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Abstract

Industry feedback and research investigations have reported that problematic vi-
bration responses in floor structures can create significant problems for both their
occupants and facility owners. A critical drawback of contemporary design proce-
dures is the lack of realistic loading scenarios and reliable vibration descriptors,
since considerable complaints of unpleasant floor vibrations have been reported,
even when such guidelines have been employed. A systematic investigation into
realistic dynamic loading and patterns of floor occupants is of paramount impor-
tance.

This thesis investigates and describes a comprehensive procedure to carry out
vibration serviceability assessment of floors on the basis of probabilistic design ap-
proach. A novel probabilistic walking load model is introduced and developed in
this study using individual right and left footfalls. The load model results in more
realistic force time histories than Fourier-based models, since it incorporates sig-
nificant components of the spectra that are omitted in Fourier series approaches.
Also, the model is applicable for probabilistic designs of multiple pedestrian input
forces, regardless of the cut-off frequency.

Moreover, a simulation model of spatial distributions of pedestrians is imple-
mented using agent based modelling. This occupant pattern model provides a
realistic insight into in-service activities of multiple pedestrians on office floors, in
terms of statistical distributions of their walking paths. It was found that the numer-
ical model is capable of mimicking the actual movements to a very good extent,
which makes this simulation model ideal for vibration serviceability of floors under
footfall excitations.

Finally, spatial distribution of vibration responses is calculated using different
statistical perspectives integrating both the probabilistic walking load model and
spatial distributions of multiple pedestrians. The established approach showed
a realistic way of assessing occupant exposure to vibration at specific locations
of interest as well as over the entire floor area. This methodology, therefore, is
expected to produce a more accurate and reliable assessment of vibration ser-
viceability of floors.
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Introduction

1.1 Introductory statement

With the advance of modern design methods and construction technologies, floor
structures featuring slender architectural designs have become more common.
Coupled with reduced damping due to modern open plan layouts, these floor struc-
tures have become more susceptible than ever to excessive vibrations induced by
pedestrians, even when strength criteria are satisfied. This rational design trend
shifts the governing criterion from strength capacity to vibration serviceability [1,
2].

Industry feedback and previous research investigations have shown that an-
noyance can result from excessive vibration levels and create significant problems
for building occupants and owners. These arise from the unpleasant and annoy-
ing feeling of the occupants rather than a safety or life-threatening problem, yet
accompanying well-being issues [3] and psychological fear [4] are highly probable.

Over the last four decades, research efforts have tended to focus on the sin-
gle pedestrian loading scenario and vibration serviceability assessment has been
based on simplified design procedures. These efforts have resulted in a range of
guidance documents to provide practitioners with tools to perform vibration ser-
viceability assessments.

However, there has been much less research into potential excitation paths
from multiple pedestrians, their probabilistic walking forces and statistical distri-
butions of vibration responses. There is also very scarce published data in the
public domain concerning vibration responses of multi-person floor environments
and their vibration performances.

1.2 Problem statement

The maijority of the available literature on vibration serviceability assessment of
floors is dedicated to the single pedestrian loading scenario at a single stationary
location. This individual, according to contemporary guidelines [5-8], is able to
excite a floor, whose fundamental frequency decides which of two forcing func-
tions should be used, corresponding to two well-known “classes” of floors. They
are (1) a deterministic walking model for low-frequency floors (LFFs) that consists
of distinct frequency components at integer multiples (harmonics) of a pacing fre-
quency (i.e. a Fourier series model) and (2) an impulsive excitation force for high-
frequency floors (HFFs) due to individual footfall impacts. However, examination
of actual floor responses under realistic loading conditions has tended to demon-
strate a lack of accuracy in prediction of vibration levels using these simplified
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1.3 Research aim and objectives

methodologies [9]. Real world floors accommodate multiple occupants, who walk
over various paths at different times with a diverse range of potential excitation
forces.

In addition, studies into human perception of vibrations show that subjec-
tive assessment of floor vibrations cannot necessarily be based on a binary ac-
cept/reject approach. There is a lack of research into reliable vibration descriptors
that cover a range of likely responses to counter the observation that single thresh-
olds of perception generally do not perform well to evaluate human comfort [3].
These have been observed by a significant number of practitioners, i.e. structural
designers, who have received considerable complaints regarding unpleasant floor
vibrations [10]. This implies that current design approaches, despite being recent
(e.g. AISC DG 11 published in 2016 [5]), do not provide a reliable tool for engi-
neers to evaluate vibration performance of modern floor design trends. A prob-
abilistic design, therefore, is required to account for variations in human walking
and hence the corresponding response predictions. There is currently no design
methodology that includes multiple pedestrian spatial distribution integrated with
a statistical walking model to carry out vibration serviceability assessment.

1.3 Research aim and objectives

The scope of this study is to understand and develop a probabilistic multiple
pedestrian vibration design approach to predict vibration responses of floors of
any type, and without recourse to an artificial low/high frequency threshold. These
are crucial gaps in existing studies and design methodologies. As such, the fol-
lowing objectives are targeted using a combination of experimental campaign and
advanced numerical modelling:

1. Conducting a comprehensive literature review of previous studies and mod-
els concerned with human walking, pedestrian excitation walking paths, de-
sign methods and vibration responses.

2. Evaluating the performance of contemporary design guidelines when imple-
mented to actual floor structures.

3. Experimental investigation of the effect of pedestrian patterns and walking
paths with respect to single and multiple pedestrian excitations, via the use
of video monitoring of in-service activities.

4. Developing a numerical simulation of multiple pedestrians for vibration ser-
viceability of floors, which includes spatial distribution of pedestrians.
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5. Introducing and developing a probabilistic walking load model accommodat-
ing multi-person excitations and appropriate for probabilistic design.

6. Developing a sound analytical model to predict vibration responses, using
any metric, under multiple pedestrians’ walking for long durations and as
such carrying out reliable vibration serviceability assessments.

1.4 Thesis organisation

This research document is organised in seven chapters. Following Chapter 1,
Chapter 2 presents a critical review of the current state of knowledge on the be-
haviour of vibration serviceability of floors under human walking. Single pedes-
trian walking methods currently in use, the importance of probabilistic multiple
pedestrian approaches and response predictions are also discussed in that con-
text.

Chapter 3 thoroughly investigates, describes and criticises contemporary de-
sign guidelines to highlight the key design procedures conducted worldwide to as-
sess vibration serviceability performance of floors. Different shortcomings based
on real world floors are identified and presented.

Chapter 4 is concerned with developing an understanding of pedestrian walk-
ing patterns upon using floors. This task is performed through video monitoring
techniques and quantification of multiple pedestrian walking path patterns. The
test results and the effects of single and multiple pedestrians are also discussed.
As a result of actual measurements, a novel multi-person simulation model is
developed and integrated with actual pedestrian movements. Finally, spatial dis-
tribution of pedestrians are presented based on the proposed model.

In Chapter 5, a probabilistic multi-person walking load model is developed.
The model is based on a comprehensive database of measured walking with a
wide array of individuals. The model accounts for subject-variabilities and possess
frequency content of those measured walking.

Chapter 6 presents spatial response analysis and probabilistic response pre-
dictions based on the details of the experimental programme carried out at two
real life floors. The primary goal of the programme was to provide a thorough
understanding of multiple pedestrians actual in-service response and analytical
models. Further evaluation of response predictions is also discussed in the light
of test results and numerical spatial distribution of pedestrians.
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1.4 Thesis organisation

Chapter 7 presents a summary of the conducted research as well as con-
cluding remarks based on the experimental and analytical work performed in this
research. Suggestions for future research are also presented.

25






Chapter 2

Literature Review and Research
Direction

This chapter is a literature review addressing current limitations of the available
walking models and the corresponding vibration response assessment. In par-
ticular, the literature survey highlights the need for models of statistical multiple
pedestrian walking load, identification of walking paths coupled with spatial dis-
tribution of pedestrians, and production of a statistical spatial response approach
for vibration serviceability assessment of floors. The content of this chapter, in a
slightly amended form, has been published in journal of Vibration under the fol-
lowing title:

Muhammad, Z.0., Reynolds, P., Avci ,O. and Hussein, M. “Review of pedes-
trian load models for vibration serviceability assessment of floor structures”, Vi-
bration, Vol. 2, no. 1, pp. 1-24, 2019.
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2.1 Introduction

2.1.1 Background

Vibration serviceability has become increasingly important in recent years and it
is now a critical design aspect of modern civil engineering structures. Nowadays,
buildings and their constituents, especially floors, are becoming increasingly slen-
der, flexible and lightweight as well as having open-plan layouts, as a result of
architectural trends and much lighter forms of construction (Figure 2.1). These
factors all result in significant reductions in mass and stiffness as well as low in-
herent damping. These tendencies and expectations on modern structures have
set forth in-service functioning as increasingly important [11] due to the undesir-
able vibration originating from human-induced loadings. Excessive vibration in
building floors [11-15], footbridges [16], staircases [17, 18], and stadia [19, 20]
are examples of civil engineering structures, where normal human activities (e.g.
walking, crowds bouncing and jumping) can cause significant annoyance to occu-
pants and knock-on management and financial consequences for facility owners.

Human movements, such as walking, a common load case scenario on floor
structures, can produce resonant, near-resonant or impulsive structural vibrations
that are uncomfortable and intolerable for some occupants [21], may cause psy-
chological fear or panic [4] and can adversely affect the performance of sensitive
equipment or machinery [22, 23]. Some serviceability problems have required
structural retrofits [24, 25], which may be difficult and expensive to implement.
Hence, understanding and avoiding these problems is imperative at early stages
of design, requiring development of improved methodologies for prediction of vi-
bration response and also novel techniques for mitigation of human-induced vi-
brations.

Disturbing vibrations under human excitations in building floors have also
been observed despite the prevalence of contemporary design guidelines|5, 6,
8]. Notwithstanding a number of attempts in recent years, one of the key deficien-
cies is the lack of realistic walking patterns. This is essential to provide a realis-
tic assessment of floor structures under pedestrian loadings. In this work, office
building floors are considered under walking-induced dynamic loading, since they
are more likely to suffer vibration serviceability problems due to modern efficient
construction and they are used mostly by professionals for long periods of time
each day hence maximising exposure to problematic vibrations [26, 27].
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Figure 2.1: Typical modern office floor with open-plan layout.

2.1.2 Key problems

Predicting vibration magnitude in floors is an important step so that possible prob-
lems may be anticipated and prevented. Annoyance or discomfort has been re-
ported in various types of floors such as shopping malls, office buildings, resi-
dences, restaurants and airport terminals [28—31]. Building floors for which avail-
able guidelines for floor vibrations [5-8, 32, 33] have been applied have often
been found to have unacceptable performance [10], thereby demanding costly
remedial measures [34, 35].

An ideal approach would be to cater for realistic walking excitations at early
stages of design via appropriate probabilistic walking models. Such forcing mod-
els should be amenable for design engineers to estimate a realistic vibration expo-
sure [36]. It is well known that human walking is a significant source of excitation
forfloors [6, 12] and load models derived to date can be categorized into two broad
classes; deterministic load models and (more recent) probabilistic load models.
The former have been used by almost all guidelines to date [5-7, 32, 33], yet
the latter approach has attracted increasing interest in recent years [15, 37, 38].
Walking has been proven to be a stochastic phenomenon or narrow band random
process [39], which implies that there are clear variations during walking among
pedestrians and even within the same person.
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In modern office floors the mass of non-structural elements has decreased due
to the tendency for more open and multifunctional space environment, which in-
creases the likelihood of unpleasant vibrations [40]. The effect of mass reduction
has leaded to more problematic vibration serviceability in modern construction [2,
40]. Also, it is now widely known that in building floors the modes of vibration
are often closely spaced [41]. Thus, methods to predict the vibration response
should yield results that reflect actual floor behaviour in a statistical sense rather
than an accept-reject method based on discrete excitation frequencies. An im-
proved method would consider a probabilistic assessment of structural responses
to walking-induced forces applied probabilistically both temporally and spatially to
the structure.

In general, floors are often categorised into two types, namely low-frequency
floors (LFFs) and high-frequency floors (HFFs) due to lack of a unified walking load
model to cover both low and high frequency content. Floors with fundamental fre-
quency below the threshold of approximately 10 Hz are termed as LFFs and they
tend to develop a resonant build-up response. However, when the fundamental
frequency exceeds approximately 10 Hz the floor does not undergo a resonant
response, but rather a transient response due to individual footfall impacts [22,
42]. This work will focus on existing walking models pertinent to low-frequency
floors as they are more frequent in modern office floors [43].

This chapter serves as a comprehensive review of preceding studies on ap-
proaches for modelling human loads suitable for office buildings. The intent is to
identify limitations of the available walking models and the corresponding vibration
response assessment and to propose where future research and direction efforts
may be targeted. In particular, it is also to highlight the need for models of statisti-
cal multiple pedestrian walking loading characterised by incorporating probabilis-
tic aspects of both temporal and spatial entities of human loading, and including
randomness in walking paths on floor structures. These have not been covered
comprehensively by any previous reviews [12, 13, 24, 44] into human pedestrian
loadings of floors. With probabilistic forcing functions established, a statistical
spatial response assessment can be produced. This probabilistic framework will
be verified to be a more reliable assessment tool for vibration serviceability as-
sessment of floors.

2.2 Characteristics of vibration in floors

Modern methods of vibration serviceability assessment should, if properly formu-
lated, define three key parameters; the vibration source, the vibration transmission
path, and the vibration receiver [45]. Rationalisation of floor vibration serviceability
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into these three characteristics is simple in concept, but can be difficult to imple-
ment in practical analysis and design [11].

2.2.1 Vibration source (Input)

According to ISO 10137:2007 [45], the vibration source inside buildings can be de-
fined as a force that generates dynamic actions that have both temporal variations
(i.e. vary with time) and spatial variations (i.e. move in location) [11]. Examples
are walking, which varies in both time and space, and stationary equipment op-
eration, which varies in time only. A single pedestrian is considered to be the
most appropriate source of excitation for floors typically found in quiet offices [43,
46] due to lack of synchronisation among a group of people in this environment.
However, there is an increasing realisation [38, 47] that a single person loading is
rather rudimentary for assessment of vibration serviceability of floors and a more
realistic approach is needed. Hence, the focus of this thesis is on more sophisti-
cated modelling of the vibration source for walking on floors.

