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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 tomodern open plan layouts, these floor struc-
tures have becomemore 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 majority 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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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. Themodel 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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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.
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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.O., 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.



Literature Review and Research Direction

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].

28



2.1 Introduction

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
for floors [6, 12] and loadmodels 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 themagnitude 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.

(a) Angle of different parameters with respect to Body
Center of Mass (BCoM).

(b) Step width and step length in one step cycle.

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 (𝑡)
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:

𝐹 (𝑡) = 𝐺
⎡⎢⎢⎣
1 +

𝑁

∑
𝑛=1

𝛼𝑛 sin(𝑛2𝜋𝑓𝑝𝑡 + Φ𝑛)
⎤⎥⎥⎦

(2.1)

where, 𝐹 (𝑡) is the dynamic load (N); 𝐺 is the static weight of a person (often as-
sumed between 700 N and 800 N); 𝑛 is order of harmonic of the pacing rate (in-
teger values) (𝑛 = 1, 2, 3...); 𝛼𝑛 is the Fourier coefficient (also known as Dynamic
Load Factor - DLF) of harmonic 𝑛; 𝑓𝑝 is pacing frequency (Hz); 𝑡 is the time vari-
able (s); Φ𝑛 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]. It is 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.

(a) Fourier amplitude of measured walking.

(b) Fourier amplitude of synthetic walking from deter-
ministic models.

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.

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 deemedmore 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, somemulti-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, Z̆ivanović 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. It is 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/s2 [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].

R =
𝑚𝑎𝑥𝑡 (√∫𝑡+𝑇 /2

𝑡−𝑇 /2 𝑎2
𝑤(𝑡) 𝑑𝑡)

0.005 (2.2)

where:

R is the Response factor

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

𝑎𝑤(𝑡) is the Wb frequency weighted acceleration time history in m/s2 [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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VDV =
⎡⎢⎢⎢⎣

𝑇𝑡

∫
0

𝑎4
𝑤(𝑡)𝑑𝑡

⎤⎥⎥⎥⎦

1/4

(2.3)

where:

VDV is the Vibration Dose Value in m/s1.75,

𝑇𝑡 is the total time period in seconds, and

𝑎𝑤(𝑡) is the Wb frequency weighted acceleration time history in m/s2 [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
daytime exposures in office buildings is around 0.15 m/s1.75, above which ad-
verse comment might be expected [9], which is far less than the available limits
(0.4-0.8 m/s1.75). In addition, Setareh [114] has recently proposed a new VDV
limit for footbridges, which is 0.2 m/s1.75 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, Z̆ivanović 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-

47



Literature Review and Research Direction

ning R factor using cumulative distribution gives better impression of the response
distribution with a probability of exceedance.

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.

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). It is 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 Z̆ivanović [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 walkingmodels, 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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2.7 Conclusions

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.O. 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).

3.2.1 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/s2 [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.

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 (𝑓𝑝) 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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3.2 Contemporary design guidelines

Table 3.1: AISC DG11 vibration analysis essential equations

Analysis type Modal Properties Response Prediction

Manual Calculation
𝑓𝑛 = 0.18 √

𝑔
Δ𝑗+Δ𝑔

𝑎𝑝 = 𝑃𝑜 𝑒−0.35 𝑓𝑛

𝛽 𝑊 𝑔 for LFFs

𝑊 = Δ𝑗
Δ𝑗+Δ𝑔

𝑊𝑗 + Δ𝑔
Δ𝑗+Δ𝑔

𝑊𝑔 𝑎𝑝 = ( 154
𝑊 )(

𝑓 1.43
𝑠𝑡𝑒𝑝

𝑓 0.3
𝑛

)√
1−𝑒−4𝜋ℎ𝛽

ℎ𝜋𝛽 𝑔 for HFFs

FE LFFs
Harmonic analysis

𝑎𝑝 = FRF𝑚𝑎𝑥 × 0.09𝑒−0.075𝑓𝑛 × 168𝜌
up to 9 Hz

FE HFFs
Harmonic analysis 𝑎𝑝,𝑚 = 2𝜋𝑓𝑛,𝑚𝜙𝑖,𝑚𝜙𝑗,𝑚(

𝑓 1.43
𝑠𝑡𝑒𝑝

𝑓 1.3
𝑛

)( 168
17.8 )

up to 20 Hz 𝑎(𝑡) = ∑𝑁𝑚𝑜𝑑𝑒𝑠
𝑚=1 𝑎𝑝,𝑚𝑒−2𝜋𝑓𝑛,𝑚𝛽𝑡 sin(2𝜋𝑓𝑛,𝑚𝑡)

