuthe
subject weights, the 2DOF systemepresenting the apparent masses of pedestviens applied
already in equilibrium on the undeformed structure, i.e. thecat®in its unoccupied static
equilibrium position. In such a way, the structure Weft in its unoccupied static equilibrium
position even if the 2DOF systems (i.e. the passive contribution of pedestrians) were present on it.
The deformation of the structure due to the static weight of pedestrians (even if of negligible
magnitude with rgpect to the vibration state induced) was obtained once the AGRFs were applied
to the structure, as it really happens.

3.2.2Experimental SetUp

The experiments to collect the apparent masses of the subjects involved were carried out at the
campusof Leccoof Pditecnico di Milano. Since the aim were the measured apparent masses, it
was required to impose the ground vibration and measure the response force released at the ground
(PGRF). To do that, an electdynamic shaker wassed Fig. 19) to generate a grourike
vibration, imposing a randomvhite noise profile: vibration amplitude set to 0[2® RMS in a
frequency range of 3:80 Hz. Such a frequencyrmge was chosen as the first two significant modes
of the considered structure (stairepaere both between 7 andH9 (see SectioB.3.4. Moreover,
from literature[32,33] and from previous workf,2] it was evident that any frequency dynamics
of the human body apparent mass already ended at 20 Hz. Instead, the lower bound was selected as
the reliability of the piezoelectric load cells drastically decreases as frequencies lower than 3.5 Hz
are measired Not only, at lower frequencies the displacement of the electrodynamic shaker to
which thepeoplewould have been exposed would have been so high to prevent a standing position
without holding on to some handrail. Indeed, keeping a constant acceldeail, the lower is the
frequency, the highethe displacemenhas to be. Finally, the magnitude of the displacements
reached at frequencies lower than 3.5 Hz would be so high to be unrealistic with respect to the ones
engaged by civil structures, asteof earthquakes.

As for the vibration amplitude, it was set equal to 026 RMS since from previous
publication[l]i t was found that the selection of the
significantly affectthe measured apparent mass curves and (0Q5 was among the tested
amplitudes. Moreover, an increase of the vibration amplitude RMS would have been produce an
unsustainable vibration level, as for the case of low frequencies at fixed acceleratiarsteatsbye
mentioned.

The vibration induced by the electrodynamic shaker was measured and fed back by
accelerometer (B&K, model 4508B, sensitivity: 10.2857 O ), while the response force
released by the tested subject (PGRF) was acquired by a forcbulate by three piezoelectric
load cells (PCB, model 212, sensitivity: 4G &E .), Fig. 20.
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Fig. 19: ElectroDynamicShaker, model V875 LDS.

Fig. 20: Three load cell placed under the plate to form a force plate and the two accelerometers placed on it.

3.2.3Tests

The experiments were carried out to measure the apparent mass of the peamalthaave
been involved in the experimental campaign performed on the real structure (a stainth®), a
use them in the proposedadels for the estimation of the vibration levels of the structure itself.
Therefore, it was required to capture the appangass of each subject. The apparent mass of a
person continuously change during the walking act, due to the change of the body configuration,
and so of itdiomechanical characteristio®f course, it was not possible to acquire a continuous
change of) , since the procedure to measure a single position of it (S&c8dh required 2 min.
For this reason, the more significant positions assumed during thexgvalkire selected. More in
detail, as the experiments involved a staircase structure, dioaaldvariability was present, since
the body configuration of a person ascending or descending a staircase are different. The selection
of the positions was based a visual motion analysis. The tests were conducted for ascending and
descending crossing of the staircase, leaving the subjects free to walk at their own speed. As
reportedin Fig. 12, 6 positiors were selected as the most significant (red squares), three for the
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ascent (positions 2 and 3) and three for the descent (positiors @nd 6). Of course, sinceeth
walking act involves alternatifyethe right and left foot, each position was tested for both the feet
of a subject.

Not only, after other visual motion analyses it was observed that a same person can change the
way in which he/she approach the ascent of a stair, while negligible variatiomaaetieed for the
descent. Indeed, a subject can go upstairs leaning on the tip of his/her feet or by involving his/her
hed as well. For this reason, it was chosen to perform the apparent mass tests for both the
configuratiors of the ascentwith the hekand on tiptoe.

Summing up, the experiments involved 5 sulsjaod for each of them 9 positions of apparent
masses were measured (3 descending positions per foot, 3 ascending positions with heel per foot
and 3 ascending positions on tiptoe per foot) aAsxample, the threscending positi@with
the heel and right foot of bject 1are reportedn Fig. 21 the firstposition in Fig. 22 the second
oneand inFig. 23the thirdone Instead,he threedescending positi@with the right foot of subject
5 are reported: ifrig. 24 the firstposition in Fig. 25 the secon@neand inFig. 26 the thirdone
As can benoticedby Fig. 27, two supports were placexh the two sides of the shaker as sustain for
the tested subject, given the amount of time spent in uncomfortable standing positions. It is worth
to be mentionethat at the subjects were conceded to lean laterallyamtiiem,in order to limit
the influence on the vertical Ground Reaction Faxerted since itwas the aim of the test.

For what concerned the time length of each position tested, since the measurements were based
on noise vibration of the platform, the highle time of exposure to suehvibration would have
been, the longer the final time history would have been. This leads to the possibility ofea great
signal averagingnd so to a cleanér curve in the frequency domain, given by the higher number
of subtime histories available. The length of the $ube histories is a consequeno€ the
frequency resolution imposed (0.5 Hz). Conversely, a long time would have been unsustainable by
the pele, especially for the 6 position on tiptoe. A time length equal to 2 min per position was
finally set as a compromise, leading to an overall time of 38 min of one leg standing posture per
subject over the shaker.

VAN

Fig. 21: Sufject 1, first ascending Fig. 22: Subject 1, second ascending
position, heel contact, right foot. position, heel contact, right foot.
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Fig. 23: Subject 1, third ascending Fig. 24: Subject 5, first descending
position, heel contactight foot. position, right foot.

Fig. 25: Subject 5, second descending Fig. 26: Subject 5, third descending
position, right foot. position, right foot.
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Fig. 27: Subject 1, second ascending position, heel contact, right foot.

3.2.4Apparent Mass Curves

Data Processing

From the experimental stage the gathered information to assess the apparent mass were the
time histories of acceleration at which the subjects were exposed to and the time histories of the
response forcesxertedo the ground (PGRFs) in response to sudekrations. Consides 0 the
single acceleration time history which generated the single passive force time 'lfistoryirst
thing, the two time histories were split in a sequence oftsnb histories of 2 sec lengttii 6
and’Q 6 (with 'Qthe number of the sutime history considered among tlieoneg, such that a
frequency resolution equal to 0.5 Hz was obtained. Then, the Fast Fourier Transform (FFT) of the
subset of input and output windowed signals was performed. The window applied wasiagH
window, as it is usually used. The cut signals in the frequency domait a®&and™Q A& For
each of the suhistoryQ the following Power and Cross Spectrum were evaluated:

O & EAE
o ta@& P (55)
0 C
W & @ EAAE
0 ¢t@&E UB - (56)

where df is the spectrum resolution (0.5 Hz)js the counter to obtaithe allowed discrete
frequencydf the spectrungiven by the frequency resolution df, aidd €A And® €A Atand
forw Aand’Q Arespectively. The power * stands for the complex conjugate term.
Even if the apparent mass is defined as Eq.1, and so
W AE
Ok — 5
S (57
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such a definition of Transfer Function would account for an idealHopytut Transfer Function
(TF). However, given a sequence of issues: (i) linearity of the considered system (the human body
is not a linear system(ii) problems due to bias of thegsials like noise on the measurements;
problems due to the signals elaboration such as (iv) sampling and (v) windieailigg to aliasing
and leakageespectively; the apparent mass TF would not be properly evaluated. To discard or
reduce these problenestimators can be used. One estimatd®adEis 'O A which is defined as

0o £

., 0 A 58
0o /£ o & (58)

The choice was fallen @ A since t works with the CrosSpectrumiO  Aat numeratarThis
was required since the response of the human body (i.e. PG&RJIvas generated by a ndinear
system, as the body for its natureHswever thanks t60O Aat numeratqrthe output signalRo
(i.e.w 0), even if it was the result of a ndinearsystem, it would have been filtered out by means
of complex averaging with the input spectruniod , (i.e.& A, leading to a kind of linearization

of the body response. In thigay, the best possible estimation of the apparent massvas
obtained.
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Fig. 28 Apparent mass of the empty force plate placed on the electrodynamic shaker.