2.2.2 Transmission path (System)

The physical medium through which the vibration is transmitted (conveyed) to the
receiver can be defined as the transmission path [45]. Such a path incorporates
all structural and non-structural elements attached to floor systems [11]. Dynamic
properties of the transmission path are crucial to vibration serviceability. Mass
can be computed fairly accurately from available physical and mechanical char-
acteristics of floors, whereas stiffness is subjected to a high degree of uncertainty
due to the influence of support conditions. Damping, a key parameter when res-
onance occurs, is not estimated as accurately [48]. Hence, information on floor
system, mass, stiffness, damping, and support conditions has to be taken into
account as precisely as possible to estimate reliably the dynamic properties and
thus vibration responses [49, 50]. Typically, the lowest natural frequencies and
mode shapes of floor structures can be obtained to a reasonable degree of ac-
curacy using detailed numerical models but there is much more uncertainty with
other dynamic properties such as modal masses [51] and hence magnitudes of
frequency response functions, particularly for higher modes. As such, there is
more research required in this area.
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2.2.3 Receiver (Output)

The vibration receiver is a person or an instrument within a building that experi-
ences the structural motion [45]. Human comfort to floor vibrations is a subjective
assessment based on the magnitude and perhaps the occurrence rate of vibration,
whereas the performance of sensitive equipment may be impaired if the vibration
magnitude is high. There are several established criteria in various design guid-
ance documents, using various descriptors and metrics, to evaluate the vibration
for human comfort. However, the available vibration assessment procedures and
associated criteria are reported to be unreliable [9, 52] and fail to deliver a satis-
factory evaluation when compared to the actual human perception of vibrations
in real life environments as will be discussed in Chapter 3. Therefore, improved
understanding and reliable limits need to be produced to reflect more accurately
the actual vibration experience of the receiver.

2.3 Human induced loading

2.3.1 Walking parameters

Human dynamic loading on floors can be categorised into two broad areas; walk-
ing and aerobic (rhythmic) loading. The former is when people walk on floors
in different patterns, which may cause annoyance to occupants in quiet environ-
ments; this is a serviceability problem. The latter occurs when people exercise or
perform strenuous physical activities on floors due to groups and crowds bounc-
ing and jumping. In such cases, the force magnitude is relatively high and, if
resonance occurs, it might cause the floor to suffer excessive movements thus
becoming both a serviceability and strength issue at the same time [49]. It is ar-
gued that human-induced dynamic loads are complex due to individual pedestrian
effects and their manner of dynamic excitation [53, 54]. Such complexity can be
attributed to the dependency of human-induced dynamic loading on a large num-
ber of parameters. Information on these parameters, well recognized in biome-
chanics [55, 56], yet less well recognized in civil engineering, is of paramount
importance in better understanding walking force functions and therefore floor vi-
bration responses under walking excitation [57]. The reader is referred to [58] for
more details.
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2.3.1.1 Spatio-temporal gait parameters

Walking is considered to be a temporal-spatial phenomenon [56]. This means that
it can be described in terms of temporal and spatial parameters in addition to char-
acteristics of a pedestrian (i.e. height, weight and so on). Temporal parameters
can be grouped as: step frequency (cadence), speed, stride time, stance time,
swing time, single and double support and similar. Spatial parameters, whose
values change with location, are: step length, step width, foot angle, attack angle,
end-of-step angle and trunk orientation [55, 56, 59], as shown in Figure 2.2. The
reader is referred to [58] for more information on gait cycle.
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Figure 2.2: Spatial walking parameters (after [59]).

The temporal parameters are familiar to engineers, in particular step frequency
and walking speed. The spatial gait parameters, however, are not fully investi-
gated or incorporated in the context of vibration serviceability [59]. Lack of thor-
ough studies for gait parameters may in fact result in inadequate walking force
model.
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2.3.1.2 Controlled walking Vs. free walking

The findings of gait parameters in available studies, such as [15, 60-63] with re-
spect to number of parameters measured, statistical distribution of parameters,
test protocol and environment, in many instances are inconsistent. Such dis-
crepancies could be attributed to several aspects. Firstly, the diverse environ-
ments and methods of experimentation, which often are rather artificial. For ex-
ample, the majority of the studies paid attention to temporal parameters measured
mostly in laboratories. It is reported that in controlled environments and/or using
metronome “high level of vibration are preserved and variabilities are missed” [47];
thus, pedestrians may not walk “naturally” [62]. Also, lack of extensive experimen-
tal data due to inadequate technology in different environments has resulted in a
limited number of or insufficient parameters. Secondly, it is acknowledged that
people from different locations have dissimilar parameters [37], which may be
due to differences in lifestyle, well-being and characteristics of walking. Lastly,
the inability to describe inter- and intra-subject variability that occurs for individual
pedestrians. These variations in walking have a great effect on the walking forc-
ing function, which will be discussed in detail in Section 2.3.1.3. Therefore, it can
be concluded that identification of characteristic features of the walking process
is a crucial stage in developing a walking model; clearly past studies have not yet
reached a consensus regarding which are the critical parameters except pacing
frequency. Although correlations can be observed between walking parameters
and pedestrian forcing functions, there is no single parameter that can individ-
ually provide a complete description of the walking process by itself [64]. The
spatial parameters have just as much influence on walking as temporal param-
eters [59], in particular on floors where different walking patterns usually occur.
Hence, a way forward might be to implement monitoring exercises, for example in
real office environments, with advanced motion tracking technologies (presented
in Section 2.6) in order to advance our knowledge of these phenomena.

2.3.1.3 Subject variability

It has been reported that there are variations between real walking and mathe-
matical models which result in mismatch of vibration responses. The differences
are mainly due to subject variabilities and human-structure interactions [65]. The
aspect of human-structure interaction (HSI) is not covered in this study since in
normal office floors their effect is insignificant compared to footbridges [66, 67].
Hence, this section provides insights into definition of two main subject variabil-
ities in human walking. The occurrence of variabilities is caused by complexity
of walking, which arises from inherent randomness within the bipedal locomotion.
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The intra-subject variability is variations that occur within the same pedestrian
during walking. The variation that exists between pedestrians, such as walking
speed and step frequency, is named inter-subject variability [22, 50, 58, 59, 65,
68, 69]. The variances that exist between individuals are a result of differences
in gender, age, fitness, location, etc. [62]. These are uncertainties in walking that
affect vibration response level and its assessment [12].

For assessment of vibrations induced by walking, accurate prediction of vibra-
tion responses depends on a walker, in terms of force level, body weight, pac-
ing frequency, walking velocity and so on [53, 70]. Willford et al. [71] suggests
choosing a “sensible” value to account for walking variabilities, however there is
no quantification for an appropriate range. This implies that there is a need to in-
vestigate walking variabilities and quantify their effect. These variabilities by their
nature affect real walking, whereas previous studies that used Fourier series lost
this significant information and hence inaccurate data reduction was made [35].

2.3.2 Walking models

Dynamic loading induced by pedestrians in normal walking involves loadings in
the vertical, lateral and longitudinal directions. The vertical direction is exclusively
considered in this study since it is the major component that causes vertical vi-
bration and it is the most common source of annoyance and discomfort in floors
[28, 72]. In the literature, available models for forcing functions are generally ex-
pressed in two forms; deterministic and probabilistic. The former have been given
significant attention in past research whereas the latter is comparatively less re-
searched. Each of these groups of load models can either be expressed in the
time domain or frequency domain.

2.3.2.1 Deterministic walking models

It is assumed that the force generated in the time domain by a single walking
person can be approximated by a perfectly repeating footstep at a fixed pacing
frequency [57]. The assumption of perfect repetition is also used in modelling
loads generated by small groups [73]. Hence, this type of forcing model is deter-
ministic. The force produced by a person walking consists of distinct frequency
components at integer multiples (harmonics) of the pacing frequency [57, 74].

Using Fourier analysis, any periodic loading can be represented as the sum
of a series of simple harmonic components and the response will also occur at
these same frequencies for a linear structural system. Any forcing function F(z)
that is periodic and has a period T can be represented by a Fourier series as
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given by Equation 2.1. In 1972, Jacobs et al. [64] were the first ones who, in the
biomechanics field of study, proposed and used the Fourier series to express the
walking forcing function and it was supported by [75, 76]. This method was then
adopted by Blanchard et al. [77] for application in civil engineering to footbridge
structures. Later, many researchers adopted the same method to produce a dy-
namic forcing function, to name a few [21, 49, 60, 78-80]. Equation 2.1 consists
of two main parts; a static part related to the weight of an individual and a time-
varying part associated with the dynamic load [54]. As such, the dynamic load of
the walking force is represented as follows:

N
F(t)=G|1+ ) a,sinm2zf,t+®,) (2.1)
n=1
where, F(¢) is the dynamic load (N); G is the static weight of a person (often as-
sumed between 700 N and 800 N); » is order of harmonic of the pacing rate (in-
teger values) (n = 1, 2, 3...); «,, is the Fourier coefficient (also known as Dynamic
Load Factor - DLF) of harmonic »; f, is pacing frequency (Hz); ¢ is the time vari-
able (s); @, is the phase angle of harmonic n; N is the total number of harmonics
considered.

It has been considered that the most significant parameters are DLFs and
pacing frequency, since they are the main inputs in Fourier series. Hence, the
focus of much prior research has been computing DLFs based on Fourier decom-
position of measured time histories. Such quantifications of DLFs are the most
common model when assuming deterministic dynamic forces [37] under walking.
There are different suggestions on how many harmonic components, with corre-
sponding DLFs, should be used. Previous studies considered different number
of harmonics which generated deterministic values of DLFs, such as [57, 60, 74,
78, 79, 81]. Although methods of measurements used and the number test sub-
jects were different, the results exhibit clear indications of variation of DLFs among
people during walking. The reader is referred to [15, 16, 57] for more insights into
DLFs and their values.

It is noted that LFFs can exhibit near-resonant behaviour due to pedestrians
walking where the step frequency or one of its harmonics is close to a natural
frequency of the floor. Conversely, HFFs tend to exhibit transient responses to
individual footfalls. As such, two types of loading were deemed necessary [42] for
LFFs and HFFs. This is owing to the lack of fundamental walking data and ade-
quate mathematical models to describe the full amplitude spectrum of individual
walking loading [58]. Nevertheless, there are indications [10, 34, 82] that walk-
ing has significant energy both at low harmonics and also at higher frequencies
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and hence the demarcation between LFFs and HFFs lacks “scientific basis” [10],
despite the fact that the cut-off frequency is commonly used.

From a frequency domain standpoint, a number of studies have remarked that
footfall forces may be well represented in frequency domain [12, 21, 39, 40, 83].
Ohlsson [84] and Eriksson [46] used power spectral density to examine the energy
of walking in frequency domain. Eriksson [46] concluded that walking is a narrow-
band random process. As such, Brownjohn et al. [39] emphasised that walking
is a stochastic phenomenon and any forcing model should reflect the natural ran-
domness in forcing function. Frequency domain analysis for LFFs is carried out by
[10]. Itis shown that frequency domain approach is less expensive in terms of time
and storage spaces than the time domain analysis for a single person excitation.
However, the extent of analysis was not investigated for multiple pedestrians.

It can be concluded that there is a need for more actual walking datasets to
be expressed statistically, even though studies to date have shown the actual na-
ture of walking to an extent and provided some useful data. Also, deterministic
force models for floors, in their current forms, are no more an effective method
to be used by design engineers, since they contain many simplifications, such as
stationary excitations, a single average person. These are not realistic represen-
tations of the actual loading [58]. It is noted that the majority of studies address
walking of a single person in spite of existing multiple pedestrians traversing floors
in daily uses of floors. There are indications showing that a single person excita-
tion force model is not the best way of loading scenario, especially for office floors
where many routes of walking are excited [38].

2.3.2.2 Probabilistic walking models for individual pedestrians

Probabilistic walking models can be regarded as statistical approaches through
which the randomness of walking parameters, such as pacing frequency, weight
and walking speed, can be taken into account. These approaches can model
walking of an individual that, in principle, is incapable of producing a perfectly
periodic load time history.

Early works of probabilistic approaches were provided by [21, 73, 85], who
considered step length, step duration and footfall function for individuals walking
as a function of pacing frequency. Moreover, Brownjohn et al. [39] highlighted that
past researchers had given little attention to the randomness of walking forces
found in the various measurements of higher harmonics. They used an instru-
mented treadmill to measure the continuous walking force of three test subjects
walking freely to investigate actual nature of walking. Due to the stochastic nature
of walking loads and energy dispersion (see Figure 2.3a), a frequency domain
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model was proposed as an alternative approach to most previous work where
time domain analyses were implemented to derive deterministic load models (as
shown in Figure 2.3b). This study showed that there is a leakage of energy around
the main harmonics of the pacing rate [22], which is due to the inherent random-
ness in walking. It is worth noting that the randomness has different levels at
various pacing rates. Hence, a load model was proposed to include this random-
ness using pacing frequency as the input. This model lacks adequate statistical
data to include subject variability due to insufficient number of test subjects in the
experiments.
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Figure 2.3: Frequency component of measured walking and deterministic models
(after [39]).

Several studies have proposed that different parameters in the Fourier series,
which is used primarily in the deterministic methods, should be modelled proba-
bilistically [34, 68, 69, 86]. The parameters are DLFs, human weight, arrival time,
walking frequency and phase angle. It was claimed [87] that a ‘fully’ stochastic
loading model, based on walking parameters, can be established for footbridges.
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The proposed model used only step frequency as the most significant parameter
affecting the response rather than other parameters, which were used determinis-
tically. This seems to be an inaccurate method since in statistical modelling, there
are some interconnections which cannot be defined deterministically [88], or at
least they vary from one structure to another. In addition, Racic and Brownjohn
[35] proposed a synthetic loading model based on a database of forces from an
instrumented treadmill. The walking load model relies on random parameters be-
ing drawn from the experimental database, resulting in a detailed representation
of both temporal and spectral features of the walking force. However, access to
the experimental database is a prerequisite to implement the above model, which
is not available to the public domain. A possible improvement would be to provide
open-access measured walking datasets so as to use the model appropriately.
Middleton [51] proposed a footfall model using a quadratic spline to model walk-
ing that is suitable for floors. However, this model relied on several fixed points,
i.e. using 17 points, to reconstruct the dynamic load based on the force level.
This model can be improved by incorporating a wider range of frequency energy
content and including subject variabilities in a statistical manner.