𝑎𝑝 = √2√
1
𝑇 ∫𝑇

0 𝑎2(𝑡)𝑑𝑡
𝑓𝑛 : fundamental natural frequency, Hz
𝑔 : acceleration of gravity , 386 in/s2

Δ𝑗 : beam midspan deflection due to the weight supported, in
Δ𝑔 : girder midspan deflection due to the weight supported, in
𝑊𝑗 : effective panel weights for the beam, lb
𝑊𝑔 : effective panel weights for the girder panels, lb
𝑊 : effective weight supported by the beam and girder panel, lb
𝑃𝑜 : amplitude of the driving force, 65 lb
𝛽 : damping ratio
𝑓𝑠𝑡𝑒𝑝 : step frequency, Hz
ℎ : step frequency harmonic matching the natural frequency
𝑎𝑝 : sinusoidal peak acceleration, in/s2

𝜌: resonant build-up factor
𝜙𝑖,𝑚, 𝜙𝑗,𝑚 : m𝑡ℎ mode mass-normalised shape values at location 𝑖 and 𝑗.
𝑇 : footstep period = 1

𝑓𝑠𝑡𝑒𝑝
, s

3.2.2 SCI P354

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.

59



Performance Evaluation of Contemporary Design Guidelines

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/s2 [45]. This value may then be evaluated
against recommended tolerance limits for different floor functions.

From a practical point of view, a reduction factor 𝜌 (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 “𝐻𝑛”, as shown in Equation 3.2.

𝜌SCI,incorrect = 1 − 𝑒−2𝜋𝜁𝑓𝑝
𝐿
𝑣𝑝 (3.1)

𝜌correct = 1 − 𝑒−2𝜋𝜁𝐻𝑛𝑓𝑝
𝐿
𝑣𝑝 (3.2)

where: 𝜁 is damping ratio, 𝑓𝑝 is step (pacing) frequency in Hz, 𝐿 is length of
walking path in m, and 𝑣𝑝 is velocity of walking in m/s.
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3.2 Contemporary design guidelines

Table 3.2: SCI P354 vibration analysis essential equations

Analysis type Modal Properties Response Prediction

Simplified 𝑓𝑜 = 18
√𝛿

𝑎𝑤,𝑟𝑚𝑠 = 𝜇𝑒𝜇𝑟
74.6

2√2𝑀𝜁
𝑊 𝜌 for LFFs

Calculation 𝑀 = 𝑚𝐿𝑒𝑓𝑓 𝑆 𝑎𝑤,𝑟𝑚𝑠 = 2𝜋𝜇𝑒𝜇𝑟
185

𝑀𝑓 0.3
𝑜

746
700

1
√2

𝑊 for HFFs

FE LFFs
include modes 𝑎𝑤,𝑟𝑚𝑠 = ∑𝑁𝑚𝑜𝑑𝑒𝑠

𝑛=1 𝜇𝑒,𝑛𝜇𝑟,𝑛
𝐹ℎ,𝑛

𝑀𝑛√2
𝐷𝑛,ℎ𝑊 𝜌

up to 12 Hz 𝐷𝑛,ℎ = ℎ2𝛽2
𝑛

√(1−ℎ2−𝛽2
𝑛 )2+(2ℎ𝜁𝛽𝑛)2

FE HFFs
include modes up to two 𝑎𝑤,𝑒,𝑟,𝑛 = 2𝜋𝑓𝑛√(1 − 𝜁2)𝜇𝑒,𝑛𝜇𝑟,𝑛(60 𝑓 1.43

𝑝
𝑓 1.3

𝑛
)( 746

700𝑀𝑛
)𝑊𝑛

times fundamental mode 𝑎(𝑡) = ∑𝑁𝑚𝑜𝑑𝑒𝑠
𝑛=1 𝑎𝑤,𝑒,𝑟,𝑛𝑒−2𝜋𝑓𝑛𝜁𝑛𝑡 sin(2𝜋𝑓𝑛√(1 − 𝜁2

𝑛 )𝑡)
𝑎𝑟𝑚𝑠 = √

1
𝑇 ∫𝑇

0 𝑎(𝑡)2𝑑𝑡
𝑓𝑜 or 𝑓𝑛 : natural frequency, Hz
𝛿 : total deflection of the slab, secondary beam and primary beams, mm
𝑀 or 𝑀𝑛 : modal mass, kg
𝑚 : floor mass including dead load and imposed load present in service, kg/m2