Since the electrodynamic shaker was equipped with g plateder to allow the placement of
the tested subject ahand to build up the force plate to acquire the Passive Ground Reaction Force
(Fig. 19Fig. 20), the contribution of this component had to be compensated from the measured
apparent masses. To do that, an initial measurement session with no subject was performed to
identify the plate contribution oyl The apparent mass of tplate, whichshould theoretically have
been a TF with module equal to the mass of the plate and null phase at any frequency, was
experimentally identified and its trend confirmi@tg. 28). More in detail, as it is depictdyy the
scheme irFig. 29, the input control system supplied the input accelerabion (a vibration white
noise profile: 0.29 O RMS at the accelerometer position, i.e. on the top of the plate) which
excited both the person and the plate. As result, an extra contributiom bgitke acceleration of
the mass of the plat@ o a ® 0, was measured by the three piezoelectric load cells
too, Eq(59) and Eq(60).
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Fig. 29: Modeling of the apparent mass measuremenizet
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Therefore, after the identification of each body apparent mass with the estithatarvas enough
to compensate the TF of thdate Eig. 28), which wasa TF with magnitude equal the mass of
the plate, as reported by [Esfl).

Fitting

At this point, being the experimental apparent mass curves knowi@{ggas well as their
mathematical expression for a 2DOF system schematizatiofbdga fitting of temremains to
be performed. The aim was the assessment ttid 2DOF mechanical parameters
(¢ i R h HQ RQ ) of the apparent mader each configuration and for eashbject in
order to use them in the simulation stage to reproduceatsive effectof pedestrians. The fitting
was executed by means of minimizati(ieq.(62)) of the square error difference between the
magnitude of the 2DOF model anfitbe experimental curve, for each position and subject in the

considered frequency range, i.e.-3G Hz (Section3.2.2. For the minimization was used an
algorithm based on thimterior-Point method.

i ET VEQE L A (62
8
As an example, in the followingll the apparent masses of subject 3 with the correspofitiady
2DOF modekurves are reportgdrig. 30, Fig. 31 andFig. 32). Ascan be observed, the equivalent

mechanical system selected to represent the apparent mass (2DOF) well fits the experimental
curves. Especially, it fits around tfiest two modes of the structuré{mode at 7.81 Hz and'®



54 Chapter 3

mode at 8.87Hz), which are the ones used for the modal description of the structure in the
simulation stage. These results confirm the fidelity of the 2DOF system to represent the human
bodypassive contribution.
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Fig. 30: Subject 3 apparent masses; ascending direction with heel; left column for the left foot and right
column for the right foot; the three positions (positions 1, 230€Fig. 12) arereported per row with
descending order.
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Fig. 31: Subject 3 apparent masses; ascending direction on tiptoe; left column for the left foot and right
column for the right foot; the three positions (positions 1, 2 andR3gofl2) are reported per row with
descending order.

Looking at Fig. 30 and Fig. 31, a comparison between the heel and the tiptoe positions is
possible. Apart for a slightly faster decreasing trend of the magnitude for the otithestiptoe
configurationsthe main diffeences among them can be observed from the phases. Indeed, for the
heel configurations, the phases become stable around 90°. While, for the tiptoe configurations, the
phases tend to assume values higher than 90°, around 150°. That highlights the highey damp
capabilityof the heel configurations with respect to the tiptoe ones.
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Fig. 32 Subject 3 apparent masses; descending direction; left column for the left foot and right column
for the right foot; the three positions (positions 4, 5 andrfegfl2) arereported per row with descending
order.

Intra and Inter Subject Variability

The experiments were performed with different subjects to take into account the inter subject
variability. Nevertheless, each subject was tested forgimtime (2 min per position) to have a
reliable frequency trend and for both of his/her fgég. 30, Fig. 31 andFig. 32). By means of
these two expedients, the intra subject variability was got too. For example, the greatest difference
for subject 3 was observed between the right and left foot of the second ascending positi@ with th
foot completely in contact (heebnfiguration)(Fig. 30 for the apparent mass curvasdFig. 12
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for the photo of the positignThe intra subject variability, i.e. the 18 apparent mass curves per
subject, were used in ModelSction 2.5)after their fitting by the 2DOF model. Indeed, it was

mace up to consider the change of apparent mass due to the body configurations assumed inside
the same step, distinguishing between ascent and descent, and between ascent witinitherheel
tiptoe. These last two mattareconsidered in the first ttvModek too.

Working the Mbdel 1 and 2 with a unique apparent mass per step, distinguishing always
between direction (ascent/desceamtjistyle (heeltiptoe) as just mentioned, it was required to pass
from 18 apparent masses per subjectap@arent massgersubject (descent, ascent witbeland
ascent on tiptoe). Therefore, a vegber frequency averaging was executed on each sub set of 6
apparent masses of the 18, to obtain the 3 per subject required onesb#psitted out that the
three averaging &re executed on the fitted apparent mass curvesyénathe 2DOF model ones.

The last step was the refitting of these 3 mean curves per subject with the 2DOF model to obtain
their six mechanical parametes (it R h HAQ KQ ). For claity are reported the mean
curves of subject 3 for thg averagesHig. 33, Fig. 34 and Fig. 35). As can be observed from
pictures, the refitting by means of 2D@todelperfectly fitted.

As theproposed three btels were compared withalsimpler approach proposed bydiél O
(Sectim 1.2, this last requires an equivalent spread apparentdnas#E(Eq(14)). It is obtained
by dividing the total apparent mass (obtained as the mean apparent maggopteeho occupied
the structure) A (Eq(13)) multiplied by the number geopled ) by the number of possible
positions on the structure (i.e. equal to the number of DDHwe structuree -DOF). Since some
numerical simulations were conducted with rad@m extraction of the subjects to be applied on the
structure $ectiord. 1), a fitting of their spread overall apparent mass 4 to obtain its equivalent
2DOF model to be apply to each node of the structumgas necessary at the beginning of each
simulation. This because of the lack of knowledge of the involved subjects before of the beginning
of the numerical simulation. Therefore, as soon as the pedestrians on the structure are randomly
extracted, and so their apparent masses become knownrehd sperall apparent mass /Eis
calculated and then fitted by 2DOF modef(&ig. 36).
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3.3 Structural Modal Analysis

3.3.1Description of the Structure

.

Fig. 37: Main staircase of building B12, north Milan campus of Politecnico di Milano, which cannect
the ground and the first floor of the building.

In order to figure out the key points and theiportance for a correct HSI modeling in different
possible scenarios, distinct characteristics of walking pedestrians were separately accounted in each
Model. Therefore, one of the main aspect of this work was the assessment of the proposed Models.
Hence, he response a of real structure subjected to the effect of moving pedestrians was required.
To this purpose, the main staircase of building B12 placed at Politecnico di Milano campus of
Bovisa in Milan that connesthe ground floor with the first one watosen(Fig. 37). Such a
structure was suited for our analysgce it is characterised by a lively low frequency dynamic
behavior given by its geortrg and material composition, which is particularly indezhto be
excited by pedestriagffects. The staircase has a slender profile with a steel core and a step coverage
made of marble. There are three flights of stairs. The first of ten steps, thd séoine steps and
the third again of ten steps. These three are spaced by two landings. beieported that for
structural reasons, a support beam made of steel too was placed under the first landing after the
opening of the stairsinceits respmse to crossing pedestrian was excessively high, leading to
serviceability problems for the users. The geometry of the structure is repeldedinTable3.

length [m] width [m] height [m] step width [cm]| step height [cm|
12,03 1,8 5,22 31 16

Table 3: Staircase size.
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For the simulation stage the proposedbiels to work, require structure information in the
form of modal characteristics (i.e. natural frequencies, damping ratios and mode shapes) along with
a structure discretizatiomhese aspects are treaitethe fdlowing Sections: &first, the equivalent
discretizatbn of the staircasehen a description of the experimental stage conduceattoeg the
structure informationfinally, a presentation of the pestocessing analysis of such data for their
final use.

3.3.2Discretization of the structure
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Fig. 38: Discretisation of the analysed structure.