Recently, a study on a composite steel floor was conducted by Nguyen [15]
in which a probabilistic force model based on Fourier series was proposed that
defines both inter- and intra-subject variation. The weight of the human body
was considered to be a mean weight of 750 N and standard deviation of 50 N.
The intra-subject variability was considered by using a standard deviation (of 90
biomechanic participants) on step frequency, walking speed and step length of
each participant with a probability of 5-10% chance of being exceeded; for exam-
ple, the standard deviation of the step frequency is 0.083 Hz. This model is lack-
ing in several ways. Firstly, as mentioned earlier using Fourier series approach
fundamental variability in walking will be lost. Secondly, the method assumed a
straight walking path in the considered office floor, which appears to be unrealistic
due to obstacles usually present in office developments that can have a significant
effect on the floor response. Thirdly, the walking model was only applied on one
configuration of floor and the effectiveness of the model on other floor systems
is not clear. Hence, further investigations are required to include these parame-
ters statistically since, as far as modelling of walking is concerned, a stochastic
approach is more appropriate as random walking paths and random parameters
are considered [89, 90].

In the light of the above discussion, it follows that vibration response of floors is
sensitive to forcing function, and simplified forcing models may not be reliable for
assessment of floor vibration serviceability. A probabilistic approach is essential
to better estimate the floor response under human walking excitation. To achieve
that, actual floors, in terms of construction materials and configurations, should be
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monitored and numerical simulations developed based on a universal load model
under a probabilistic framework.

2.3.2.3 Response spectrum in walking models

Similar to other dynamic forces, such as seismic and wind, a number of re-
searchers have been inspired by the response spectrum method, which is widely
used in earthquake design. Despite the inherent simplifications in response spec-
tra as it is only applicable to single degree of freedom (SDOF) structures as
claimed in [91], the intent is to produce a unified load model for excitation and
hence response estimation [82].

Georgakis and Ingolfsson [92] proposed a response spectrum approach based
on the probability of occurrence of an event of response using numerical simula-
tions. Mashaly et al.[91] proposed a response spectrum approach via a determin-
istic walking model on a footbridge to find vertical acceleration response. How-
ever, the forcing function was assumed to be stationary at the midspan. Chen
et al. [63] paid attention to measured forces, using force plates and optical mo-
tion capture, to acquire statistics of test subjects for two sets of walking. One set
was guided by a metronome and the other was free walking. Then, a response
spectrum load model for DLFs was proposed, as shown in Figure 2.4.
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Figure 2.4: Response spectrum for floors under walking loading (after [63]).
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An interesting observation made by this study is that there are sub-harmonics
between the main harmonics, which are due to imperfection of the right and left
steps in the gait cycle and thus a statistical method was deemed more appropriate.

Based on a large database of records from treadmills, Brownjohn et al. [82]
proposed a response spectrum method for floors to evaluate vibration response
measurements. This approach considers mode shape configurations and modal
mass as important information to produce reliable vibration responses. It can be
said that the response spectrum approach, even though it is generated under a
number of simulations, is actually a deterministic method since both the input and
output are actual maximum values. Hence, the application of this methodology
may not provide realistic vibration serviceability assessment of floors for actual
multiple pedestrians using different walking paths, despite being flexible and fast
for vibration response estimation [82, 92].

2.3.3 Statistical modelling approaches for multiple pedestri-
ans

Floors are usually used by a number of people, who they walk across the structure
within certain existing walking paths [93]. Although, some multi-pedestrian loading
models are available for crowd loads on footbridges [94, 95] and grandstands
[96], there is a considerable lack of information about realistic multi-pedestrian
loading in floors [47]. So, the resulting response could potentially lead to human
discomfort and adverse comments.

Existing guidelines [5-8, 33] specify walking loading for individual pedestrians,
where the load models consider a person as a stationary harmonic force. There
are, however, indications [10, 97] that none of the guidelines deliver a reliable
vibration assessment process that allows a designer to predict realistically the vi-
bration performance of a structure [9, 34, 47]. The main reason is that there is not
a multiple pedestrian loading model available for floors for analysis of vibration re-
sponse at the design stage, uncertainties related to dynamic properties and a lack
of understanding associated with tolerance levels of occupants. In other words,
the actual loading situations are simplified to an average single person loading,
which does not represent real use of floors. Also, the available single person force
models in design guidelines are applied at a stationary position with a reduction
factor to account for a walking path. However, spatial positions at different time
instants would be imperative for multiple pedestrian walking excitation for which
stationary harmonic forces cannot serve as a base function for such loading sce-
narios. Hence, the aforementioned load models do not tend to reflect the true
nature of pedestrian excitation. These mechanisms to apply a probabilistic de-
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sign process considering spatial patterns in walking excitation are not available,
and hence the methods ignore human walking variabilities with respect to a walk-
ing path, duration of action performed and the actual frequency content of forces
generated in the process [85]. Generally, pedestrians walk across floors randomly
at different patterns (i.e start point and end points [38]), walking paths (discussed
in Section 2.3.4), entry into or exit from room, the number of active people at a
particular time, walking characteristics, walking habits of people using the floor
and so on [98].

There are some experimental data regarding the stochastic treatment of peo-
ple arrival time in general [99] and particularly for floors [93, 98], which follows a
Poisson distribution. However, there is no experimental study to take into account
spatial walking patterns of multiple pedestrians to drive a realistic relationship for
existing patterns. In the case of insufficient experimental data, further develop-
ments use a probabilistic approach and numerical simulations to represent various
start and end points within a typical office floor [38]. This approach is utilized to
introduce parameters to quantify the main characteristics of walking and derive
stochastic loads for various walking patterns.

The importance of numerical simulations, primarily Monte Carlo (MC) simu-
lations, has been emphasised by many researchers, especially when the perfor-
mance of a structure is of concern and experimental data are scarce. Although
Sim et al. [96] point out that a sufficiently large dataset should be used for sta-
tistical analyses, MC simulations are in widespread use with random values gen-
erated from assumed normal distributions. Substantial simulations are chosen to
get robust results by [15, 100]. It was reported around 500,000 MC simulations is
found to be a reasonable value to stably estimate statistical response distribution
[87]. However, performing such a large number of simulations could be time-
consuming, which is a downside of the MC approach. Therefore, a better pedes-
trian simulation model is needed to account for multiple pedestrians’ pattern upon
using floors. Pedestrian models exist based on techniques such as agent-based
modelling (ABM) [101] and social force modelling (SFM) [102, 103]. These mod-
els have been regarded to be effective in the context of human-induced bridge
vibrations [67, 104]. These advanced models also can model individual and in-
dependent pedestrians within a virtual model, which could overcome some of the
limitations in MC models considering multiple pedestrians interaction.

Actual walking paths and activities of occupants along different routes are a
step forward towards establishing a reliable and stochastic load model in contem-
porary design. This should include the randomness in walking paths (covered in
the next section) chosen by different individuals and both temporal and spatial
features of the force. There is a lack of fundamental data for many relevant load
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case scenarios, especially for multiple pedestrians, where different walking pat-
terns are chosen by individuals. As a result, more experimental data are required
over long periods so that realistic multiple pedestrian excitations and correspond-
ing vibration responses can be collected. Utilising a sophisticated load model is
essential to generate multiple pedestrian loads and predict the vibration response
in a sufficiently accurate manner, i.e significant overestimation and considerable
underestimation of the response should be avoided. More advanced numerical
modelling of multiple pedestrians could pave the way for more reliable estimates
of floor vibration response.

2.3.4 Walking path (route of pedestrian)

In the context of vibration response prediction, the walking path plays a major role
[105], yet has not received enough attention in previous research. Most studies
consider route of walking as a deterministic parameter based on the assumption
that a particular walking path produces a worst case-scenario. This is an inherent
simplification which raises concerns about the reliability of the response assess-
ment.

It has been reported that the walking path is an important parameter in con-
sidering vibration of a floor; the path can traverse several mode amplitudes of a
mode shape which in turn could generate resonance or near resonant response.
This will vary according to which mode needs to be excited [89]. For a vibration
floor assessment conducted by Reynolds and Pavic [43], pre-determined walking
paths and pacing frequencies were used to create worst-case scenarios for vibra-
tion response measurements. Three walking paths, one through the middle and
the other two along the diagonal of a floor, were used based on engineering judge-
ments to excite the vibration modes of interest. Other researchers have sought a
relation between walking path and entering time of individuals [21]. Through this
it is assumed that the randomness of arrival time amongst multiple pedestrians
is defined. However, this alone is not a realistic estimation of various paths and
their realistic effect on the response prediction, since different individuals have
different excitation potentials along various paths [53].

Willford et al. [71] stated that pedestrian walking paths are one of the param-
eters that is difficult to obtain or define at the design stage, which makes vibration
response prediction difficult. Hicks and Smith [105] ascertained that different walk-
ing paths considerably affect vibration responses. However, no explanation has
been given on how the route of walking can be included or estimated. The sig-
nificance of walking path, particularly in low frequency floors, is that a pedestrian
traversing a floor can cause resonant build-up of response if the walking path is
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sufficiently long. The duration of walking and the relevant mode shape modulation
need to be considered along the walking path. However, it is acknowledged that
the modulation of mode shape is not easily accounted for in the current forms of
vibration serviceability assessment. As a consequence, overestimation and un-
derestimation of the response have been reported in the current guidelines [10,
22] and Section 3.4.1.2. Smith et al. in the Steel Construction Institute publication
(SCI P354) [6] stated that the walking path along with the length of walking have
effects on the vibration response, yet no comprehensive procedure is given on
how they can be incorporated into the vibration assessment. Only very rudimen-
tary techniques formulated in terms of “build up factors” are given in some of the
design guidance documents, such as [5-7, 32].

In his doctoral thesis, Nguyen [15] assumed that the walking path “follows the
configuration of a mode shape”. The walking path was considered to excite the
“relevant” mode shape, which was thought to produce maximum response. How-
ever, this assumption results in no definitive outcome since in floors the vibration
mode shapes are quite closely spaced due to the repetitive geometry. Therefore,
walking path should be considered on that part of a floor where the vibration “toler-
ance” is expected to be low. This could be done by simulating a number of walking
paths under different walking forces so as to determine vibration responses in a
statistical manner and via a spatial distribution of walking paths. This approach
will take into account probabilistic distribution of various (random) routes across
the whole floor, including the obstacles avoided by the pedestrians.

Considering floor monitoring, Zivanovié¢ et al. [47] monitored an office floor
during a normal working day. The focus was more in preselected paths with con-
trolled walking which were thought to be most responsive. The study points out
that usually a single pedestrian excitation would not give realistic estimates when
compared with actual in-service vibrations of floors. Itis argued that [47, 98] all re-
sponses measured during single person walking tests had considerably less than
1 percent chance of being exceeded during normal daily use of an office floor.
Therefore, the single person loading scenario is not the best way to estimate vi-
bration serviceability of floor structures (as discussed in Section 2.3.3).

In a comprehensive way Hudson and Reynolds [38] implemented various start
and end points in an actual office floor where office occupants used the most; for
example, near corridors are considered as walking paths. This approach gave
more realistic consideration of the most used paths and gave good probabilis-
tic assessment of the response. The probabilistic approach could entail realistic
paths through a spatial distribution of multiple routes traversed by floor occupants.
This in turn can generate a spatial response distribution (as discussed in Section
2.5) so that response assessment can be carried out on the basis of probabil-
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ity of exceedance. Thus, a more reliable vibration assessment of floors can be
obtained.

In conclusion, the walking path has a significant effect on the vibration re-
sponse on floors. This parameter, along with other walking parameters, should
be considered statistically in the forcing function. The way forward is to develop
a walking model in which spatial walking paths and walking parameters are char-
acterized by their stochastic nature. There is a need for including pedestrian
paths into walking models so that a more accurate yet reliable approach is utilised
in the context of probabilistic response assessment. As such, a statistical ap-
proach would result in a better estimate of floor performance when subjected to
multi-pedestrian walking. In addition, acquisition of experimental data on floor
responses via monitoring techniques (covered in Section 2.6) accompanied by
occupant activities and actual walking paths utilised during normal working days
are of crucial importance to establish reliable and non-conservative models.

2.4 Contemporary design guidelines and codes of
practice

This section considers briefly currently available guidance documents [5-8, 32,
33, 106—108] used for vibration serviceability assessment of floors at the design
stage. A more rigorous analysis of these guidance documents is presented in
Chapter 3.

A range of footfall loading functions have been presented from vibration de-
sign guidelines that are deemed to be applicable to a range of structural systems.
These guidelines demonstrate clear differences with respect to the frequency
threshold (cut-off frequency), which are not realistic [2], nor in accordance with sci-
entific method [10]. The key deficiencies of these guidelines can be summarised
in three points. Firstly, the walking model is considered to be periodic and a single
pedestrian is the only loading scenario. All of the design procedures introduced
assume that walking is deterministic. Not all guidelines provide necessary infor-
mation to model inherent variabilities, which results in errors in vibration response
estimation. Secondly, the walking path is noted to be of great importance but ex-
isting guidelines nevertheless lack procedures to incorporate it. In other words,
the excitation force is generally assumed to be stationary, i.e. a person excites a
single point in space. Thus, significant overestimation or underestimation of re-
sponses predictions are often produced by the guidelines. Finally, a single peak
value of the response is the sole descriptor for vibration assessment, which is not
representative of the overall temporally varying vibration environment to which oc-
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cupants are exposed, and hence is unrepresentative and unreliable [47, 71, 97,
105, 109].