𝐿𝑒𝑓𝑓 : effective floor length, m
𝑆 : effective floor width, m
𝑊 or 𝑊𝑛 : weighting factor for human perception based on floor frequency
𝜁 or 𝜁𝑛 : damping ratio
𝜇𝑒, 𝜇𝑟 : mode unity-normalised shape values at location 𝑒 and 𝑟.
𝑓𝑝 : step frequency, Hz
𝜌 : resonant build-up factor
𝐹ℎ : excitation force for the h

𝑡ℎ harmonic, N
ℎ : number of h𝑡ℎ harmonic
𝛽𝑛 : frequency ratio taken as 𝑓𝑝/𝑓𝑛
𝑎𝑤,𝑟𝑚𝑠 : root-mean-square acceleration, m/s2

𝑇 : footstep period = 1
𝑓𝑝
, s

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. It is 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 systemwithmultiple 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.

Figure 3.3: HiVoSS vibration analysis procedure and chapter designation.

Table 3.3: HiVoSS vibration analysis essential equations

Analysis type Modal Properties Response Prediction

Hand Calculation
𝑓 = 𝜋

2 √
𝐸𝐼𝑦
𝜇𝑙4 √1 + [2( 𝑏

𝑙 )
2 + ( 𝑏

𝑙 )
4
] 𝐸𝐼𝑥

𝐸𝐼𝑦 use graphs to read off OS-RMS
𝑀𝑚 = 𝜇𝑙𝑏[

𝛿2
𝑥+𝛿2

𝑦
2𝛿2 + 8

𝜋2
𝛿𝑥𝛿𝑦
𝛿2 ]

FE LFFs
include modes

use graphs to read off OS-RMS
up to 10 Hz [107, 108]

FE HFFs
include modes

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

𝑓 : natural frequency, Hz
𝜇 : floor mass, kg/m2

𝑙 : length of the floor panel (x-direction), m
𝑏 : width of the floor panel (y-direction), m
𝐸 : Youngs-Modulus, N/m2

𝐼𝑥 : moment of inertia of bending about x-axis, m4

𝐼𝑦 : moment of inertia of bending about y-axis, m4

𝛿𝑦 : deflection of the slab, mm
𝛿𝑥 : deflection of the beam, mm
𝛿 : total deflection of the slab and beam, mm
𝑀𝑚 : 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

62



3.2 Contemporary design guidelines

OS-RMS = √
∑𝑛

0(𝑣𝑛)2

𝑛 (3.3)

where: 𝑣𝑛 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 ISO10137 [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.

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

Simplified 𝑓 = 𝐾𝑓,𝑚𝐾𝑓
𝜋
2 √

𝐷𝑦
𝑚𝐿4 𝑎𝑡 = 𝐾𝑟,𝑚

𝜌𝐹ℎ
2𝜁𝑀𝑛

for LFFs

Calculation 𝑀 = 𝑚𝐿𝑊 𝐾𝑚,𝑚
4 𝑣𝑟𝑚𝑠 = 0.3 54

𝑀𝑛

𝑓 1.43
𝑝

𝑓 1.3
𝑛

for HFFs

FE LFFs
include modes

𝑎𝑟𝑒𝑎𝑙,ℎ,𝑛 = ( 𝑓ℎ
𝑓𝑛

)
2 𝐹ℎ,𝑛𝜇𝑒,𝑛𝜇𝑟,𝑛𝜌ℎ,𝑛

𝑀𝑛

𝐴𝑛
𝐴2

𝑛+𝐵2
𝑛

𝑎𝑖𝑚𝑎𝑔,ℎ,𝑛 = ( 𝑓ℎ
𝑓𝑛

)
2 𝐹ℎ,𝑛𝜇𝑒,𝑛𝜇𝑟,𝑛𝜌ℎ,𝑛

𝑀𝑛

𝐵𝑛
𝐴2

𝑛+𝐵2
𝑛

up to 15 Hz
𝐴𝑛 = 1 − ( 𝑓ℎ

𝑓𝑛
)

2 and 𝐵𝑛 = 2𝜁𝑛
𝑓ℎ
𝑓𝑛

𝑎ℎ = √( ∑𝑁𝑚𝑜𝑑𝑒𝑠
𝑛=1 𝑎𝑟𝑒𝑎𝑙,ℎ,𝑛)

2 + ( ∑𝑁𝑚𝑜𝑑𝑒𝑠
𝑛=1 𝑎𝑖𝑚𝑎𝑔,ℎ,𝑛)