Thebuilt-up Modelsneed of a structure description to simulate the HSI. They see the staircase
through its modal representation. Moreover, the points of the structure at which the mode shapes of
the staircase itself are considered are obtained by a discretization of tterstimn nodes. Such
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nodes are the ones on which the pedestrians are applied during the numerical crossing of the
staircase The staircase was split in two sides, assuming the left one for the descent and the right
one for the ascent of crossing pedesgiarhis was done both for simplicity and because free
pedestrians usually walk keeping the right side of the way. Each step wasytiieetized by a
node per sidd.e. one node on the left and one node on the right of the single step. The position of
the nodes was chosen in agreement with the distance assumed by pedestrian from the handrail
during the crossing, whiclivas observed in the experimental campaign. Since the pedestrians
walked on the instrumented stairs, they wienreedto cross the stairs beeen two virtualpaths
made by the pattern of the accelerometsitiors. Therefore, even if it was asked to not walk at
the center of each half side of the staircase nce it doesnét normally happe
to the handrajlas it is usally done, after few cycle the subjects unconsciously started to walk at
the center of each half side, between the central accelerometers and the lateral ones. Hence, the
staircase was discretized by mean of nodes placed in the middle of each halké stfedin from
the handrails; width of the staase:180 cm), as depicted kig. 38.

Concerning the two landings, even if their length was equivébethte length of five side by
side steps, they were discretized by two nodes per halfiE@le38. Such a choice was based on
the observation of thexperimental campaign as well. Indeed, it was observed that once a pedestrian
reached a landing, instead of placing the next foot at the usually distance used to cross a step, he/she
placed the foot at a higher distance, since he/she had more spa@blavail front of
himself/herself. Not only, before to engage the next flight of stairs, the pedestrian placed the other
foot just once more on the landing and then reengaged the steps of the new flight of stairs.

3.3.3Structure Analysis

To havea modal descrijmin of the analysed structure, an experimental stage was performed.
The equipment utilized for the measurements comprehended:

1 an electrodynamic shaker to excite the structure (ltbiiel V406;
f 10 PCB accelerometers model 393B31, sensitipdy: 611 O ;

f 15 PCB accelerometers model 393B12, sensitipityt @d 611 O :
f a PCB accelerometer model 393A03, sensitiyityt ic 61 O ;

They were applied to the structure as depintdeg. 39. The 10 accelerometers model 393B31were
applied at the accelerometer positions 1, 2, 3, 4, 19, 21, 22, 23, 24 and 25 respectively. While
accelerometers model 393B12 were placed at the accelerometer positions 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17 8land 20. Such subdivision was thought as the less noise affected accelerometers
(393B31) were placed in correspondence of the DOFs with the smallest eigenvector components,
to measure the smallest contributions too. The electrodynamic shaker was maedo glosition
2, such that a etocated configuration was obtained.

Such accelerometer pattern was chosen because from previoush@jiksad been observed
that the first two modes of the structure, which are the ones that have been considered in the
simulation stagdere tog are bending and twisting. Therefovdth such an accetemeter mesh,
both of them would have been properly measured.

For what concern the position of the electrodynamic shaker, it was selected asddftrade
between the capability to excite the structure (i.e. a position wittabrigenvectors, thus far
from the nodes of the modal shapes) and a not too high capability to excite the structure. This last
caution was due to not lead the structure in alimmar behavior, since its very low damped
characteristic, which was already underlined by previous aslys

As can be noticed by the presentation of thaupethe accelerometers were not placed at the
selected nodes in which was discretized the structure, i.e. the point in which pedestrians can walk
both in practices and in the simulations. The choicetaken for practical reasons, since piace
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Fig. 39: Instrumented staircase (on the left) with electrodynamic shaker (small phdmcelerometers;
layout of the experimental sap for the instrumented staircase (on the right).

ment of the accelerometers in correspondence of the positions where the subjects walk would have
be an unsafe condition for the people themselves. Not dréynatural walking act would have

been affected by the presence of the accelerometers. For this reason, it was preferred the
accelerometer pattern illustratedrig. 39. However, that meant that the modal shapes of the stair
case would have been known at points different from the required ones (accelerometers and nodes
of the structure respectively). Hence, an interpolation of the mode shapes, based on the known
points, was then performed to extend the shape of each mode over thesidimase, as will be

shown in the nex®ection(3.3.4.

To excite the staircase, a known mass ezmsected to the shaker. Once an acceleration profile
was generated by the shaker, it was applied to such a mass producing the exciting force. On the
mass was placed an accelerometer (PCB 393A03) to measure the effective input acceleration at
which the mas was subjected. The total mass, given by the placed mass plus the one of the
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accelerometer and the one associated to the moving part of the shaker, was equal to 3.1 kg. The
acceleration profile provided by tehakemwas a random one, characterized leyRower Spectrum

Density profile depicted ifrig. 40. As can be observed, the frequency range of interest in which
was introduced the energy of thein signal was from 2 to 20 Hz. At the beginning was used a
white noise profile (i.e. a flat one) to excite in the specified frequency range. However, this was not
used, since the impossibility of the electrodynamic shaker to significantly excite at @nHziah

a profile. Instead, a double integration of it was used, obtaining the acceleration PSD profile
depicted inFig. 40, which allowed a propelxeitation with the shaker even at 2 Hz. The structure

was exposed to such excitation profile for 1h, in order to allow a relevant statistic exposure.

5 10 15 20 25 30
[Hz]

Fig. 40: Acceleration profile provided to the electrodynamic shaderitation range: 20 Hz.

3.3.4Post-Processing

Summing up, from the experimental campaign for the modal structure characterization were
acquired the exciting force profile (acceleration profile of the shaker times the moved total mass)
and the 25 acceleratiomesponse time histories at the acceleromptsitions,Fig. 39. These
signals, after subdivision in sdiime history and averaging in the frequemomain, were utilised
for the modal analysis of the structure. The modal parameters (i.e. natural frequencies, damping
ratios and mode shapes) were identified by Experimental Modal AnéBi&) technique: Poly
Reference of the Least Square Complex Frequéomain Estimatiof59]. This technique was
selected because of its accuracyhia inodal parameter estimation with respect to other methods.
The procedure is basically a muttiodal minimization of the experimental datéth the modal
parameters as variables for the fitting. The natural frequencies and the damping ratios as output of
the analysis are repostad

Table4. As the excitation produced by pedestrian walking barely reaches more than 10 Hz
with its harmonic components and his/her passive damping effect drastically decreases for higher
frequenciesthe first two modes of the structure were considered only, as they were the only to be
susceptible to such components (active and passive). The mode shapes of the first two modes are
repostedn Fig. 41 at theknown points, i.e. the accelerometer posiion

Mode Natural frequency [H Damping ratio [%6]
1 7.81 0.38
2 8.87 0.35

Table 4: Natural frequencies and damping of the analysed structure.



3.3 Structural Modal Analysis 65

0.04
_. 0.02
£
S,
N0
" 500
-0.02
-500
1500 -500 ~1000 500
y [cm] - x [em] y [om] -1500 x [cm]

Fig. 41: First modeon the left, second mode on the right.

As was anticipated in the previous@ion, an interpolation of the mode shapes to extend their
shape to the nodes of the structure through which the pedestrians crossed the staircase was required
for the numerical snulations. To do that, it was employed a biharmonic spline interpolation.
However, other interpolation techniques were considered and tested (e.g. thin plate spline
interpolation or a cubic spline interpolation), but not significant improvement were etsgnv
termsof SSE(Sum of Squares due tarhr), R-square and RMSERoot Mean Squaredrior)).

The interpolation of the first and second modestafircase are reported Fig. 42 and Fig. 43
respectively. While the extraction of the first and second modal coordinates at the nodes of the
discretized structure are depicted-ig. 44 andFig. 45 respectively.
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Chapter 4
Numerical Simulations &
Experimental Campaign