2.5 Probabilistic response distribution

Stochastic nature of walking will yield profiles of a response that is non-
deterministic and can more appropriately be defined in a statistical sense [110].
In essence, the response, in any metrics, of human-induced loading should be
considered probabilistically for vibration serviceability assessment.

In order to assess the vibration serviceability of floors and its effect on oc-
cupants, there are well-known existing metrics, such as R factors, acceleration,
root-mean-square acceleration (RMS) and vibration dose values (VDVs) [11].
Reynolds and Pavic [43] highlighted that there seems to be difficulty in defining
which parameter provides the best response evaluation. Currently, R factors are
used by some guidelines (Concrete Society 2005 [32], Concrete Centre 2006 [7],
SCI P354 2009 [6]). R factor in Equation 2.2 is calculated by a running RMS
with 1 s or 10 s integration time. The peak of this running RMS is termed max-
imum transient vibration value (MTVV). MTVV divided by the baseline acceler-
ation, which is 0.005 m/s? [45], is used for assessment [43, 111]. However, it
is reported that assessment of responses based on peak acceleration is “highly
sensitive” to short duration peaks in the response [9, 52]. Hence, it is stated that
assessing vibration responses using peak RMS is not a “reliable” descriptor and
a more appropriate parameter should be defined [89, 112].

max, <\//t_+TT//22 az(t) dt>

0.005

R

where:

R is the Response factor

T is the period used for the running RMS in seconds, and

a, (1) is the W, frequency weighted acceleration time history in m/s? [113].

The vibration dose value (VDV), shown in Equation 2.3, is currently considered
to be the most appropriate evaluation parameter [9, 114] in assessing vibration
serviceability, as it takes into account duration of exposure and is applicable for
all types of vibration (periodic, transient and random) [11, 71, 112, 114-117].
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T, 1/4

VDV = f al (Hdt (2.3)
0

where:

VDV is the Vibration Dose Value in m/s'-"°,

T, is the total time period in seconds, and

a,,(?) is the W, frequency weighted acceleration time history in m/s? [113].

A potential problem with VDVs is that the available limits (such as limits in
BS6472[118]) are considered to be too high when compared with actual in-service
monitoring of floors [9]. It is observed that a reasonable VDV limit for 16-hour

.75 above which ad-

daytime exposures in office buildings is around 0.15 m/s
verse comment might be expected [9], which is far less than the available limits
(0.4-0.8 m/s"-"®). In addition, Setareh [114] has recently proposed a new VDV
limit for footbridges, which is 0.2 m/s!”> for low possibility of adverse comment
of a standing person. Hence, vibration measurements of existing structures have
revealed that the current limits, both for the VDVs and R-factors, are inaccurate
and may result in clearly unsatisfactory structures to be deemed satisfactory. It
should be stressed that the design guidelines ([5-7, 32, 33]) provide some of the
aforementioned metrics with various limits without giving distinction of their inter-
pretations in assessment procedures. Pedersen [119] accordingly stated that the
reason that several codes and guidelines propose various parameters to assess
vibrations imply that there is not a “consensus” among international committees
to use a unified parameter, let alone a probabilistic assessment.

In this context, the majority of studies either use RMS or R factor in assessing
vibrations. However, an important question may arise in which whether a single
maximum value of these parameters or a cumulative probability distribution will
yield better results. Increasing number of studies [34, 38, 67] indicate that a sin-
gle value evaluation does not represent actual responses. For example, Reynolds
and Pavic [9] as well as Hudson and Reynolds [38] produced a cumulative proba-
bility distribution function (PDF) of the R factors of an office floor monitored under
normal operation for several days, as shown in Figure 2.5. Such probabilistic re-
sponse distribution gave a realistic insight into the response over a long period
of time in actual environments. Similarly, Zivanovié and Pavic [34] generated the
cumulative distribution of the running RMS. These studies highlight that a single
maximum value of R factor is unrepresentative and inaccurate compared to the
actual response, for it tends to occur only at rare time intervals. However, the run-
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ning R factor using cumulative distribution gives better impression of the response
distribution with a probability of exceedance.
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Figure 2.5: Cumulative distribution of R factors in office floor buildings (after [9]).

The majority of available literature considers evaluation of responses over
time, this could be a single peak value or a statistical evaluation which is still
under investigation. However, it is also imperative for accurate prediction of the
response to take into account the spatial distribution of the vibration response.
This is particularly essential where multiple pedestrians are crossing floors in nor-
mal operations and stay on their desks for a long period of time, which maximise
their dose exposure to vibration. Combining both the spatial and the temporal
response over the floor areas at the design stage may predict the possible areas
with higher responses and their occurrence rates. This area of research is lack-
ing thorough examination. Hudson and Reynolds [38] indicated that the spatial
distribution of response can be very reliable as it highlights which areas experi-
ence higher vibrations (Figure 2.6). Of these areas, the vibration response may
have a predetermined limit in order to be assessed and if that limit exceeded what
would be the probability of occurrence. Devin et al. [120] also ascertained this
method under a single person loading to produce a “contour plot of responses”.
In addition, there are a number of commercial software packages, such as Oasys
GSA [121], Autodesk Robot Structural Analysis [122], SAP2000 [123] and ETABS
[124], that define harmonic footfall analysis for a single person excitation at sta-
tionary positions based on design guidelines, such as Concrete Centre [7], SCI
P354 [6] and AISC DG11 [5]. Results of the analysis produce contour plots of
vibration responses at all nodes in terms of peak R factor or acceleration. How-
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ever, there is no mechanism to include moving pedestrians along different walking
paths.

Identifying spatial response distributions of floors seems to provide better in-
dications of the level of response expected for assessment in accordance with
the relevant vibration criterion. Pedestrian pattern modelling, i.e. microscopic
and macroscopic models [104], for multiple pedestrians movements can provide
significant insights for spatial response distributions. The way forward therefore
would be to include knowledge of spatial positions of pedestrians at different time
instants combined with a stochastic walking load model to generate vibration re-

sponses. Introducing spatial response distributions would capture the exposure
route and exposure time under actual loading scenario.

e

L

ot

Figure 2.6: Spatial distribution of R-factor in a typical office floor (after [38]).

Therefore, it is necessary to evaluate vibration response of floors in a prob-
abilistic framework, similar to the loading function. Better assessment of floors
may be achieved by using the appropriate metric parameters and their values
should be on the basis of probability of occurrence over the floor area, where
multi-pedestrian walking occur. The spatial response coupled with the cumula-
tive distribution of vibration responses might provide a more reliable and realistic
approach for use at the design stage, for which there currently is no analytical
procedure. As such, development of analytical techniques verified through experi-
mental investigations might provide a mechanism for improved vibration response
assessment.

2.6 Pedestrian monitoring techniques

This section gives an overview of existing in-service monitoring techniques us-
ing motion tracking [125—-128]. The main purpose is to better utilize these new
techniques in establishing spatio-temporal variation data of walking and thereby
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developing a realistic loading model. However, the rational for using the moni-
toring techniques is to take into account the unconstrained floor spaces; that is
experimental data should reflect the natural environments of the structures being
monitored.

Monitoring tracking techniques can be categorised into the following systems
for the purpose of acquiring pedestrian data. Vision-based motion tracking sys-
tems that use tracking markers, called marker-based systems, such as Codamo-
tion and Vicon [63]. Video cameras, termed as marker-free systems, involve im-
age processing. The third category is motion tracking inertial sensors. These can
be wired (standard accelerometers) and wireless (such as inertial sensors Xsens
and Opal). Itis noted that using these technologies are situation-dependent [129]
and their use can be limited in different environments. For example, marker-based
systems tend to become less effective in areas where there is daylight interaction,
whereas wireless inertial sensors are costly and the wireless range is limited [129].
Video cameras coupled with vision tracking system have been used mainly for in-
door activities. Extra care should be taken to avoid occlusion of cameras field
of view when this system is deployed. Thus, selection of any of these systems
should be able to capture spatio-temporal data realistically and as accurately as
possible.

Use of motion monitoring techniques to track human walking on building floors
is rare. Several researchers [93, 125, 130] have utilised video cameras to inves-
tigate normal pedestrian traffic, walking parameters and the vibration of as-built
footbridges. Kretz [131] attempted to investigate the counterflow of people walk-
ing, using three cameras, in a 1.98 m wide by 34 m long corridor. The study
focused more on the walking speed, passing time and the effect of a large flux
of people. In office floors, however, the situation is different due to the open-plan
layout and various routes of walking. Thus, it is important to implement a number
of video cameras coupled with vision tracking software to track pedestrian routes
and hence produce a spatial distribution of different paths, which can be described
with the probability of occurrence.

Most recently, vision based motion tracking systems have made significant
advancements due to developments in computer sciences requirement for secu-
rity (surveillance) purposes, where special cameras are integrated with in-built
software or wireless markers. However, there seems to be no application of us-
ing a tracking system for people in civil engineering structures. Such systems
would create a potential for studying human walking on floors and their move-
ments [126]. Recently, Chen et al. [63] used a Vicon motion capture system in
a laboratory to monitor the spatial trajectory of 73 test subjects during walking.
Dang and Zivanovi¢ [59] used a motion tracking system coupled with a treadmill
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in a laboratory to monitor body movements and hence key elements of walking
parameters were focused on. Also, Van Nimmen et al. [127] used motion tracking
system in a laboratory to obtain step frequency of test subjects. The findings of the
laboratory results were then used on a full-scale footbridge. Another contribution
related to human evacuations of buildings has used Microsoft Kinect system [132]
in a corridor to track the “head trajectory” of people’s location, where pedestrian
flow and counter flow were of interest.

There are other methods in which CCTV cameras are linked with vision track-
ing software. For example, Brandle et al. [133] used IP surveillance cameras with
human tracking software in a railway station to capture where people stop and
which areas are more concentrated. It was concluded that number and location
of cameras are important. However, multiple human tracking was not included
due to the complexity.

A more thorough study was carried out by [129], in which a method is proposed
based on video-based algorithm to detect people on a camera then validated by
Codamotion and Opal ground data (marker based). The conclusion was that the
vision-based system has the potential to be used without any markers attached
to people, in spite of some possible errors.

Therefore, use of new advancements and techniques in vision tracking system
to capture key parameters of human walking in as-built floor structures will, possi-
bly, pave the way for better understanding of occupants’ location and their walking
paths on floors. Despite challenges and errors that are inevitable in any new sys-
tem, the vision tracking systems might be feasible for use on floor structures to
further investigate their vibration behavior.

These technologies and techniques can provide information regarding the lo-
cation of people, patterns of walking under normal working days and the statistical
distribution of walking paths. These data assist in producing a probabilistic spatial
variation of walking patterns where floor occupants using most. Thus, a better,
yet realistic pedestrian load model can be developed based on the data collected
from the vision tracking systems.

2.7 Conclusions

This chapter has presented a state-of-the-art review on pedestrian load models
proposed for assessing vibration serviceability of floors. It has addressed the
importance of available walking parameters and walking paths in order to develop
a reliable probabilistic model. Although none of the existing models is regarded
as the most reliable and accurate in predicting vibration responses, the temporal
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coverage of walking parameters may be inadequate alone for a spatio-temporal
loading such as walking.

A number of models have been reported to model walking of a single pedes-
trian, both deterministic and probabilistic. Many of these either have no pedes-
trian subject variabilities included and contain unrepresentative simplifications or
are probabilistic in the sense that they focus on particular walking parameters and
neglect other important entities. In particular, the spatial parameters and walking
paths are not covered by all of these models, i.e. the routes covered by floor
occupants in normal floor operations are not incorporated. Typical floors often
accommodate multiple pedestrians with various walking patterns. Actual walking
path and activities of occupants along different routes are a crucial step to es-
tablish a reliable loading model. This should include the randomness in walking
paths chosen by different individuals and both temporal and spatial features of
the force. As a result, more experimental data collected over long periods are
required so that realistic multiple pedestrian excitations and thus corresponding
vibration responses could be measured. Utilising a probabilistic loading model is
essential to generate multiple pedestrian loads and predict the vibration response
sufficiently accurately, i.e large overestimation and considerable underestimation
of the response should be avoided. The loading model integrated with numerical
simulations would pave way for more reliable estimates of the vibration response
of floors. It is suggested that a spatio-temporal multiple pedestrian loading of
walking could be a more reliable model in vibration assessment and further work
should focus on developing such models.

Following the review of different walking models, a review of vibration response
assessment has been presented. Most of the vibration descriptors and tolerance
limits provided by the prevalent guidelines and studies are highly dependent on
a single peak value, where the assessment procedure fails to deliver a reliable
prediction. However, as walking is a spatio-temporal dynamic load, the vibration
response tends to become a spatial distribution of response. A more reliable load
model with response prediction can be developed to obtain a probabilistic unified
walking loading model through which cumulative probabilistic responses are gen-
erated, not only at a sole location, but over the entire floor area for a duration of
walking activity. The probabilistic approach could entail realistic paths through a
spatial distribution of multiple routes traversed by floor occupants. This in turn can
generate a spatial response distribution so that the response assessment can be
carried out on the basis of probability of exceedance. This provides motivation
for further research on the statistical relationships and development of improved
spatio-temporal models for both the load and response. A probabilistic response
distribution may have a predetermined limit with a probability of exceedance in
order to assess floors adequately with respect to a vibration criterion.
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It is essential to merge experimental and analytical activities in the research
and definition of spatial distribution of walking paths traversed by floor occupants
in order to produce methods for calculation of probabilistic spatial response. Ex-
periments can inform the development of analytical models to describe the actual
walking paths obtained utilising advanced vision tracking technologies. A stochas-
tic approach, in both the walking loading and the vibration response will serve de-
sign engineers sufficiently precise in predicting the response and hence a more
reliable vibration assessment.