2

FE HFFs
include modes up to two 𝑣𝑛 = 𝜇𝑒𝜇𝑟

54
𝑀𝑛

𝑓 1.43
𝑝

𝑓 1.3
𝑛

times fundamental mode 𝑣(𝑡) = ∑𝑁𝑚𝑜𝑑𝑒𝑠
𝑛=1 𝑣𝑛𝑒−2𝜋𝑓𝑛𝜁𝑛𝑡 sin(2𝜋𝑓𝑛𝑡)

𝑣𝑟𝑚𝑠 = √
1
𝑇 ∫𝑇

0 𝑣(𝑡)2𝑑𝑡
𝑓 or 𝑓𝑛: natural frequency, Hz
𝑚 : floor mass, kg/m2

𝐷𝑦 : stiffness of the floor in major direction, Nm
𝐾𝑓 : multiplier on the frequency to account for two-way spanning
𝐾𝑓,𝑚 : 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 𝑀𝑛 : modal mass, kg
𝐾𝑚,𝑚 : multiplier on the modal mass to account for adjacent row of parallel bays
𝐾𝑟,𝑚 : multiplier on the response to account for contribution of higher modes
𝐹ℎ : harmonic force amplitude, N
ℎ : harmonic number
𝑓𝑝 : step frequency, Hz
𝜌 : resonant build-up factor
𝑓ℎ : harmonic forcing frequency = ℎ𝑓𝑝, Hz
𝜇𝑒, 𝜇𝑟 : mode unity-normalised shape values at location 𝑒 and 𝑟.
𝜁 or 𝜁𝑛 : damping ratio
𝑎𝑡 : acceleration response, m/s2

𝑎ℎ : harmonic acceleration for all modes, m/s2

𝑣𝑟𝑚𝑠 : root-mean-square velocity, m/s
𝑇 : footstep period = 1

𝑓𝑝
, s

The vibration response is determined from contribution of all modes up to 15Hz
and is expressed as amaximum value of RMS acceleration with integration time of
1/𝑓𝑝. 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 = 𝜋
2 (

𝑟2

𝐿2 + 𝑠2

𝑊 2 ) √
𝐷𝑦
𝑚 [136] for LFFs same as FE LFFs

Calculation 𝑀 = 𝑚𝐿𝑊
4 for HFFs same as FE HFFs

FE LFFs include modes up to 12 Hz

𝑎𝑒,𝑛(ℎ𝑓𝑝) = 𝜇𝑒,𝑛𝜇𝑟,𝑛(
ℎ𝑓𝑝
𝑓𝑛

)
2 𝑃𝑒,ℎ

𝑀𝑛
⋅ 𝐷𝑀𝐹

𝐷𝑀𝐹 = 1

[1−( ℎ𝑓𝑝
𝑓𝑛 )

2
]+𝑖[2𝜁𝑛( ℎ𝑓𝑝

𝑓𝑛 )]𝜌

𝑎𝑒 = √∑4
ℎ=1 𝑎2

𝑒(ℎ𝑓𝑝)
𝑎𝑟𝑚𝑠 = 0.707𝑎𝑒

FE HFFs
include modes up to two 𝑣𝑛 = 𝜇𝑒𝜇𝑟

54
𝑀𝑛

𝑓 1.43
𝑝

𝑓 1.3
𝑛

times fundamental mode 𝑣(𝑡) = ∑𝑁𝑚𝑜𝑑𝑒𝑠
𝑛=1 𝑣𝑛𝑒−2𝜋𝑓𝑛𝜁𝑛𝑡 sin(2𝜋𝑓𝑛√1 − 𝜁𝑛𝑡)

𝑣𝑟𝑚𝑠 = √
1
𝑇 ∫𝑇

0 𝑣(𝑡)2𝑑𝑡
𝑓 or 𝑓𝑛: natural frequency, Hz
𝑚 : floor mass, kg/m2

𝐷𝑦 : stiffness of the floor in major direction, Nm
𝐿 : length of the floor bay, m
𝑊 : width of the floor bay, m
𝑀 or 𝑀𝑛 : modal mass, kg
𝑟 and 𝑠 : number of sine wave curvature in x and y direction
𝑃𝑒,ℎ : harmonic excitation force amplitude at location 𝑒, N
𝜇𝑒, 𝜇𝑟,𝑓𝑝,ℎ,𝜌, and 𝜁 or 𝜁𝑛 : as defined in Table 3.4.
𝑎𝑟𝑚𝑠 : root-mean-square acceleration, m/s2