In this Chapterthe fourth the proposed Models (i.e. Model 1, 2 and 3) and the old one (Model
0) are numerically applied to simulate the response of a real reference structure, a dtadroase (
showed inSection 3.3)The experimental campaign performed on the structure will be presented
too. Since the different characteristics of the Models had to be tested, several pedestrian scenarios
were thought and then reproduced both numerically and tested on the real st@Qfatotese, the
main aspect to be checked was the reliability of the Modethdé@stimation of the vibration levels.
However, as already introduced$ection 2.2, another important feature to assess was the strong
difference between Models 1, 2 andrldahe old one, Model 0, that is how the apparent mass of
the subjects (PGRFs) is treated. Indeed, Model 0 was designed to deal with situations of high
pedestrian density, and with long periods of observation (Sectiof].2he longtime intervals
are required to ensure the filling of the structure by pedestrians, so that a sttadgense
pedestrian condition can be assumed. Given the high density of people, Model 0 approximates the
effect of the local pedestrian passive contributionsgpparent masses/PGRFs) with a mean global
one, obtained by spreading over the entire sireche global passive contribution exerted by all
the pedestrians present on the struciisedf. Since the main effect of the passive contribution is
the addition of damping to the structure, the localized pedestrian damping effect is in such a way
diluted over the entire structure. Of course, in the condition in which Model 0 is supposed to be
used, this approximation is not so strong and different for what really happens. Indeed, in case of
dense pedestrian condit®mrpedestrians are present on tinire structure in an almost equally
spaced way. Conversely, the main aspect accounted by the new Models, at first by Model 1 and
then by Model 2 and 3 (since they start from the background of Model 1), is a moving passive
contribution. In this way, not dnthe active part (AGRF) is properly describe in time and space
coherently with the pedestrian position, but now also the passive one (PGRF) is. As a consequence,
the first thing to investigate was the validity of the new Models for the estimation wbtlag¢ion
levels, even in case of low number of pedestrians and short time is{ge/gust theonesrequired
to cross the structure). Bearing in mind the applicability conditions of each Model, a series of tests
were thought to validate such conjeetsurThe list of tests is reportedliable5.
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Test # Type|# of personsinvolved Initial positions Subjects Initial time [s]
1 |loop 5 fixed | 1[10[22{46]63 2] 1]3][5]4] o [ o[ o[ 0] O
2 | loop 3 fixed | 1|41|46 4153 0| 0] O
3 | loop 1 random| 34 - 0
4 | run 5 fixed [ 1|1]1(34(341(2)4|3|5] 9 |99(10.8 0 | 0.9
5 run 5 random 1| 1|1(34|34 -] - -1-1 9 199(10.8 0 | 0.9
6 run 3 fixed [ 1[1]|34 5(3|4 72181 0
7 | run 2 fixed [34[34 3|5 0| 9
8 | run 2 fixed |11 3|5 0] 9
9 | run 2 fixed | 1[34 5|3 0O
10 | run 1 random 34 - 0
11 | run 1 random 1 - 0

Table 5: List of tests performed both numerically and experimentally witlesteidns of a staircase.

As can be observed, a main distinction was done betweelonly tests and the short ones:

Al oopd and Arunodo type respectively. I n the |l oop
and the number of pedestrians on tlerease was kept constant. This was done by reintroducing
pedestrians on the structure as soon as they ended the crossing of the staircase. Moreover, as was
explained inSection 3.3.1the structure was crossed by pedestrians keeping the right side for the
ascending crossis@nd the left side for the descendargssingsboth in the numerical simulations

and in the real tests. Conversely, in the run type tests, pedestrians crossed the siryabmes

time and, once they ended the crossing, theythefistructure. In these two macro categories are

gathered all the sts performed: in the loop tygallen testsnumberl, 2 and 3 in the run type

fallentests fromthe4™ to 11"

In the column Al nvol vedod i s diepetleatriaestbrnotf t he s
More in detail, for the Afixedo cases, the st
used/ performed the test. I n case of Arandomo tes
pedestrians equal to the number repostechiet A# o f pedestrianso col umr
numerical simulations. Conversely, for the tests performed on the real staircase that are classified
with the | ab e lnuniberda s #0anddl),(they were repeated different times with
differentsubjects involved (s€Eable6 in Sectiord.2for detail9. It is notedthat the configuration
of the pedestrians in test number 5 is the same of test number 4. The only difference is that in test
number4 the subjects were always the same, while in test nubthery changed/were randomly
extracted.

Instead,ht he Al ni ti al the ioitl positians assumeal byutme rsybjects at the
beginning of each testre indicatedtaking as reference the discretization of the staircase reposted
in Fig. 38 of Section 3.3Beside to it, the list of subjects involved and the corresponding time at
which the specific pedestrian assumed the initial position indicated in the dedicated column, are
reported. Foexample, in test 7, subject 3 and 5 go upstairs (step 34 is the first of the ascending
crossing Fig. 38) with subject 5 who starts 9 s after subj@eind both of them leave the structure
at the end of the crossing. The initial times were evaluated considering that the average length of
an active force time history was 0.9 s. Since this last was the factor that imposes the permanence of
the pedestriaon each step, it was enough to select the distance in terms of number of steps and
multiply it by 0.9 s to obtain the distance in time.

In the following are presented: at first a Section concerning the numerical simulations of the
aforementionedscheduledtests, then a Section about the experiments conducted on the real
staircase.
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4.1 Numerical Simulations

The numerical simulations of the schedutedts(Table 5) with the proposed Models were
implemented and performed in a Matlab ambient (MathWorks Matlab 2016 b).

4.1.1Input Data

The necessary information required by the program, in which all the Models were
implemented, to execute the numerical simulations®if ptoblem, are of three types:

1 A database containing the active force time histories of each subject collected in the
experimental stageSection 3.1).

1 A database containing the 2DOF model parameters to reproduce the apparent masses of
each subject in ehgosition considered. A distinction was done between the database for
Model 1 and 2 and the one for Model 3. Indeed, the first contaimadha apparent mass
curves of the most significant position assumed during the single step, while the second
contairs theapparent massurves of the most significant position assumed during the
single steplt is notedthat the apparent mass curves were acquired and fitted by the 2DOF
models for both the cases of foot completely in contact with the sieh e e | @atiom)o n f i g u
and for pedestrians walking on the tip ofthefodit i pt oe 0 .dheneférée,gvar at i or
databases for Model 1 and 2 and two databases for Model 3 were available. For details see
Section 3.2.

1 The modal parameters of the structure for its desorign modal coordinates (Section
2.3.2 and 3.3). They include: the natural frequencies, the damping ratios and the mode
shapes of the accounted modes, that were the first two.

4.1.2Working Principle

All the Models (i.e. Model 0, 1, 2 and 3) were developedynene (Model 0 was reproduced
too). Then, since the same simulation had to be run with all of them, they were joined in a unigque
program with a common initial interface. Therefore, before to start a simulation, a series common
settings, shared with alhé Models, had to be/have to be set:

1 Number of simulations.

1 Time length of the single simulation. If walking pedestrians are again present on the
structure when the time length of the simulation exhausts, d@dhewtopped and the
simulation is concluded. dhversely, if all the pedestrians have already left the structure,
but the time length of the simulation is not finished, a free decay of the structure is
reproduced for the remaining amount of time.

1 Sampling frequency of the simulation. Frontlite discetization of the time length of the
simulationis evaluatedIt was set equal to 256 Hz, since it is enough to properly describe
the dynamic of the passive HSI (i.e. empty structuBD®F models) and the pedestrian
active force time histories.

1 A Booleanvalue for the loop condition. When it is set equal to 1, as soon as a pedestrian
leaves the structure, he/she is reintroduced on the other side of the staircase with opposite
direction. For example, if a person reaches the first floor, in the followitgninke/she
will be on the first step for the descending crossing, on the left side of the staircase. In this
way, the number of pedestrians present on the structure is kept constant. Conversely, when
it is set equal to 0, pedestrians cross the stairsar@ytime.

1 The overlap time value. This time is used in Model 2, where the overlap between two
consecutive footsteps is considered. Such value was left as an initial input parameter so that
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different walking activity (walking, jogging or running) can bmaslated. In thighesisthe
value was kept fixed and equal to 0.1 s, as expos8ddtion 2.4.1.

1 A Boolean value for the type of ascent style. Indeed, as was explained in Section 3.2.3,
pedestrians can go upstairs with a complete contact tdehwith the steps of the stamse
( Aheel 06 configuratifeett) i0oi pteanv confhegutapio
value equal to 1 meansheelconfiguration, while 0 a tiptoe one.

1 Number of modes) of the structure. Since the structure was tredbedigh a modal
description $ection 2.3.2), thimformation about the number of modes that are considered
is required to properly size the matrices.

1 Number of steps of the staircase.

1 The table with the pedestrian information. It contains the iqtaltion of each pedestrian,
the time at which helfi® have to be applied at his/hgosition, and the name of the
pedestrian. This last entry is discarded in case of the Boolean value associated to the random
extraction of the involvegdedestriang set gual to 1. In the following is shown an example
of table,Fig. 46. In this case, all the 5 subjects start at time zero. Ts is defined as the invers
of the Sampling frequency of the simulation. Whereby, by meanswid( time /Ts)*Ts
with time equal to the time at which the subject is introdudteid, possible to ensure that
an integer multiple of the fundamental time interval Ts is always selecteiti@lsnstant.