In the light of these conclusions, the following chapters aim to propose a new
framework for vibration serviceability. First, a more rigorous analysis of the design
guidelines will be investigated in Chapter 3 to expand on Section 2.4. Walking
patterns under multiple pedestrians will be investigated experimentally and nu-
merically in Chapter 4. This is to address the shortcomings identified in Section
2.3.4. Also, a probabilistic walking load model is suggested in Chapter 5, which
will provide a better frequency content and can be applied to multiple pedestri-
ans in comparison to Fourier-based models as mentioned in Section 2.3.3. Fi-
nally, Chapter 6 will be built upon Chapter 4 and 5 to provide a spatial response
framework for long durations of walking activity utilising probabilistic approaches
to address Section 2.5.
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Chapter 3

Performance Evaluation of
Contemporary Design Guidelines

This chapter aims to provide a reader and/or an engineer, conversant with human-
induced vibrations of floor structures, with the limitations of existing vibration de-
sign guidelines and tolerance limits which are used worldwide. Real world floors
with actual pedestrian response measurements are used to evaluate the reliability
of contemporary guidelines. Some content of this chapter has been published as
a technical article under the following reference:

Muhammad, Z.0. and Reynolds, P.“ Vibration serviceability of building floors:
Performance evaluation of contemporary design guidelines”, Journal of Perfor-
mance of Constructed Facilities, Vol. 33, No. 2, 04019012, 2019.



Performance Evaluation of Contemporary Design Guidelines

3.1 Introduction

This chapter provides further insights into the available design guidelines pre-
sented in Section 2.4. Floors, as an integral element of any building, not only
characterised by larger spans, lighter weight and relatively less damping due to
the growing drive towards open-plan layouts with fewer partition walls, but also
possess particular dynamic features, such as closely-spaced mode shapes [41],
higher uncertainties in modal parameters [43] and subjective judgements on vi-
bration magnitude by different occupants [134]. As discussed in Section 2.7, the
potential for annoying vibrations remains high under human-induced loadings. As
a consequence, vibration serviceability design is a major challenge in modern
floor design whereby the prediction of vibration responses under human-induced
footfall remains a difficult task.

Several design guidelines, as listed below, are available at the design stage
to predict the vibration responses and provide methodologies for assessment of
vibration serviceability of floors under pedestrian-induced vibrations.

* American Institute of Steel Construction Design Guide 11 (AISC DG11) [5]

» Design Guide for Vibrations of Reinforced Concrete Floor Systems, Con-
crete Reinforcing Steel Institute (CRSI) [33]

+ Steel Construction Institute publication 354 (SCI P354) [6]

» European guideline, Human Induced Vibration of Steel Structures 2007
(HiVoSS) [8, 106]

» Concrete Centre Industry Publication 016 (CCIP-016) [7]
» Concrete Society Technical Report 43 Appendix G (CSTR43 App G) [32]

The application of current guidelines is generally for a single pedestrian at
the design stage, where a simplified periodic walking load model is utilised to
represent actual walking. Even though numerous studies [39, 68] have shown that
such an approach is unable to reliably describe walking and its innate variabilities,
nevertheless contemporary guidance documents display significant dependence
on that force model. Thus, the provided design methods often result in inaccurate
vibration responses [10, 82, 97]. The main shortcomings can be summarised as
follows [107]:

» Lack of a pedestrian load model with sufficient reliability as the excitation
source; thus a probabilistic approach is needed [15, 37].

* Incorrect characterisation of floor properties in terms of their modal parame-
ters (modal mass, natural frequency and damping ratio), in particular modal
masses [51].
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* Uncorroborated simplifying assumptions, such as considering partition walls
as damping elements and ignoring their mass and stiffness contribution
[120].

* Imprecise assessment of floor response according to relevant vibration de-
scriptors [134] and tolerance thresholds. In some cases, different tolerance
limits are given in different guidelines for the same vibration metric (e.g. Re-
sponse factor (R factor)).

The main objective of this chapter is to appraise a number of widely used vibra-
tion guidelines (AISC DG11, SCI P354, HiVoSS, CCIP-016 and CSTR43 App G)
and evaluate the methodologies applied in the analysis and design of floors whose
vibration responses are of concern. The CRSI guidance document is not used as
it is not applicable to the case study floors chosen in this study. The procedures
given in each guideline are based on certain assumptions and simplifications, but
a systematic assessment of the actual efficacy is required to reflect current design
practice with respect to full-scale floors under normal in-service conditions. The
efficacy and assessment of the design guidance are carried out through tested
full-scale floors involving their respective finite element (FE) modelling. Both sim-
plified and FE approaches recommended by the guidance documents are used
to predict the vibration response. To facilitate reliable evaluations, the predicted
response metrics are compared with those from measurements.

3.2 Contemporary design guidelines

The following section gives a brief overview of vibration design methodologies
included in the current guidelines. The design methods are pertinent to both low-
frequency floors (LFFs) and high-frequency floors (HFFs).

3.21 AISC DG11

AISC DG11 [5] deals with the vibration serviceability of steel framed structures.
This guidance’s response methodology used in this chapter is summarised in Fig-
ure 3.1, including the relevant guidance chapter designation, and essential equa-
tions as shown in Table 3.1. The vibration response is computed based on the
frequency threshold; if the fundamental frequency is below 9 Hz, the response un-
der walking is predominantly resonant and can be described by a sinusoidal peak
acceleration (equivalent R factor=sinusoidal peak acceleration x 0.707 divided by
the reference value of 0.005 m/s? [45]). The formula for R factor is given in Equa-
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tion 2.2. In the case of floors whose fundamental frequency is above this limit, a
transient response to a single impulse footstep is deemed more appropriate.

‘ AISC DG 11 Response Calculation ‘

v
v v
[Manual Calculation Ch.4] [FE Calculation Ch.7]
v
Develop floor FE model]
[Floor geometric layouf] [Damping ratio (B)]
Perform Harmonic analysis at
IFundamental Frequency & Mode panel weight maximum mode shape value
1- Beam mode
2- Girder mode FRF magnitude is obtained in
B-Combined mode terms of %g/lb based on 7.3
fn & W obtained from 3
Predicted peak sinusoidal
[ Response calculation | acceleration is computed

Figure 3.1: AISC DG11 vibration analysis procedure and chapter designation.

Walking is considered as a periodic force that can be reproduced by the combi-
nation of integer multiples of the basic frequency, i.e step frequency (/) as repre-
sented by a Fourier series. AISC DG11 implements simple equations to manually
estimate modal properties of regular floor bays, shown in Table 3.1. Moreover, FE
analysis is also suggested to estimate the vibration response of the floor bays by
calculating Frequency response functions (FRFs), i.e frequency domain analysis.
This approach has been considered in order to determine the dominant mode
shapes and frequencies. The FRF magnitudes are computed via harmonic or
steady-state analysis for a unit load at the walking load location (i.e a stationary
location) and the response location along the walking path in close proximity to
the peak mode amplitude [5]. A resonant build-up factor is considered to account
for the walking path.
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Table 3.1: AISC DG11 vibration analysis essential equations

Analysis type Modal Properties Response Prediction
=0.18 ,/ —L for LFFs
Manual Calculation I 4 +A % Hg &
A 154\ ( fsie 1—e=4%hp
W—A+’AW+A+gAW apz(W)(f,?g) = & for HFFs
Harmonic analysis
FE LFFs y a, = FRF,,. x 0.09¢775%: x 168
up to 9 Hz
i H vte 168
Harmonic analysis =27 fy m®Pim®;. m( f1§ ) (%)
FE HFFs up to 20 Hz a(t) = Z e g o275 fambt SINQ7 £,y )

a, —\/_\/ /0 a’(t)dt

f, - fundamental natural frequency, Hz

g : acceleration of gravity , 386 in/s®

A; : beam midspan deflection due to the weight supported, in
A, : girder midspan deflection due to the weight supported, in
W, : effective panel weights for the beam, Ib

W, : effective panel weights for the girder panels, Ib

W . effective weight supported by the beam and girder panel, Ib
P, : amplitude of the driving force, 65 Ib

p . damping ratio

fseep - Step frequency, Hz

h : step frequency harmonic matching the natural frequency

a,: sinusoidal peak acceleration, in/s?

p: resonant build-up factor

BDims Pjm m’" mode mass-normalised shape values at location i and ;.
T : footstep period = -, s

step

3.2.2 SCIP354

SCI P354 [6] gives guidance to assess the vibration serviceability of composite
steel-concrete floors. SCI P354 response calculation is demonstrated in Figure
3.2, including the relevant guidance chapter designation, and essential equations
as shown in Table 3.2. The forcing function is assumed to be periodic and in
essence the Fourier series can be used up to the fourth harmonic. Mode su-
perposition is suggested to obtain the total vibration response under stationary
walking at locations of maximum likely response (i.e. a walker excites a single
point in space), with mode amplitudes of all relevant modes within the frequency

range being extracted from the FE model to predict response.
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’ SCI P354 Response Calculation ‘

v
— T '
[Simplified Calculation Ch.7| [FE Calculation Ch.6]
v v [Develop floor FE model]
| Floor grid layout |  [Damping ratio ()|
Perform response analysis for
v v the range of walking

[Fundamental Frequency |[Modal mass
1- Secondary beam mode Obtain steady-state response
2- Primary beam mode based on 6.3.2
f=minimum {1, 2} !

1 Predicted R-factor is

[ Response calculation | computed

Figure 3.2: SCI P354 vibration analysis procedure and chapter designation.

The cut-off fundamental frequency between LFF and HFF is 10 Hz; above
this limit the floor is assumed to undergo transient response under impulsive foot-
fall loading. For LFFs, the vibration response is determined from contribution of
modes up to 12 Hz ( i.e. using mode superposition) and is assessed based on a
single peak value, which is defined in terms of a R factor. This is shown in Table
3.2. The R factor is the peak of the running root-mean-square (RMS) acceleration
for 1 second integration (termed as maximum transient vibration value, MTVV) di-
vided by the reference value of 0.005 m/s? [45]. This value may then be evaluated
against recommended tolerance limits for different floor functions.

From a practical point of view, a reduction factor p (Equation 3.1) may be ap-
plied to the peak RMS value to take into account the effect of resonant build-up for
a specific walking path. This reduction factor in Equation 3.1 seems to be incor-
rectly written in this guideline [135]. The correct form should include the harmonic
number term “H,”, as shown in Equation 3.2.

ozt r L
Iryy (3.1)

PSCl,incorrect = l—e

o L
Sy, (3.2)

Peorrect = 1 — ¢

where: ¢ is damping ratio, f, is step (pacing) frequency in Hz, L is length of
walking path in m, and v, is velocity of walking in m/s.
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Table 3.2: SCI P354 vibration analysis essential equations

Analysis type Modal Properties Response Prediction
. e 18 74.6
Slmp“fled fo = % Awrms = Me'ur2\/§M§ Wp for LFFs
. 185 746 1
Calculation M =mL,; /S Ay s = ZEMQ”’Wﬁﬁ W for HFFs
H - Nmodes Fh,n
FE LEFs include modes Qs = Dyt Me’"ﬂg’"zMn \/ED””’WP
up to 12 Hz D,, = A
U Ja-r-grengs,?

BN 746

;;-3 )(7OOM”)W

n

include modes up to two  a,,.,., = 27/, \V/ (1 = Dt iy, (60

FE HFFS tlmeS fundamental mode a(t) = szodes a e—2ﬂfn§nl Sin(zﬂfn V (1 - gr%)t)

n=1 w.e,r,n

Gy =\ £ [y a(t)dt
f, or f,, : natural frequency, Hz

6 : total deflection of the slab, secondary beam and primary beams, mm
M or M, : modal mass, kg

m : floor mass including dead load and imposed load present in service, kg/m?
Lorr: effective floor length, m

S : effective floor width, m

W or W, : weighting factor for human perception based on floor frequency
¢ or ¢, : damping ratio

M., M, . Mmode unity-normalised shape values at location e and r.

f, : step frequency, Hz

p . resonant build-up factor

F, : excitation force for the h"”* harmonic, N

h : number of h”* harmonic

B, : frequency ratio taken as f,/f,

a : root-mean-square acceleration, m/s?

w,rms

T : footstep period = fi s
P

3.2.3 HiVoSS

Research Fund for Coal and Steel (RFCS) has published HiVoSS [8, 106] for vi-
bration design of steel structures. Specifically, this guideline is for composite steel-
concrete floors under walking-induced vibration. Itis applicable only for floors with
natural frequency less than 10 Hz [107, 108], even though it is not stated explicitly
within the guideline document (e.g [106]).

Walking is modelled by a polynomial fit function with eight terms, as illustrated
in Section 3.2.6. HiVoSS approach for response calculation is summarised in
Figure 3.3, including the relevant guidance chapter designation, and essential
equations as shown in Table 3.3. This guideline treats individual modes from an
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MDOF system with multiple modes of vibration as individual SDOFs and hence the
response of each mode is determined separately and combined using the square-
root-sum-of-squares (SRSS) approach. However, it is not clear how many modes
should be included when the contributions of all modes are combined.

‘HiVoSS Response Calculation‘
v

v v
[Hand Calculation Ch.4.1 & A] [FE Calculation Ch.4.2|

[Develop floor FE model]

v
| Floor plate layout |  [Damping ratio ()|

Perform modal analysis and

v obtain natural frequencies and
Eignfrequency of SDOF [Modal mass| modal mass. Assume damping
for orthotropic plate for each mode.

! Predicted response for each
[Response calculation using graphs| mode is read off from graphs

Figure 3.3: HiVoSS vibration analysis procedure and chapter designation.

Table 3.3: HiVoSS vibration analysis essential equations

Analysis type Modal Properties Response Prediction

ZE‘/ﬂ 1+ () + (54 EL
Hand Calculation S=3 ult + (’) * <’) ]Efy use graphs to read off OS-RMS
82482 g 6,6
M,, = ulb| ]

Y 2 Xy
252 + z2

52
include modes
FE LFFs use graphs to read off OS-RMS
up to 10 Hz [107, 108]

include modes

use graphs to read off OS-RMS
FE HFFs up to 20 Hz (from graphs)

f : natural frequency, Hz

u : floor mass, kg/m?

[ : length of the floor panel (x-direction), m

b : width of the floor panel (y-direction), m

E : Youngs-Modulus, N/m?