£33 Pedestrian CADl 8 e e e e e e e e e e e e e e e e e e e e e e

info _pers cell = {...

s position time

round( 0 /Ts)*Ts
22 round( 0 /Ts)*Ts
17 round( 0 /Ts)*Ts
37 round( 0 /Ts)*Ts
34 round( 0 /Ts)*Ts

Fig. 46: Picture of the table that contains the information about the pedestrians involved in the simulation.

1 A Boolean value associated to the random extraction of the involved pedestrians. When it
is setequal to 1, the specific subject listed in the pedestrian information table is randomly
assigned. Remember that at each subject is associated his/her own database of active force
time histories and his/her own database with the 2DOF system mechanicaétpasam
(Section 3.1 and 3.2 respectivelZonversely, when it is set equal to 0, the specific subject
listed in the pedestrian information table is used.

These information are then passed to the main core of the program that is made by the 4 Models.
The first Model to be run is Model 1, which is followed by Model 0, then Model 2 and finally
Model 3. That means that at first, Model 1 is run as many times as the Number of simulations was

set in the initial interface, and then all the other programs in tuenbgnone. Since the same
situatiors have to be reproduced by all the HSI Models, the specific subjects involved in each
simulation, whether they are assigned or randomly extracted, have to be the same. For this reason,
Model 1 saves at each simulation aformation file containing the list of the subjects used. In this
way, the other Models can apply at each simulation the same subjects of Model 1, and so the proper
databases of active force time histories and of 2DOF model parameters (i.e. appareatvas)ss C

In Section 2.3.1 and 2.3.2 was explained as Model 1, but mainly also the other Models, works.
For the sake of clarity, the working principle is here reportedriost.thing, it is to underline that
all the simulations are conducted in the timendm. Therefore, an integration of the dynamic
equations ofheHSI system (E@30) or Eq(40), this last is expressed by a State Space formulation)
is required. As the HSI system is a Time Variant system, since the pedestrians on the structure
continuously change their positions, further considerations were done to make themgstem
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manageableBasically, average apparent mass curves representative of the main apparent mass
curves assumed during the single footstep (remember that the apparent mass depends on the
position of the body and it changes during the single footstep)utitzed in Model 1 and 2. While
in Model 3, 3 apparent mass curves concerning the most significant 3 poesstsoimed during the
single footstep, were implemented. In this way, as long as a person has a specific apparent mass
curve (i.e. for a footstep Model 1 and 2, while for 1/8f footstep in Model 3), the HISystem
becomes a Time Invariant system. Therefore, the integration was stopped and restarted any time
thata personmoved leading to the integration of a series of Linear Time Invarianésst

The integration of each HSI LTI system was performed by means of a Matalbe ODE solver.
The ODE solvers are solvers to solve Ordinary Differential Equations. Even if ode45 is the most
versatile integrator and the first prompted by MathWorks among rtkee of the Matlab ODE
packet, the second most suggested was tested too, that is ode23. It was tested with the version for
both the norstiff problems (ode23) and for the stiff problems (ode23s), since odextByisor
nonstiff problems. Where, with stiffroblem is meant an Ordinary Differential Equation that forces
the numeric method of the solver to assume an unnecessary small size of the discretization step
with respect to the one sufficient to describe the trend of the exact so[6ipnBecause of no
significant changes were observed among the solutions evaluated with the different solvers, ode45
was depbyed as numerical integrator for all the Models. Since the numerical method of the ODE
solver needs to freely evaluate the ODE system within the integration time interval imposed to it, a
re-sampling of the active force time histories was necessary at ievegration time interval.

After the integration, which provides the solution of the HSI system in terms of displacements
of the structure, a doubtene derivatiorof the integration output is required, since the final aim is
the estimation of the vibtian levels, which come from the accelerations of the structure. Indeed,
from the integration stage, the displacement time histories of the nodes of thesstrestvaluated
(e.g.Fig. 47). Passing through a doulilene derivative the corresponding acceleration leveds
be assessed (efjg. 48).
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Fig. 47: Displacement responses of the structure in correspondence of the positions occupied in the
experimental campaign by acceleromeg(blue curve) and 9 (rexlirve) (accelerometgositionsFig.

39), whichis subjected to a pedestrian who goes upstairs and then leaves the structure (final free decay
present).

In Fig. 47 andFig. 48 is depicted the responséthe numerical simulation in correspondence
of the positions assumed by accelerometer 8 and 9 during the experimental cgbipaignd red
curve respectively)indeed, the points in which the structure was discretized (i.e. the positions that
the pedesians can assume in the numerisahulations,Fig. 38) aredifferent from the ones at
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which the response of the numerical structure was observedtextr This was allowed by the use

of two different sets of eigenvectors, as explainedsattion 2.3.2 and 3.3.4. Eigenvectors
evaluated at the points in which the structure diasretized, were used in the simulation stage
Eigenvectors, evaluated imrespondence of the positions that accelerometer 8 and 9 had during
the tests on the abstructure, were used in tbhbservation bthe numerical results stagehese last

(i.e. the points at which the numerical accelerations are read) were selecteo dogigositions

of the accelerometer 8 and 9 for two reasons: to have a direct comparison of the results (numerical
vs experimental) and because these two points are the ones in which the modal shapes of the first
and second mode of the structure asstimaig highest modal displacements. Moreover, two points
instead of one, to have an information for both the sides of the staircase.
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Fig. 48 Acceleration responses of the structure in correspondence of the positions occupied in the
experimental campaign laccelerometers 8 (blue curve) and 9 (red curve) (accelerorpesitionsFig.

39), which is subjected to a pedestrian who goes upstairs and then leaves the structure (final free decay
present).

4.1.3Number of Simulations & Computational Effort

The number of simulations, for which every pedastconfiguration was run, was set equal to
100. Such number was considered sufficiently high to have a reliable distribution of the estimated
vibration levels, both in cases of tests with selected pedestrians or of tests with pedestrians randomly
extraced. Indeed, for the tests in which the pedestrians are selected, at every simulation a different
sequence of active force histories for each pedestrian is extracted, since the AGRF extraction is
always a random process. Therefore, performing 100 simuatiolust results with respect to the
intra-subject variability (i.e. the variability of the same subjeatyeassumed. While, in case of
tests with a random extraction of the pedestrians involved at each simulation, the robustness of the
results with regect of the intesubject variability (i.e. variability among different subjects) was
assumed for 100 simulations too.

It is to highlight that eachcenario offable5 was simulated for both pedestrians walking with
the feet completely in contact with the stefisegb configuration) and for pedestrians walking on
the tip of the feet ftiptoed configuratior). Indeed, two different sets of 2DOF mechanical
parameters were obtained for each subject during the preliminary experi®ectisrf 3.2)and
collected in two different databases to account for the passive contributions.

As for the computational effoted by the program, of course it changes with the type of
simulation considered, mainly between the long tests (pedestrian in loop for 5 min) and the short
ones (pedestrians leave the structure at the end of the crossing), and it depends from the hardware



4.1 Numerical Simulations 73

employed. As an example, the case of a computer equipped with a processor type Intel Core i7
6500U 2.50 GHz (up to 3.3 GHz), a RAM of 12GB and an internal memory type SSD is reported.
In case of gpersornwho crosses the staircase one time:

- Model OplusModel 1: 3.29 s.
- Model 2: 1.61 s.
- Model 3: 1.41 s.

Note that the time required by Model 1 is given together with Model 0. That is due to how Model
0 runs, that is always consecutive to Model 1, leading to a split of the two times not possible.
In case of gpersonwho walks in loop on the staircase for five minutes:

- Model OplusModel 1: 3.29.
- Model 2: 15.99 s.
- Model 3: 14.98 s.

As for heaviest case among the simulated ones, 5 pedestrians who walk for five minutes in loop:

- Model OplusModel 1: 64.45s.
- Model 2:44.88 s.
- Model 3: 68.85 s.

Of course, all the times are referred to a single simulation of the stated case.

4.1.4Simulations

The numerical simulations that were run with the program were the oneéliSedale5. Each
of them was run 100 times, in order to have enough simulations to have a reliable distribution of
the estimated vibration lexglas just introduced in the previous Section. For eanhlation, the
initial settings of the program were set (Sectioh.2 coherently with the type of tett berun,
Table5. Thus: if pedestrians are & loop condition or they are not, the initial positions, the initial
times, the specific subjects, etc. Finally, as was explained in Sécfi@nthe outcome of each
simulation are the acceleration time histories in correspondence of the positiooslefaneter 8
and 9. As the scheduled testsTiable 5 are 11, 1100 acceleration time histories, for both the
accelerometer positions (8 anda®d bah the walking styles (heel/tiptaeyere obtained at the end
of the numerical simulations.