I, : moment of inertia of bending about x-axis, m*
I, : moment of inertia of bending about y-axis, m*
6., 1 deflection of the slab, mm

6, . deflection of the beam, mm

6 : total deflection of the slab and beam, mm

M,, : modal mass, kg

One-step root-mean-square (OS-RMS) is used as the vibration descriptor and
it is computed as shown in Equation 3.3
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neooy2
0S-RMS = |/ Z(’(Tv) (3.3)

where: v, is the weighted velocity response m/s and n is the number of samples
within one step duration.

The OS-RMS multiplied by a factor of 10 gives an equivalent R factor [106].
Vibration tolerance limits are defined for different floor classes and assessment
is made against these limits. The HiVoSS document states that limits specified
in 1ISO10137 [45], which are used as a basis for limits in SCI P354, CCIP-016
and CSTR43 App G, are “unnecessarily harsh” and proposes limits that are much
higher, for example OS-RMS upper limit of 3.2 for offices (equivalent to R=32).

3.2.4 CCIP-016

CCIP-016 [7] is applicable for all types of floors and footbridges. This guidance’s
approach for response calculation implemented in this chapter is summarised in
Figure 3.4, including the relevant guidance methodology, and essential equations
as shown in Table 3.4. The walking excitation is assumed to be periodic and the
first four harmonics of the Fourier series can represent the walking force. Un-
like AISC DG11 and SCI P354, this guideline formulates its dynamic load factors
(DLFs) based on a probability of 25 % of being exceeded. Response calcula-
tions, similar to other guidelines, are separated into resonant response, for LFFs
whose natural frequency is less than 10 Hz, and impulsive response for HFFs
above 10.5 Hz. However, it is stated that if the structure is “potentially susceptible
to both resonance and impulsive response”, both calculation methods should be
used and the highest response should be selected for assessment.

CCIP-016 & CSTR43 App G Response Calculation
v

| Simplified %alculation | | FE Ceflculation |
% : v Develop ﬂot)r FE model|
Floor layout [Damping ratio ({)] !
Perform response analysis for
the range of walking
INatural Frequency and
modal mass of the first Obtain steady-state
imode of a floor bay acceleration
Predicted R—faitor 1s
| Response calculation ] computed

Figure 3.4: CCIP-016 and CSTR43 App G vibration analysis procedure.
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Table 3.4: CCIP-016 vibration analysis essential equations

Analysis type Modal Properties Response Prediction
. L g D, F
Simplified =K K30\ =5 a, = K,ng]\; for LFFs
Calculation M = % = Cfls for HFFs
— (f ) th”en” nPhn A,
include modes Areathn =\, - Ai+B;
(f_) hn”en”rnphn Bn
FE LFFs Gimag,h,n f M, A2+B?
A, =1-(2)*and B, =2¢, L
up to 15 Hz fa I
mO es 2 Nm() es 2
ap = \/ ! real,h,n) + ( 2,, 1d aimag,h,n)
. 54 f,°
include modes up to two Un = Helly g T3
H modes -2
FEHFFs  times fundamental mode o(t) = Z des p e bl sin(27 f 1)

Upms = \/F fo u(1)2dt

f or f,: natural frequency, Hz

m : floor mass, kg/m?

D, : stiffness of the floor in major direction, Nm

K, : multiplier on the frequency to account for two-way spanning

K, ,, : multiplier on the frequency to account for adjacent row of parallel bays
L : length of the floor bay, m

W . width of the floor bay, m

M or M, : modal mass, kg

K, ., . multiplier on the modal mass to account for adjacent row of parallel bays
K. ,, : multiplier on the response to account for contribution of higher modes
F,, : harmonic force amplitude, N

h : harmonic number

f, - step frequency, Hz

p : resonant build-up factor

fn : harmonic forcing frequency = A f,, Hz

M., M, . mode unity-normalised shape values at location e and r.

¢ or ¢, : damping ratio

a, : acceleration response, m/s”

a,, : harmonic acceleration for all modes, m/s?

U,ms - FOOt-mean-square velocity, m/s

T : footstep period = fi s

p

The vibration response is determined from contribution of all modes up to 15 Hz
and is expressed as a maximum value of RMS acceleration with integration time of
1/f,. The essential calculation procedure is shown in Table 3.4. Then, the R factor
is computed from the peak RMS acceleration, as mentioned before. Similar to SCI
P354, a reduction factor is introduced to take into account the resonant build-up
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of vibration. The R factor is then compared against tolerance limits for various
types of floor usage.

3.2.5 CSTR43 App G

CSTR43 App G [32], similar to CCIP-016, is versatile in its use in terms of con-
struction materials for floors. Walking forcing function is based on Fourier analysis
with DLFs based on the probability of 25 % of being exceeded. The response cal-
culation is separated based on the fundamental natural frequency. The threshold
frequency is 10 Hz between LFFs and HFFs, which corresponds with resonant
and transient response, respectively.

Table 3.5: CSTR43 App G vibration analysis essential equations

Analysis type Modal Properties Response Prediction
Simplified  f = (Lz W2> V2 [136] for LFFs same as FE LFFs
Calculation M = ”’LW for HFFs same as FE HFFs
R
(RS ) = Honbtrn( f”) f/ DMF
. DMF = -
FE LFFs include modes up to 12 Hz [1_(%) ]H Pc(hfﬁ)]p
= \/ T a2(hf)
a,ms = 0.707a,
: 54 f143
include modes up to two Un = Hebbr iy ;m

FE HFFs times fundamental mode  v(H) = Y, ™ Nuodes 1, 0=2018t 5in(27 f,A/T = 1)

v, = ,/% [) v@2dt

f or f,: natural frequency, Hz
m : floor mass, kg/m?
D,: stiffness of the floor in major direction, Nm
L : length of the floor bay, m
W : width of the floor bay, m
M or M, : modal mass, kg
r and s : number of sine wave curvature in x and y direction
P, , - harmonic excitation force amplitude at location ¢, N
Hes My Jphop, @nd £ or g, : as defined in Table 3.4.
a,,, . root-mean-square acceleration, m/s?

ns . Foot-mean-square velocity, m/s
T : averaging time takenas 1 s

CSTR43 App G approach for response calculation is summarised in Figure 3.4,
including the relevant guidance methodology, and essential equations as shown
in Table 3.5. The vibration response is computed, similar to SCI P354, from all
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modes up to 12 Hz and the resonant reduction factor is applied similar to the
aforementioned procedure. Thus, the evaluation is based on a single peak value
of R factor with corresponding recommended limits.

3.2.6 Nature of forcing functions used in design guides

The aforementioned design guidelines use deterministic forcing functions based
on either Fourier series or polynomial expressions (in HiVoSS as presented in
Equation 3.4):

F(IG = Kt + Kot? + K312 + K t* + Kst° + Kt + K17 + Kyt (3.4)

Where, F(1) is the dynamic force due to a single step, G is bodyweight, K, are
polynomial coefficients described as a function of step frequency, summarised in
Table 3.6, and ¢ is the time. The standard walking force then can be done by
adding the step load to this function repeatedly at intervals of 1/f,,.

Table 3.6: Polynomial coefficients for step load walking as per HiVoSS

Range of step frequenc
Coefficients g pireq y (/)

f,=1.75 Hz 1.75Hz <f,<2.0 Hz f,22.0 Hz
K, -8 xf, +38 24 xf,-18 75 xf,-120
K, 376 xf, -844 -404 x f, + 521 -1720 x f,, + 3153
K, -2804 x f, +6025 4224 % f, -6274 17055 x f, -31936
K4 6308 x f, -16573 -29144 x f, +45468 -94265 x f, +175710
Ks 1732 xf, +13619 109976 xf,-175808 298940 x f,, -553736
Ke -24648 x f, +16045 -217424 xf, +353403 -529390 x f, +977335
K, 31836 xf,-33614 212776 xf,-350259 481665 x f, -888037
Ky -12948 = f, +15532  -81572 = f, +135624  -174265 xf, +321008

These are compared in Figure 3.5, which shows the forcing functions of each
guideline overlaid and normalised by the human body weight at step frequency
2 Hz. It can be seen that, with the exception of HiVoSS, the various guidelines
result in quite similar forcing functions. The HiVoSS forcing function is something
of an outlier, with peak force amplitude much larger than those from the other
guidelines. None of the guidelines has forcing functions that incorporate the ran-
dom variability of walking that is observed in real human pedestrians [39] due to
the “narrow band random process” of walking which has energy at all frequencies
[107].
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—--=SCl P354
——CCIP-016 & CSTR43 App G
- HiVoSS

. AISC DG11

Normalized Force by body weight

0 | |
1 2 3 4 5 6
Time [s]

Figure 3.5: Comparison between pedestrian forcing functions.

Most of the above guidelines make a distinction between LFFs, which exhibit
primarily resonant response to multiple footfalls at a pacing frequency f,, and
HFFs, which exhibit primarily a transient response to individual footfalls. However,
when carrying out a detailed analysis of the performance of the CSTR43 App G
guidelines, [34] highlighted that there is a ‘grey region’ between the LFF and HFF
thresholds, where both resonant and transient responses contribute to the overall
response. This implies that the cut-off frequency and separation of floors based
on their fundamental natural frequency may be an unwarranted assumption [10,
34] and a universal forcing function might be a better approach. This was also
examined in detail by [82], who proposed a response spectrum approach valid for
both LFFs and HFFs.

To summarise the aforementioned discussion, Table 3.7 shows key similarities
and differences of the guidelines:

Table 3.7: Summary of key parameters from guidelines

Guidance Floor Cut-off Mode Pedestrian
type frequency number weight (N)
AISC DG11 Steel composite 9 Hz LFFs up to 9 Hz 748
construction HFFs up to 20 Hz
SCI P354 Steel composite 10 Hz LFFs up to 12 Hz 746
construction HFFs up to 2 x first mode
HiVoSS Steel composite 10 Hz modes up to 10 Hz from 295
construction modes up to 20 Hz to 1225
CCIP-016 All floor 10.5 Hz LFFs up to 15 Hz 700
construction HFFs up to 2 x first mode
CSTR43 App G All floor 10 Hz LFFs upto 12 Hz 700
construction HFFs up to 2 x first mode
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3.3 Testing and FE analysis of floors

This section presents the experimental data and analytical modelling of five full-
scale floors. All of these exhibited a perceptible level of vibration in service and
one of these had also provoked adverse comments from occupants over the ex-
cessive vibration magnitude. The measurements were carried out by the author
and members of the Vibration Engineering Section (VES). For each tested floor, a
detailed FE model was developed to facilitate response prediction using method-
ologies from each of the aforementioned design guidelines. Experimental modal
analysis (EMA) was also performed on each floor to provide experimental modal
parameters, which were used to update the FE model and predict responses. The
reason to tune the analytical modal properties to the measured ones was to elim-
inate inaccurate FE modelling as a source of error in the evaluation of vibration
serviceability; therefore, the analysed floors were verified against measurement
data. All modes that have been extracted from FE or EMA were unity-normalised
mode shapes as per each guidelines procedure. In addition, walking response
measurements were carried out during the experimental campaign to determine
the actual vibration response for comparison with the numerical response predic-
tions. Selection of a walking path (WP) for the pedestrian walking response was
entirely based on the measured mode shapes so as to excite key modes along
the walking path.

3.3.1 Floor Structure 1 (FS1)
3.3.1.1 Description of the floor

FS1 is a floor structure within a recently constructed multi-storey office building,
which has an open-plan layout. The details of this floor were presented in detail by
[38] and are summarised here for completeness. The floors are of steel-concrete
composite construction, within a steel building frame of irregular geometry. Pri-
mary beams (girders) have spans of up to 10 m, secondary beams (beams) are
at 3 m spacing with spans up to 13 m and steel columns lie roughly on a typical
grid of 13 m x 9 m, as shown in Figure 3.6. Also, there was a full height partition
wall shown in brown colour in Figure 3.6, while the rest of the floor was open-plan
layout.
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Figure 3.6: Plan layout of FS1.

Construction drawings were used to determine the size of structural members.
130 mm thick light-weight concrete is poured upon 60 mm trapezoidal steel profile
decking to form the floor slab, which acts compositely with the secondary beams.
Details of the structural elements vary due to the irregular geometry, but in a typical
bay secondary beams are cellular with asymmetric form. The section sizes are
lower tee 610x229%x113 UB and upper tee 457x191x89 UB, with hole diameter of
500 mm at 750 mm centres. Primary beams are 792x191/229x101 ACB sections
and column members are 254x254x73 UC. There are three reinforced concrete
core walls to provide lateral resistance to the whole structure; these have been
included in the FE model due to their significant effect on the structural modes.
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3.3.1.2 Experimental modal analysis (EMA)

Experimental modal properties of the floor were determined from in-situ modal
testing using multi-reference uncorrelated random excitation from four APS Dy-
namics shakers (2x APS113 and 2x APS400). A test grid of roving accelerome-
ters (Honeywell QA750) was used with 65 test points (TPs), as shown in Figure
3.7. The modal testing was carried out (by members of VES) using continuous
uncorrelated random excitation at shaker locations (i.e. multi-input multi-output
modal testing). Time domain data blocks were 20 s in length giving a frequency
resolution of 0.05 Hz at a sampling rate of 204.8 Hz. A total of 100 averages was
used with 75% overlap and Hanning window was applied to all data blocks.
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Figure 3.7: TPs locations on FS1. Excitation locations are shown by letter “S”.

Frequency response functions (FRFs) were acquired using a Data Physics
Mobilyzer DP730 digital spectrum analyser, and polyreference FRF curve fitting
was utilised to determine the experimental modal properties. The ME’scope [137]
suite of modal parameter estimation software was used by the author to extract
modal properties using a multi-polynomial method to provide reliable estimates of
mode frequency, damping, shape and modal mass.

3.3.1.3 Development of FE model and analysis

The structural members were modelled in ANSYS. The composite steel-concrete
floor was modelled using SHELL181 element, which is a four-node element with
six degrees of freedom at each node. Orthotropic properties were assumed (flex-
ural stiffness in the direction of the ribs is higher than the perpendicular direction).
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Beams and columns were modelled using BEAM188 element, which is a two-
node element with six degrees of freedom at each node. The composite action
between the beams and slabs was modelled through a vertical offset of the shell
element as recommended in the design guidelines [6, 7]. The concrete core walls
were modelled as SHELL181 elements. The modulus of elasticity (E) of 22 GPa
for light-weight concrete and density of 1800 kg/m> were assumed [32]. Follow-
ing current practice and guidelines, one storey level of the building was modelled
including top and bottom columns at a storey height of 4 m. Also, boundary con-
ditions were assumed fixed at the end of columns. A modal analysis was carried
out to obtain modal frequencies, mode shapes and modal masses.