4.1.5Post-Processing

As result of the numerical simulation stage, a huge number of acceleration time histories were
available. In order to analyse the response of tluetsire in each tested pedestrian configuration
and in order to condensate the large amount of information available;@posssingessiorwas
made followedhe simulation one. More in detailwb quantities were used for such purpose: the
global RMSvalue and the moving RMS one.

Global RMS

As the main information of a signal is the power associated to the signal itself, the Root Mean
Square value (RMS) of the signal is strictly correlated to the power of the signal as well. Indeed,
the RMS value repsents the amplitude that a constant signal has to have in order to have a power
equivalent to the one of the consider signal over the same time interval. The advantage, with respect
to the power value, is that the RMS keeps the same unit of measureesfthated signal. Its
definition follows:
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2-3 ,,EY ® 0Qo (63

where T is the time length of the acceleration time higfogy. As can be noted, its unit of measure
is the same of the acceleration time history one,ithatO . Not only, the RMS value can be

evaluated also through the mean valugeq(64)) and the standard deviatign(Eq.(65)) of the
signal, as reported by K§6).

p v s s
o = 64
r @O Qo (64)
P ve o (65)
” uY
2-3 ¢ ., (66)

Therefore, as fst index of the vibration level of the structure, giebal RMS value of each
of the 100 acceleration time histories was evaluated. Of course, this was done for both the points at
which the numerical accelerations were observed (that are equivalent to the positions in which
accelerometers 8 and 9 were placed dutiegxperimental campaign) and for each of the 11 tested
situationdisted inTable5. Hence, for each HSI configuration tested, 100 RMS accelenaiars
were available.

SuchRMS values were evaluated on the whole time length of each acceleration time history
More in detail, they were assessed on the entire time lefitik loop tests (i.e. the first three tests
of Table5), since the time of this type of tests was a setting parameter (i.e. 5 min). Astion the
tests(i.e. tests from test number 4 to test number ITabie5), in which the pedestrians cross the
structureonly one timea free decay of the structure was present, both in the numerical simulations
and in the experimental tests. For this reasomtih the experimental and numerical tests, a trigger
value was set for the free desaunder which the acceleration time histories were cut. The
threshold valuevas set in agreement with the steady state values of the free decays observed in the
experimetal testg(i.e. 0.025 O ), which were given by theoise thresholdf the signals

It is to be pointed out that, before to compute the RMS values, the acceleration time histories
were filtered by a Low Pass FiltArtPF). This was done since the same gahare was performed
for the experimental acceleration time histories. The experimental data were Low Pass Filtered to
discard the frequency components of the signals at frequencies higher than the ones of the first two
modes of the structure. Only theseotmodes were kept into account, and used in the modal
description of the structure in the Models, since they were found to be the only ones sensible to the
excitation of the pedestrians. Hence, the filter was applied to discard the contributions ofédbe mod
at higher frequencies. The same filter was applied to the numerical simulation outcomes, even if
they were obtained considering only the first two modes, in order to have the same distortion of the
signals that is intrinsically produced by the applmatiof a filter. In addition, the numerical
acceleration signals only, were also Band Pass Filtered: once around the first mode (7.81 Hz) and
once around the second mode (8.87. hizthisway, the contribution of each mode to the vibration
level was sepataly evaluated too. Summing up, the three filters were applied:

- Low Pass Filter: Butterworth filter "8rder, cutoff frequency: 12 Hz.
- Band Pass Filter: Butterworth filter, 1 @rder, cutoff frequencies: 6 8.3 Hz.
- Band Pass Filter: Butterworfliter, 12" order, cutoff frequencies: 8.311 Hz.

The next steps which follow were performed for all of three type of filtered signals.
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As an exampleit is reported one acceleration time history (the one in correspondence of
accelerometer 8) of testimberl0 of Table5 (a randomextracted pedestrian goes upstairs and then

leaves the structure). Fig. 49 are depictedn redthe LPFsignaland in blueghe originaloneg

while in Fig. 50the RMS valueof the LPFacceleration signal in purpl@s can be seen tBig. 49,

the filtering introduces a slight delay in the filtered signal. Thisir i ght and it doesr
results, since the RMS value(loesnb6ét change, ¢
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Fig. 49: Acceleration timehistories extracted in correspondence of the position of accelerometer 8 for a
pedestrian who goes upstairs obtained with Model 1. In blue thealrtgne history, in red the LPéne
at 12 Hz with an 8 Order Butterworth filter.
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Fig. 50: LP filtered acceleration time history (in red) in correspondence of the position of accelerometer
8 for a pedestrian who goes upstairs obtained with Model 1. Its equivalent RMS value in purple.
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Now, in order to combine the 100 RMS acceleratialues (e.g. the purple lired Fig. 50),
without losing any information about the powers of the signals involved, the mean value and the
standard déation were evaluated for the squared RMS acceleration valugs,/Eand Eq.(68)
respectively.

p
- = 2- 6
= 2-3 (67)

- P 2.3 * (69)
p

With N equal to 100. This was done to leave the information of the powers unchanged during the
combination of the 10@alues, since the power is proportional to the square of the signal amplitude,
and so of the RMS value. Since the final aim is not a precise value of the expected vibration level,
but a range of the most probable vibration levels that could be obserteel $pecific HSI scenario
tested, a probability density function, to describe the result of the 100 simulations, was used. The
description of such distribution was provided as for a Normal one, that is through the mean value
(Eq(70)) and the limit values for the confidence interval selected. A confidence interval at 95 %
(i.e. 2 Standard Deviation) (E(R9) and Eq(71)) was chosen.

TG (69)
= (70)
TG, (71
Where the symbols represent the lower limit at the confidence inteat&l5 % of the RMS

acceleration value, the mean value of RMS acceleration level and the higher limit at the confidence
interval at 95 % ofthe RMS aceleration value respectivelAs an examplethe probability
distributionsobtained with every Moddbr thecase 10 oT able5 are reporteth Fig. 51 (a random
extracted pedestrian goes upstairs and then leaves the structure).

RMS LPF L (8) RMS LPF R (9)
Model 0 [ <« L > 1 Model 0 [ < L] >
Model 1 | < L > 1 Model 1 < L >
Model 2 |« L > 1 Model 2 | <« L] >
Model 3 1 Model 3
0.05 0.1 0.15 0.05 0.1 0.15
RMS [m/s?] RMS [m/s?]

Fig. 51 Estimation of the vibration RMS levels undertaken by the staircase when a pedestrian goes upstairs and
then live the structure. Heel contact footstep. Witthat represents the mean RMS acceleration value and

that represent the RMS acceleration valfg a confidence intervalt 95 %. On the left, the values observed in
correspondence of the position of accelerometer 8. On the right, the values observed in correspondence of the
position of accelerometer 9. All the signals are filtered by a Low Riesd& 12 Hz.
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The formulation used has allowed to obtapr@babilitydistribution for the estimation of the global
vibration level undertaken by the structure, leaving unchanged the power of the single acceleration
signals used for the distribution assment.

One of the main aspect to be checked of the new Models, was the difference in the estimation
of the vibration levels brought by the modelization of the apparent masses of the pedestrians as
moving passive contributions, with respect to a spreagdasiModel 0 doeSéction 2.2)To assess
this matter, a direct comparison with Model 0 was done for every Models. Moreover, for each of
the 100 simulations, the eigalent RMS acceleration vale¢the Models (coming from E.8) or
Eq(66)) was normalized for the orassumed by the Model O:

2 -3 .

2-3 >3 E picho E pBp mtn (72)

=0¢
3¢

Then, the 100 RMS aeleration ratios of each Modelere processed with H§7), Eq(68),
Eq(69), Eq(70) and E¢(71) as well. In addition, the maximum ) and the minimumg ) ratio
values among the 100 ratios were taken for each Model. As an exantpte 52 theratios of the
Models with Model O for the case showed beforEig 51 (i.e. a randonmextracted pedestrian who
goes upstairs and then leaves the structarge 10 ofrableb) are reported
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Fig. 52: Distributions of the RMS acceleration values of each Model normalized by Model 0, for the case
of a pedestrian who goes upstairs and thenthe structure. Heel contact footstep. Witthat represents

the mean RMS acceleration ratio value, that represent the RMS acceleration ratio values for a
confidence intervaht 95 % and © thatrepresent the maximum and minimum ratio value observed
respectively Onthe left, the values observed in correspondence of the position of accelerometer 8. On
the right, the values observed in correspondence of the position of accelerometer 9.