Updating the FE model using manual tuning was conducted by introducing a
full height partition wall modelled using SHELL181 elements with assumed E of
5 GPa and density of 2500 kg/m? as presented above. Also, sensitivity analysis
was conducted to obtain the most appropriate parameters of E and density of both
concrete and steel. After modal updating, the final values that gave a close match
to the measured modes were 24 GPa and 210 GPa for E of concrete and steel,
respectively. Material density of steel was 7830 kg/m? and concrete 1800 kg/m?,
as determined from the literature. The final results after tuning are shown in Figure
3.8. Numerical FRF plots were also produced to compare and reconcile with those
from the measured data, as demonstrated in Figure 3.9. To generate these FRF
plots, a level of damping ratio had to be assumed. The value chosen for this floor
was an average of 2.4% based on measurement for all modes. It is apparent
that, despite matching the mode shapes quite well (see Figure 3.8), the FE FRF
does not match very well with the measured FRF. However, the modal assurance
criterion (MAC), shown in Table 3.8, exhibits a good consistency. This might be
associated with some of the difficulties related to modelling civil engineering floor
structures, where uncertainty in modelling parameters may affect the accuracy of
the FE model.
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(a) FE analysis, f, = 5.23 Hz,

(b) EMA f, =5.24 Hz, {, = 3.16 %,
m,; = 36.02 tonnes

m, = 36.98 tonnes

(c) FE analysis, f, = 6.52 Hz,

(d) EMA f, =6.06 Hz, {, =2.24 %,
m, = 28.54 tonnes

m, = 55.89 tonnes

(e) FE analysis, f; =6.33 Hz,

(f) EMA f; =6.58 Hz, {5 = 1.87 %,
m; = 35.95 tonnes

m; = 40.48 tonnes

3

(g) FE analysis, f, = 6.87 Hz, (h) EMA f, =7.31Hz, ¢, =1.7 %,
m, = 39.95 tonnes m, = 38.44 tonnes

Figure 3.8: FS1 vibration modes from FE Analysis and EMA.

Table 3.8: MAC values FS1

Analytical
Mode No. 1 2 3 4
- 1 0.9013 0.1214 0.0245 0.1167
< 2 0.2162 0.8721 0.027 0.1088
§ 3 0.026 0.191 0912 0.16
= 4 0.2383 0.1071 0.132 0.8899
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Figure 3.9: Comparison of experimental FRFs and those from the updated FE
model at four locations on FS1.

3.3.2 Floor Structure 2 (FS2)

3.3.2.1 Description of the floor

This is the second case-study floor, which has the longest span of all case stud-
ies. This floor was tested at its bare stage (construction stage). It is a steel-
concrete composite floor with normal weight concrete poured into a 51 mm trape-
zoidal steel profile decking slab, which forms a total thickness of 130 mm. Sec-
ondary beams span 15 m at a spacing of 3.125 m. The primary beams have
a span of 6.25 m. The columns are situated at the intersection of beams, with
typical bay sizes of 15 m x 6.25 m, as shown in Figure 3.10. Details of the struc-
tural elements in a typical bay are; secondary beams are cellular section sizes
720.5x152/229%x81 UB, with hole diameter of 500 mm at 750 mm centres. Pri-
mary beams are 762x267x134 UB and column members are 305x305x158 UC.
There are two reinforced concrete walls with 300 mm thickness for lateral resis-
tance. In addition, there were lateral bracing members available on gridline F1-F3,
03-05 and T5-U8 as well as masonry concrete blocks were placed beneath the
perimeter of the floor. The discontinuous columns shown in Figure 3.10 represent
three columns where the top floor supported by these columns were not completed
during the testing.
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Figure 3.10: Plan layout of FS2.

3.3.2.2 Experimental modal analysis (EMA)

A modal test was performed (by members of VES) using two APS Dynamics Model
400 electrodynamic shakers as excitation sources. The structural response was
measured using Honeywell accelerometers (model QA750). Digital data acquisi-
tion was performed using a portal spectrum analyzer model Data Physics DP730,
similar to FS1. The shakers were driven with statistically uncorrelated random
signals so that FRFs corresponding with the individual shakers could be evalu-
ated. The force and vibration response data were sampled using a baseband
setting of 40 Hz on the spectrum analyser, corresponding with a sampling rate
of 102.4 Hz. Each data acquisition window was 20 s in length. For each FRF
estimation, a total of 80 acquisitions were made using the Hanning window and
75% overlap, which were averaged to estimate the FRFs. The analyzer provides
immediate calculation of the FRFs so that the quality of measurement data can be
checked during the test. The measurements were acquired over a test grid of 93
test points, as shown in Figure 3.11. These test points were utilised to acquire the
modal properties between gridelines F and O. Similar to FS1, the ME’scope [137]
suite of modal parameter estimation software was used by the author to extract
the modal properties.
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Figure 3.11: TPs locations on FS2. Excitation locations are shown by letter “S”.

3.3.2.3 FE analysis

The ANSYS FE software was utilised to model all components of the floor struc-
ture. Orthotropic properties were applied to the SHELL181 elements to model
the floor slab with vertical offset to incorporate composite action. All beams and
columns were modelled as BEAM188 with both their ends assumed to have rigid
connections [6]. Due to the construction stage and uncompleted top floor (there
was only steel deck and partial beam members with no concrete), COMBIN40
was used to model the vertical constraint of “discontinuous columns” in Figure
3.10. COMBINA4O0 is a single degree of freedom (SDOF) mass/spring element in
ANSYS, which mass (M) and stiffness (K) were assigned. Since there was no con-
crete at that floor, COMBIN40 tends to behave as a connection for top columns
during modal analysis. Similarly, a single storey level was modelled including top
and bottom columns at a storey height of 3.5 m using fixed boundary conditions
at the end of vertical members.

The initial model required a number of updating iterations to reconcile with the
measured modal analysis and hence manual model updating was conducted for
global parameters. The parameters updated were E and density of concrete and
steel, COMBIN40 properties, lateral bracing members and partition wall installed
beneath the exterior frame. After modal updating, the final values that gave a
good reconciliation with measured modes were 37 GPa and 210 GPa for E of
concrete and steel, respectively. The material density of steel was 7830 kg/m? and
that of concrete was 2300 kg/m?. Masonry concrete block beneath the perimeter
of the floor of 150 mm thick with E of 22 GPa and density of 2000 kg/m> were
assumed. COMBIN40 parameters were K=12500 N/m and M=15000 kg. It is
worth noting that partition walls beneath the exterior frame had a significant effect
on the mode sequences and family of modes; therefore, their modelling improved
significantly the FE model. Predicted modal frequencies and mode shapes after

75



Performance Evaluation of Contemporary Design Guidelines

tuning are illustrated in Figure 3.12. Average damping ratio of 0.8% was used for
FRF generation based on the measurements. Numerical and experimental FRFs
are shown in Figure 3.13. It is obvious that there is a good matching between the
two FRFs, albeit with some inconsistencies. Also, the modal assurance criterion
(MAC), presented in Table 3.9, exhibits a good consistency; this indicates the FE
model is comparably reconciled with the experimental data.

|
o

(a) FE analysis, f, = 4.88 Hz, (b) EMA f, =4.92 Hz, {, = 0.66 %,
m, = 85.15 tonnes m; = 102.03 tonnes

(c) FE analysis, f, =5.43 Hz, (d) EMA f, =5.51 Hz, {, =0.74 %,
m, = 92.89 tonnes m, = 97.66 tonnes

o x

(e) FE analysis, f; = 6.41 Hz, (f) EMA f; =6.12 Hz, {3 = 0.32 %,
m; = 32.02 tonnes m; = 49.16 tonnes

b x

(g) FE analysis, f, = 6.48 Hz, (h) EMA f, =6.55 Hz, {, = 0.32 %,
m, = 33 tonnes m, = 57.78 tonnes

Figure 3.12: FS2 vibration modes from FE Analysis and EMA.

Table 3.9: MAC values FS2

Analytical
Mode No. 1 2 3 4
1 0.989 0.0752 0.0912 0.0599

2 0.0313 0.942 0.0951 0.099
3 0.0959 0.0868 0.939 0.142
4 0.0677 0.107 0.129 0.9125

Measured
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Figure 3.13: Comparison of experimental FRFs and those from the updated FE
model at two locations on FS2.

3.3.3 Floor Structure 3 (FS3)
3.3.3.1 Description of the floor

This test structure is the second floor in a four-storey multi-purpose building. It is
fully furnished composite steel and concrete floor spanning 9.754 m in the direc-
tion of secondary beams between gridlines H to C and 6.09 m in the direction of
primary beams between gridlines 24 to 30 (Figure 3.14). Steel decking supports
the in-situ cast normal weight concrete slab, which spans in the direction orthog-
onal to the secondary beams. At the time of testing, mechanical services and
raised flooring were mounted beneath and on top the floor. The slab thickness
varied from 150 mm to 200 mm due to refurbishments. The shaded area in Figure
3.14 indicates an area which was originally intended to be a swimming pool, but
was never used for this purpose. In this area the slab thickness is 200 mm and
there is additional mass loading from demolished partition walls that were used
bring the floor surface up to the same level as the rest of the floor.

Secondary beams in a typical bay are 457x152x60 UB, whereas primary
beams are 533x210x92 UB. Column members are 254x254x89 UC and brac-
ing members are 193.7x12.5 CHS. Lateral stiffness is provided by the bracing
members along the edges of the structure.
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Figure 3.14: Plan layout of FS3.

3.3.3.2 Experimental modal analysis (EMA)

Natural modes were estimated for this floor (by members of VES) using EMA with
four electrodynamic shakers and an array of response accelerometers in the same
way as described for FS1. FRF measurements were made over a test grid of 81
points, as shown in Figure 3.15, using a portable spectrum analyzer. Similar to
the previous floors, the shakers were driven with statistically uncorrelated random
signals. The force and vibration response data were sampled using a baseband
setting of 20 Hz on the spectrum analyser, corresponding with a sampling rate
of 51.2 Hz. Each data acquisition window was 40 s in length. A total of 40 ac-
quisitions were made using the Hanning window and 75% overlap. To estimate
modal properties curve fitting of the FRF data was carried out by the author us-
ing the ME’scope [137] parameter estimation software. In-service monitoring was
carried out on this floor for a duration of 12 hours under normal operation, which
provided the actual vibration performance of the floor.
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Figure 3.15: TPs locations on FS3. Excitation locations are shown by letter “S”.

3.3.3.3 FE analysis

Model of the structure was developed in the ANSYS FE software. Floors were
modelled using SHELL 181 elements, whereas beams and columns were modeled
using BEAM188 elements. Orthotropic properties were assumed for the floors.
The shaded area in Figure 3.14 was modeled using SOLID165 elements, which
is an element to model volumes and it is used for the volume of the additional
mass of the intended swimming pool. As mentioned for FS1 and FS2, a single
storey was modelled and columns were fixed for top and bottom at a height of
4 m.

Initial modelling did not result in good matching and as such the top floor to-
gether with some substantial full height partition walls, were added to the model.
This led to a better matching of mode shapes in terms of frequency and mode se-
quences, as shown in Figure 3.16. Similar to the two previous case-study floors,
manual updating was used to update the FE model. The updating process pro-
gressed by altering floor material properties such as density and E, as well as
properties related to the partition walls. The model resulted in closely-spaced
modes due to repetitive geometry and orthotropic properties, which is expected in
floors [41]. The final results after tuning for modal frequencies and mode shapes
are shown in Figure 3.16. The FE mode shapes shown are for the considered
floor and top level floor is excluded, for illustration purposes. FRF plots were gen-
erated from FE modelling to display the matching trend with experimental data at
shaker points. Figure 3.17 shows the analytical and experimental FRFs at four
shaker locations. Average damping ratio of 1.2% was used based on the mea-
surements. The MAC values in Table 3.10 show to an extent a good match and
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the analytical FRF plots seem to correlate with those of measurements and thus
the FE model appears to be in agreement with the EMA. This is a clear indication
of the need to include partition walls and top floors in the model when carrying out
evaluation of vibration responses.

L >}

| |
H D b b

(a) FE analysis, f, = 6.57 Hz, (b) EMA f, =6.56 Hz, {; = 1.0 %,
m; = 114.6 tonn m, = 93.5 tonnes

30

| | -26

H D ' 5
(c) FE analysis, f, =6.84 Hz, (d) EMA f, =6.89 Hz, {, = 1.04 %,
m, = 96.15 tonnes, m, = 89.64 tonnes

Mode not measured

H D
(e) FE analysis, f; =7.23 Hz, (f) EMA f5 =NA, {3 = NA %,
m; = 104.13 tonnes m; = NA
.l i T f —30

T

| | b 26

H D H D
(g) FE analysis, f, = 7.4 Hz, (h) EMA f, =7.39 Hz, {, =0.62 %,
m, = 104.53 tonnes m, = 98.9 tonnes

Figure 3.16: FS3 vibration modes from FE Analysis and EMA.
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Table 3.10: MAC values FS3
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Figure 3.17: Comparison of experimental FRFs and those from the updated FE
model at four locations on FS3.

3.3.4 Floor Structure 4 (FS4)

3.3.4.1 Description of the floor

This floor structure is an office floor located on the first level of a three-storey build-
ing, which comprises timber joists spanning between steel beams. Masonry brick
walls and steel columns are the main vertical structural elements in the frame.
The floor is an open-plan office space with a typical layout, as illustrated in Figure
3.18. There were no construction drawings, i.e. structural member details, avail-
able. This makes developing FE model quite difficult and as such the measured
modal model will be used for response predictions.
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Figure 3.18: Plan layout of FS4.