The estimatd vibration level distributions, which were showrFig. 51 andFig. 52 (for the
case of an pedestrian who goes upsthiysheans of the mean value) @nd the confidence interval
at95% ( ), were then fully depicted through histogiams an example, the case of a pedestrian
who goes downstairén Fig. 53.
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Fig. 53: Histograms related to the global RMS acceleration values of 100 simulations, for a person who
goesdownstairs. Estimation of the 4 Models on the left; ratio (simulation by simulation) of each Model
with Model 0 on the right.

Moving RMS

Anot her i mportant parameter used to analyse th
change, it is the samé the one reported in §d.8) or Eq(66). What changes is the time interval
of the signal on which the RMS is evaluated. Indeed, the RMS value is functiortiof¢hiaterval
of the signal on which it is evaluatetherefore, going to evaluate the RMS over a smaller time
interval (3 s) for all the time length of a signal, will aido observe the dynamics of the trend of
the power as a function of time, since the RMS value is strictly correlated to the power. In this way,
an observation of the differences among the Models from an almost instantaneous point of view
(every 3 s)was dso possibleAs an examplethe casef one pedestriawho go upstairand then
leaves the structur@ 0" case ofTable5) is reported inFig. 54 (just 1 moving RMS acceleration
time history evaluated every 3 s). It ie be recalledthat, also for the moving RMSs, the
accelerations time histories were filtered, as explained in the previous Section.

0 L L L I L L
0 10 20 30 40 50 60 70 80

[s]
Fig. 54: Moving RMS acceleration time history evaluated every ¥ sfpedestrian who goes upstairs
obtainal with Model 1, in correspondence of the position of accelerometer 8.
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The so obtained 100 moving RMS acceleration time histories per scenafiasi@b and for
both the points at which the accelerations were extracted from the simulations (i.e. in
correspondence of the positions of the accelerometer 8 and 9 of the experimental section) were
processed likewise the global RMS values (previous Sectidm®.difference is that not only a
unique global RMS acceleration value is available for each of the 100 acceleration time histories,
but a sequence of moving RMS evaluated every 3 sKigigh4). For the sake of clarity, the actual
situation, with the next passages, is depiatdeig. 55.
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Fig. 55: Representation of the set of 100 moving RMS acceleration curves for the case of a pedestrian
who goes upstairs and then leaves the structure (i.e. bell shape of the moving RMS curves). Every yellow
dot of a curve representsRMS acceleration value evaluated on a time window of 3 s. The red line
represents the consideration of a specific 3 s time interval, and so of a specific set of 100 RMS acceleration
values coming from all the curves (red dots).

In Fig. 55, the yellow lines represent the moving RMS acceleration curves. Indeed, since they are
evaluated every 3 s (as can be observed by the time axis, where every segrasahi® a time
interval of 3 s), they are made up by a sequence of RMS evaluations spaced of 3 s (the yellow dots
of a single curve). The next point is their processing. For every time interval of 3 s, is available a
RMS from each of the 100 moving RMSrees. Therefore, at first, a time interval of 3 setected
(the red line irFig. 55) and with it the corresponding RMS value of each moving RM&ec(ihe
100 red dots ofig. 55). Then, at this set of 100 RMSEq(67), Eq(68), Eq(69), Eq(70) and
Eq(71) are applied. Doing so, for every 3 s time interval available, the curves dedpiétigd 56
areobtained (one for each Model) (the example case is always thest®fTable5, that is the
one of a peeéstrian who goes upstair#t)is notedthat with respect to the global RMS acceleration
case, where was used to represent the mean RMS acceleration value anthe RMS
acceleration values for a confidence interval at 95 %, here theylatEsied by a continuous line
for the mean values and by two dashed lines to show the confidence interval ,za95Hdwn by
Fig. 56.

It is to be panted out that, also if the discussion about the results will be performed in the next
Chapter, fronfig. 56is possible to observe a physical semsthe outcome of the simulated case,
also without any experimental data. Indeed, a like bell shape of the moving RMS acceleration
curves is present for the simulated case: a paxvbangoes upstairs, with a numerical observation
point placed in correspondee of accelerometer &i@. 39). Such shape is coherent with the
pedestrian path @rthe measurement point located at a point with high modal compolmetesd,
this last is placed in correspondence of the range of pwitlighe maximum modal components
of the accounted modes of structure. Therefore, since that location of the staircase is the most
susceptible one to the excitation of the walking pedestrians, it is expected that the vibration levels,
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at the measuremenbint, have tdncrease while the pedestrian is reaching that staircase zone and
to decreas while the pedestrian is leaving it, measuring the maximum values when the pedestrian

is closest to such point (i.e. around 18 &igf 56).
RMS LPF L (8)

0.3

RMS [m/s?]

Fig. 56: Moving RMS acceleration curves (extracted in correspondence of the position of accelerometer
8) for the case 10 dfable5 (one person goes upstairs), with the continuous lines equal to the mean value
and the dashed lines equal to the confidence interval at 95 %. In the plot, the results of the simulation with
Model 0 (in black), Model 1 (in blue), Model 2 (in red) and Model 3 (in yellow) are reported.

Going ahead, as was introduced in the previous Section, one of the aspect to be checked was
the variation in the estimation of the vibratidevels brought by these of moving passive
contributiors of the pedestrians (i.e. apparent mass) with respecpread over the structure one,
like Model 0 doesTherefore, also for the moving RMS acceleration case, a normalization with
respect to Model 0 of the results abtd with Model 1, 2 and 3 was made. To do that, once a 3 s
time interval is selected, a set of 100 RMS values is available from each of the 4 Models (red lines
in Fig. 57). Then, each of these RMS values of Model 1, 2 and 3 is divided for the corresponding
one of Model Othered dots oFig. 57 shav a single ratip applying in this way E¢72).

~RMS [ms -2]

"N,

Model 0

Fig. 57: Normalization by Model O procedure for a single RMS value of a moving Bét8leration
curve for Model 1, 2 and 3, in case of a pedestrian who goes upstairs (i.e. bell shape of the moving RMS

acceleration curves).
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As results, 100 RMS ratios are obtained for each 3 s time irdésiadle segmentof the dashed
time axesof Fig. 57) and for Model 1, 2 and 3. At every set of 100 RMS acceleration ratios so
evaluated, E@67), Eq(68), Eq(69), Eq(70) and Eq(71) are applied. A unique set of curves (mean
value (continuougine) andthe confidencénterval at 95 % (dashed lineg@ér Model normalized
with respect to Model vasobtained Fig. 58 (case 10 of Table5).

RMS LPF L (8) vs model 0

RMS_ /RMS, []

Fig. 58 Comparison of Model 1 (blue lines), Model 2 (red lines) and Model 3 (yellow lines) with Model
0 through normalization of them by Model 0 for the case of a pedestrian who goes upstaifsTélitle
5). The continuous lines represent the mean values, the dashed lines the confident intervals at 95 %.

In order to highlight an issue, in the following are reported the equivalent pleig. 86 and
Fig. 58for the cas®f apedestriarwalking in loop for 5 min over the staircase (third cas€aifle
5), Fig. 59 andFig. 60 respectively.
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Fig. 59: Moving RMS acceleration curves for one person walking in loop over the staircase for 5 min;
continuous line: mean value, dashed lines: clamfce interval at 95 %; black line: Model 0, blue line:
Model 1, red line: Model: 2, yellow line: Model 3. Low Pass Filtered signals; values of accelerations
extracted in correspondence of the position of accelerometer 8 (i.e. |eff Hidestaircage
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35 RMS LPF L (8) vs model 0
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Fig. 60: Moving RMS acceleration curves, normalized by Model 0, for one person walking in loop over
the staircase for 5 min; continuous line: mean value, dashed lines: confidence interval at 95 %; blue line:
Model 1, red line: Mdel: 2, yellow line: Model 3. Low Pass Filtered signals; values of accelerations
extracted in correspondence of the position of accelerometer 8 (i.e. |eff fidestaircage

As can be observed froffig. 59, all the Models have the same moving RMS trend in time.
However, Model 2, even if it has the same trend of the other Mad&sshorter than the others.
Indeed, in Model 2 is considered theedap between two consecutive footsteps, while in the other
Models a new footstep is started only when the old one is ended. As a consequence, the same
pedestrian requires less time in Model 2 to do the same number of footsteps with respect to the
other Malels. This shift means that, when a comparison between the RMS values of Model 2 and
Model 0 is performed through their ratio, the ratio values will be far from 1 (1: the two Models
produce the same resiltssince the two trends are out of phabég. 60. Therefore, the
normalization of Model2 with respect to Model 0 is not worth. Not only, the normalization of Model
2 hides the normalization of Model 1 and 3, since they are in phase witil Madd so their ratio
values are closer to the 1. For this reason, the normalized by Model 0 curve (mean + confidence
interval at 95 %) of Model 2 was no more evaluated, leading to clearerFimt61 (i.e. Fig. 60
without normalized Model 2).
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Fig. 61: Moving RMS acceleration curves, normalized by Model 0, for one person walking in loop over
the staircase for 5 min; continuous line: mean value, dashed lines: confidence interval at 95 %; blue line:
Model 1, yellow line: Model 3. Low Pass Filtered signalalues of accelerations extracted in
correspondence of the position of accelerometer 8¢fteside of the staircage
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Since for the evaluation of the vibration levels it is more interesting to look at the maximum
value of the expected vibrationsetimoving RMS acceleration curves were further processed.
Indeed, their maximum value (in nreand confidence interval at 96) of the moving RMS
acceleration curve of each Model was stored. Where with maximum is meant the upper limit of the
confidence inteval at the 95 %asexplained in

Fig. 62. The maximunstored values were then reported in a graph like the following right one:
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Fig. 62: Extraction of the maximum moving RMS acceleration values redmhedch Model in case of
a pedestrians who goes upstairs.

Summing up, at the end of the post processing stage, for each pedestriainTedde5, for
both the Aheel 06 andfseéShcdon 8.2) angd fdvottetiie sideafithe btaircase u s e
(in correspondence of the positions of the real accelerometer 8 and 9), the following type graphs
were available:

91 The Global RMS.

The Model 0 norméed Global RMS.

The histogram of the Global RMS.

The histogram of the Model 0 normalized Global RMS.
The Moving RMS.

The Model 0 normalized Moving RMS.

1 The Moving RMS maximum.

=A =4 =8 -8 =4

They depict the numerical estimation of the vibration level of every Models.

4.2 Experimental Campaign

In theexperimental campaign, the pedestrian scenarios list€dhle5 were tested on a real
staircase Kig. 37) with real peopleTable2). The instrumented structure weee same already
discussed in Section 3.3.3 for tH&tructure Analysis with the only difference that the
electrodynamic shaker was removed by the staircase. The accelerometer pattern wasdhe same
depicted inFig. 39.

Coming back to the experiments, a more detailed list of the features of each tested scenario
the experimental campaigm reportedn Table6, alwayskeepingTable5as the main reference.
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Fig. 63: Example of an experimental test on the real structSrestof Table6; 5 people walk for 25 min.

Test # Type|# of persons # of times| time | Initial positions Subjects Initial time [s]
1 |loop 5 1 25 min | 1[10[22]4663] 2| 1{3|5[4] o[ o] o] 0] 0O
4]15|3 0|l 0] O
2 |loop 3 1xgroup| 5min | 1|41|46 1|5(4 0] 0] O
2|34 0| O
1 0
2 0
3 |loop 1 1 x subject 5min |34 3 0
4 0
5 0
4 | run 5 5xgroup | required| 11| 1|34(34 1|2|4|3|5|] 9 |9.9|10.8 0 | 0.9
3|1{2|5|4] 9 [9.9]10.8 0 | 0.9
3|1|4[5|2] 9 (99108 0 |0.9
5 | run 5 1xgroup|required| 1|1|21(34/345(3|1|4(2] 9 [9.9]|10.8 0 | 0.9
5/4|12[1]3] 9 (99108 0 |0.9
415]|3|2|1] 9 [99]|10.8 0 | 0.9
6 | run 3 10 x group| required] 1| 1 34 5|3]|4 72181 0
7 | run 2 10 x group| required| 34|34 3|5 0] 9
8 | run 2 10 x group| required] 1| 1 3|5 0] 9
9 | run 2 10 x group| required] 1 (34 5|3 0[O
1 0
2 0
10 | run 1 5 x subject required| 34 3 0
4 0
5 0
1 0
2 0
11 | run 1 5 x subject required| 1 3 0
4 0
5 0

Table 6: Detailed list of tests performed with pedestrians on the real staircase.
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The main difference with respectTable5 is a more detailed list of the tests that were classified
with the | abel firandomo, for what nenbaer8 &1iOned
and 11). Not only, here is also present a column that indicates the number of times for which the
specific test was repeated. Another difference is the length of the first test: 25min. Indeed, a
continuous long record was preferred durimg éxperiments at a series of short experimental tests.

In postprocessing phase, the acceleration time histories of the loop tests (i.e. test number 1, 2
and 3) were cut in shorter time histories of 2.30 haigth This passage was mandatory for test
nunber 1, since a unique time history was acquired. Test number 2 and 3 instead, were further cut
in order to increase the number of experimental observations. A final time length of 2.30 min was
selected, since it was again long enough to represent the ¢asts and because 2.30 min was half
of 5 min (the length of test 2 and 3). In this way, 10 acceleration time histories were obtained for
the test number 1 (25 min / 2.30 min), 6 for the second test (3 x 5 min / 2.30 min) and 10 for the
third test (5 x 5min / 2.30 min).

It is notedthatwhen the term acceleration time history was used in the previous paragraph, that
was referred to the set of 25 time histories coming from all the accelerometers placed along the
staircase Kig. 39). However, as was already mentioned in the previous Section, not all of them
were used. Of course, the measurement of all the accelerometers was required for the identificatio
of the modal parameters of the structure (Section 3.3). Here instead, the acceleration time histories
coming from the accelerometers placed in correspondence of the points with the highest modal
displacements of the structure werely considered, thaare accelerometer 8 and Bid. 39).
Accelerometer 8 was placed on the left side of the structure, while accelerometer 9 was placed on
the right sideof the structurelt is notedthatin the numerical simulations, the acceleration time
histories were extracted in correspondence of the points in which accelerometer 8 and 9 were
applied on the real structure in the experimental campaign, in order taithp numerical results
with the experimental ones.

The acquired acceleration signals of the two specified accelerometers were thpogesied
as was done for the acceleration time histories of the numerical simulations. Hence, they were
passed in &ow Pass Filter (Butterworth filter,"Border, cutoff frequency: 12 Hz) and then the
global RMS and moving RMS (evaluated every 3 s) were computed. As an example, the case of a
peoplewho goeaupstairs (test 10 dfable5 andTable6) is reportedthe global RMS acceleration
values inFig. 64 and themovingRMS acceleration values Fig. 65.
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Fig. 64: Global RMS values of the accelerations measured by accelerometer 8 (left) and 9 (right). Case 10
of the experimental campaigseeTable6): 25 experimental values per side (5 subject, 5 test per subject).
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RMS every 3 sec left side
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Fig. 65: Moving RMS curves evaluated every 3rstbe accelerations measured by accelerometer 8. Case
10 of the experimental campaigse€Table6): 25 experimental curves (5 subject, 5 test pejestlp

Not only, as was done for the numerical moving RMS values, also for the experimental ones
the peak values of each moving RMS curves were stored and separated plotted:
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Fig. 66: Maximum values assumed by the moving R&tS8eleration curves measured by accelerometer
8 (left) and 9 (right). Case 10 of the experimental campaigeT@ble6): 25 peaks per side (5 subjest,
test per subject, 1 peak per test (due to the type of

It is to be pointed out that the peak values
test number 1, 2 and 3 dable5 andTable6) were evaluated every 40 s. Indeed, in the loop tests,
the moving RMS trends preseatperiodicity given by the loop condition. Such a periodicity is
equal to the time required from a person to complete a round of the staircase. To determine the
periodicity, the autocorrelations of the moving RMS curves were evaluated, obtaining as average
value 40 s. As an exampli®, Fig. 67 and Fig. 68 are reported the autocorrelation curves for a
moving RMS curve of a subject who walks for 5 min in loop (test nuBlémable6) andof 5
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subjects who walk for 25 min in loop (test numbeoflTable 6) respectively. A plot of the
maximum values assumed by the moving RMSs in test number 3 (a person walks in loop for 5 min)
is reported irFig, 69, as an example too.
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Fig. 67: Autocorrelation curve of an experimental moving RMS curve for a pedestrian who walks in loop
for 5 min, evaluated on the left side of the staircase (accelerometer 8).

Fig. 68: Autocorrelation curve of aexperimental moving RMS curve for 5 pedestrians who walk in loop
for 25 min, evaluated on the left side of the staircase (accelerometer 8).

















































































































































