3.3.4.2 Experimental modal analysis (EMA)

A modal test was performed by the author, with assistance from members of VES,
using three APS Dynamics shakers (2 x APS400 and 1 x APS113) as excita-
tion sources. The structural response was measured using array of response ac-
celerometers (model Honeywell QA750). Digital data acquisition was performed
using a portal spectrum analyser model Data Physics DP730. The floor was ex-
cited using uncorrelated random excitation between 0-80 Hz, yielding a sampling
rate of 204.8 Hz. 50 averages of 40 s duration giving a frequency resolution of
0.025 Hz were used with the Hanning window and 75% overlap. The analyser
provides immediate calculation of the FRFs so that the quality of measurement
data can be checked during the test. The measurements were acquired over a
test grid of 64 test points, as shown in Figure 3.19. These test points were utilised
to acquire the modal properties over the majority of the floor area. The ME’scope
parameter estimation software [137] was used by the author to estimate modal
properties by carrying out curve fitting of the measured FRF data.
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Figure 3.19: TPs locations on FS4. Excitation locations are shown by letter “S”.

The EMA modes, natural frequencies, damping ratios and modal masses ex-
tracted from the measurements are shown in Figure 3.20.

—
U W 9%

(a) EMA f, =7.62 Hz, {; =4.03 %, (b) EMA f, =8.62 Hz, {, = 2.84 %,
m, = 23.24 tonnes m, = 19.33 tonnes

(c) EMA f;=122Hz,{;=3.1%, (d)EMA f,=13.4Hz, {, =4.33 %,
m; = 13.25 tonnes m, = 16.79 tonnes

Figure 3.20: FS4 vibration modes from EMA.

3.3.5 Floor Structure 5 (FS5)
3.3.5.1 Description of the floor

This floor is the seventh level of a recently constructed multi-storey office build-
ing. Light-weight concrete was poured into 280 mm deep slab with Comflor
210/1.2 mm profile decking to form a composite steel-concrete floor structure.
Beams have spans of up to approximately 7.47 m. The columns are situated at
the intersections of beams, with typical bay sizes of 7.47 m x 4.88 m, as shown
in Figure 3.21. Details of the structural elements in a typical bay are; beams are
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cellular section sizes 298x254/368x130.5 USFB, with hole diameter of 140 mm
at 300 mm centres. Column members are 203x203x86 UC. There are three re-
inforced concrete walls/cores with 225 mm thickness for lateral resistance. Also,
external curtain walls are EWS-101 series double-glazed cladding.
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Figure 3.21: Plan layout of FS5.

3.3.5.2 Experimental modal analysis (EMA)

The floor structure was tested by the author, with assistance from members of
VES, at two different stages; at construction stage prior to installing external walls
and at completion stage just before fit-out. Results of the latter will be presented
since it is most pertinent to this study. Experimental modal properties of the floor
were obtained from modal testing utilising multi-reference uncorrelated random
excitation from three APS Dynamics shakers (1x APS113 and 2x APS400) and
a test grid of roving Honeywell QA750 accelerometers, as shown in Figure 3.22.
The force and vibration response data were sampled at using a baseband setting
of 80 Hz, corresponding with a sampling rate of 204.8 Hz. 100 averages with
acquisition window of 40 s were made using the Hanning window and 75% over-
lap. Data Physics Mobilyzer DP730 digital spectrum analyser was used to acquire
FRFs. The ME’scope software package [137] of modal parameter estimation was
used by the author to extract modal properties using a multi-polynomial method to
provide reliable estimates of mode frequency, damping, shape and modal mass.
The final mode shape results are shown in Figure 3.23.
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Figure 3.22: TPs locations on FS5. Excitation locations are shown by letter “S”.

3.3.5.3 FE analysis

An FE model of the structural system was developed using the ANSYS FE soft-
ware. Beams and columns were modelled using BEAM188 elements. The
composite steel-concrete floor was modelled using SHELL181 elements and or-
thotropic properties were assumed. The composite action between the beams
and slabs was modelled through a vertical offset of the shell element as recom-
mended in the design guidelines [6, 7]. The modulus of elasticity (E) of 24 GPa
for light-weight concrete and density of 1500 kg/m?® were assumed [7]. In a similar
way, a single storey level with all vertical members, top and bottom, at a height
of 4 m was modelled using fixed boundary conditions. Modal properties (modal
frequencies, mode shapes and modal masses) were obtained via modal analysis.

The FE modal was further improved by introducing full height partition walls
around grid line N7-N10 to M7-M10 and external cladding walls. This model is
to show a realistic FE model that would be developed by an engineer. This was
carried out as discussed in aforementioned floors, since the walls have an effect
on mode shapes and their sequences. The walls were modelled as SHELL181 el-
ement. Partition walls of 110 mm thick with E of 2.1 GPa and density of 800 kg/m*
and external cladding walls of 200 mm with E of 10 GPa and density of 2400 kg/m?
were used as per construction details. The final results are shown in Figure 3.23.
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(a) FE analysis, f, = 10.11 Hz, (b) EMA f, =10.2Hz, {, =1.63 %,
m, = 38.78 tonnes m, = 42.85 tonnes

(c) FE analysis, f, = 10.75 Hz, (d) EMA f, =11.7 Hz, {, = 2.11 %,
m, = 40.09 tonnes m, = 55.36 tonnes

(e) FE analysis, f; = 11.05 Hz, (f) EMA f; =12.5Hz, {3 =0.78 %,
m; = 31.49 tonnes m; = 43.22 tonnes

(9) FE analysis, f, = 11.66 Hz, (h) EMA f, =13.2Hz, { =1.77 %,
m, =21.68 tonnes m, = 27.5 tonnes

Figure 3.23: FS5 vibration modes from FE Analysis and EMA.

The MAC values in Table 3.11 show to an extent a good match and thus the FE
model seems to correlate with those of measurements. As stated in earlier models
that there is a need to include partition walls and claddings in the FE model when
carrying out evaluation of vibration responses. It is worth noting that FRF plots
were not generated for this model since MAC values provided a good correlation.

Table 3.11: MAC values FS5

Analytical
Mode No. 1 2 3 4
1 0.98 0.0552 0.0622 0.09

2 0.0223 0.932 0.101 0.0723
3 0.0556 0.0372 0.964 0.133
4 0.0367 0.097 0.123 0.901

Measured
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3.4 Evaluation of response prediction using guide-
lines

3.4.1 Pre-construction: Design stage

This sections presents the evaluation of response using each of the guidelines to
calculate modal properties, vibration responses and applying the recommended
evaluation procedures.

3.4.1.1 Modal properties estimation

* FS1: FS1 has an irregular plan configuration except for a few bays, to which
the simplified formulae of the guidance are applicable. Hence, modal prop-
erties are determined for floor gridline C2-D3 (see Figure 3.6). Method-
ologies and simplified equations or recommended values provided by each
guideline are utilized to estimate the dynamic properties shown in Table 3.12.
CSTR43 App G does not provide any simplified techniques and as such for-
mulae given in structural dynamics textbooks (e.g. [136] or [138]) can been
used (see Table 3.5). Similar formulae are also applicable to the other case
study floors.

Table 3.12: Modal properties of first mode of FS1 from design guidance simplified
formulae

Guidance Natural frequency Modal mass Damping ratio

(Hz) (t) (9]
Measured 5.24 36.98 3.16%

AISC DG11 4.99 51 3%
SCI P354 5.23 17.47 3%
HiVoSS 5.18 15.9 3%
CCIP-016 2.89 7.95 3%
CSTR43 App G 4.52 7.95 3%

* FS2: Modal properties are determined for a typical floor gridline L1-M5 (see
Figure 3.10), since the floor is regular and the dimensions of most bays are
the same. Simplified equations and recommended values provided by each
guideline are utilized to estimate the dynamic properties, shown in Table
3.13.
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Table 3.13: Modal properties of first mode of FS2 from design guidance simplified
formulae

Guidance Natural frequency Modal mass Damping ratio

(Hz) (t) (©)

Measured 4.92 102.03 0.66%
AISC DG11 4.48 83.6 1%

SCI P354 4.99 17.26 1.1%
HiVoSS 4.78 14.77 1%

CCIP-016 4.1 7.4 1.15%
CSTR43 App G 6.5 7.4 1%

* FS3: Modal properties are determined for a typical floor gridline F29-E28
(see Figure 3.14), due to regular plan of the floor. Simplified equations and
recommended values provided by each guideline are utilised to estimate the
dynamic properties, shown in Table 3.14.

Table 3.14: Modal properties of first mode of FS3 from design guidance simplified
formula

Guidance Natural frequency Modal mass Damping ratio
(Hz) (t) (©)
Measured 6.56 93.5 1%
AISC DG11 6.03 60.8 3%
SCI P354 6.61 20.98 3%
HiVoSS 6.55 124 3%
CCIP-016 5.47 6.2 3%
CSTR43 App G 7.24 6.2 3%

* FS4: As far as simplified calculation is concerned, there were no available
(structural) drawings to estimate dynamic properties for this floor. Therefore,
as mentioned in Section 3.3.4.1 neither FE model nor manual calculations
will be considered.

* FS5: Modal properties are determined for this regular floor plan, floor bay
0O5-N6 was chosen as a typical bay (see Figure 3.21). Simplified equations
and recommended values provided by each guideline are utilised to estimate
the dynamic properties, shown in Table 3.15.
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Table 3.15: Modal properties of first mode of FS5 from design guidance simplified
formula

Guidance Natural frequency Modal mass Damping ratio

(Hz) (t) (©)
Measured 10.2 42.85 1.63%

AISC DG11 10.3 18.1 3%
SCI P354 14.66 15.73 3%
HiVoSS 14.56 6.2 3%
CCIP-016 10.76 3.1 3%
CSTR43 App G 13.03 3.1 3%

3.4.1.2 Response prediction

Prediction of vibration responses in this chapter using measured modal properties,
FE analysis and hand calculations is based on the methodology of each guide-
line as illustrated in Figures 3.1, 3.2, 3.3 and 3.4 and Tables 3.1, 3.2, 3.3, 3.4
and 3.5. When using FE analysis, mode coordinates are extracted for excita-
tion and response points. Contribution of more than one mode is then combined
through a mode superposition approach. The guidelines that utilise such method
are SCI P354, CCIP-016 and CSTR43 App G. In the same way, measured modal
properties are also used to predict vibration responses. This was done to better
understand where inaccuracies occur in guidance documents.

AISC DG11 suggests using harmonic analysis as mentioned in Section 3.2.1.
A wide range of FRFs was generated at different locations of excitation and re-
sponse on the entire floor area. The harmonic analysis produced the maximum
FRF magnitude at the middle of the floor panel of gridline B1-C2, which is used for
later analysis. The FRF plots from this analysis is shown in Figure 3.24 for FS1.
Measured FRFs are also used using AISC DG11 procedure to predict vibration
responses. HiVoSS assumes each vibration mode from FE analysis as a SDOF
and as such the response is calculated from each mode and superimposed us-
ing SRSS. In addition, HiVoSS provides charts of vibration response, where the
response can be read off from a known modal properties. It is worth mention-
ing that none of the guidelines defines walking routes, nor do they pay attention
to non-stationary nature of pedestrians, i.e. moving pedestrian. However, it is
speculated to take into account the line of strongest response (maximum modal
ordinates) or mode amplitudes close to, where possible, a predefined “walking
path”. Such method may yield an assumption of exciting the highest mode am-
plitudes in order to obtain conservatively the uppermost response. It is indicated
[47] that significant inaccuracies occur due to the presence of variations in walking
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loads and uncorroborated assumptions in response estimation. In the following
analyses the maximum modal ordinates were used to predict vibration responses
as per design guidelines procedure.
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Figure 3.24: FRF plots from FE harmonic analysis.

As far as manual calculations are concerned, the guidelines follow simple tech-
niques to predict the vibration response. This typically includes estimating modal
properties of the fundamental mode, assuming a harmonic walking load and thus
predicting the response. It is worth noting that the simplified techniques can es-
timate accurately the modal frequency, yet an incorrect modal mass is often ob-
tained. The vibration response can be significantly affected by such inaccuracies
in modal properties and more importantly the estimation of the modal damping.

The vibration responses presented below are calculated based on the above
procedure from measured modal properties, FE analysis and manual calculations
for the case study floors.

* FS1: This is a relatively new office floor, where pedestrians use various
paths during normal operations. Although floor occupants had not reported
any adverse comments, perceptible vibration was obvious and thus the floor
can be considered as a “borderline” case. The predicted vibration responses
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3.4 Evaluation of response prediction using guidelines

following procedures in each guideline are shown in Figure 3.25. It can be
seen that the predicted responses vary significantly and hence the vibra-
tion serviceability assessment can be inconclusive. In particular, use of the
simplified procedures for modal parameter estimation seem to be inaccu-
rate for estimation of floor performance. This can be seen in Table 3.16.
Also, the assumption of steady state vibration response for serviceability as-
sessment is another potential source of inaccuracy, although the measured
responses can vary due to the variations in subjects’ excitation and modal
properties. Using measured modal properties in Table 3.16, indicate that
predicted peak R factor utilising available walking load model contains large
overestimations (denoted by “+” sign) as high as +67.9% in HiVoSS and un-
derestimations (denoted by “-” sign) as low as -9.6% in SCI P354. This case
study floor shows that there is a few percentage of error due to inaccurate
modal properties when comparing FE calculation against measured modal
properties. Reynolds and Pavic [52] remark that use of peak responses is
potentially overconservative, whereas using vibration dose values or cumu-
lative distribution of response might provide more reliable assessment.

["IResponse predicted using Measured Modal Properties;
28— Il Recommended Tolerance Limit =

82~ M Response predicted using Simplified Method 7
[ Response predicted using FE Calculation
——Measured R factor

AISC-DG11 SCI P354 HiVoSS CCIP-016 CSTR43 App G

Figure 3.25: FS1 Response prediction of guidelines against actual response.

Table 3.16: FS1 percentage of error of guideline response prediction vs. actual
response

Guidance Simplified FE Measured properties
calculation calculation calculation
AISC DG11 -13.6% -20.9% -18.7%
SCI P354 20.9% 48.3% -<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>