𝑣𝑟𝑚𝑠 : root-mean-square velocity, m/s
𝑇 : averaging time taken as 1 s

CSTR43AppG 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 (𝑡)/𝐺 = 𝐾1𝑡 + 𝐾2𝑡2 + 𝐾3𝑡3 + 𝐾4𝑡4 + 𝐾5𝑡5 + 𝐾6𝑡6 + 𝐾7𝑡7 + 𝐾8𝑡8 (3.4)

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

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

Coefficients
Range of step frequency (𝑓𝑝)

𝑓𝑝≤1.75 Hz 1.75 Hz <𝑓𝑝< 2.0 Hz 𝑓𝑝≥2.0 Hz

K1 -8 ×𝑓𝑝 +38 24 ×𝑓𝑝 -18 75 ×𝑓𝑝 -120
K2 376 ×𝑓𝑝 -844 -404 ×𝑓𝑝 + 521 -1720 ×𝑓𝑝 + 3153
K3 -2804 ×𝑓𝑝 +6025 4224 ×𝑓𝑝 -6274 17055 ×𝑓𝑝 -31936
K4 6308 ×𝑓𝑝 -16573 -29144 ×𝑓𝑝 +45468 -94265 ×𝑓𝑝 +175710
K5 1732 ×𝑓𝑝 +13619 109976 ×𝑓𝑝 -175808 298940 ×𝑓𝑝 -553736
K6 -24648 ×𝑓𝑝 +16045 -217424 ×𝑓𝑝 +353403 -529390 ×𝑓𝑝 +977335
K7 31836 ×𝑓𝑝 -33614 212776 ×𝑓𝑝 -350259 481665 ×𝑓𝑝 -888037
K8 -12948 ×𝑓𝑝 +15532 -81572 ×𝑓𝑝 +135624 -174265 ×𝑓𝑝 +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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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 𝑓𝑝, 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 × 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 × first mode

CSTR43 App G All floor 10 Hz LFFs up to 12 Hz 700
construction HFFs up to 2 × 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 × 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 610×229×113 UB and upper tee 457×191×89 UB, with hole diameter of
500 mm at 750 mm centres. Primary beams are 792×191/229×101 ACB sections
and column members are 254×254×73 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 (2× APS113 and 2× 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.

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/m3 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/m3 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/m3 and concrete 1800 kg/m3,
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, 𝑓1 = 5.23 Hz,
m1 = 36.02 tonnes

(b) EMA 𝑓1 = 5.24 Hz, 𝜁1 = 3.16 %,
m1 = 36.98 tonnes

(c) FE analysis, 𝑓2 = 6.52 Hz,
m2 = 28.54 tonnes

(d) EMA 𝑓2 = 6.06 Hz, 𝜁2 = 2.24 %,
m2 = 55.89 tonnes

(e) FE analysis, 𝑓3 = 6.33 Hz,
m3 = 35.95 tonnes

(f) EMA 𝑓3 = 6.58 Hz, 𝜁3 = 1.87 %,
m3 = 40.48 tonnes

(g) FE analysis, 𝑓4 = 6.87 Hz,
m4 = 39.95 tonnes

(h) EMA 𝑓4 = 7.31 Hz, 𝜁4 = 1.7 %,
m4 = 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

M
ea
su

re
d 1 0.9013 0.1214 0.0245 0.1167

2 0.2162 0.8721 0.027 0.1088
3 0.026 0.191 0.912 0.16
4 0.2383 0.1071 0.132 0.8899
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(a) FRF @TP20 (b) FRF @TP32

(c) FRF @TP28 (d) FRF @TP59

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 × 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
720.5×152/229×81 UB, with hole diameter of 500 mm at 750 mm centres. Pri-
mary beams are 762×267×134 UB and column members are 305×305×158 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,
O3-O5 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 columnswhere the top floor supported by these columnswere not completed
during the testing.
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Figure 3.10: Plan layout of FS2.

3.3.2.2 Experimental modal analysis (EMA)

Amodal test was performed (bymembers of VES) using two APSDynamicsModel
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. COMBIN40 is a single degree of freedom (SDOF) mass/spring element in
ANSYS, whichmass (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. Thematerial density of steel was 7830 kg/m3 and
that of concrete was 2300 kg/m3. Masonry concrete block beneath the perimeter
of the floor of 150 mm thick with 𝐸 of 22 GPa and density of 2000 kg/m3 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
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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.

(a) FE analysis, 𝑓1 = 4.88 Hz,
m1 = 85.15 tonnes

(b) EMA 𝑓1 = 4.92 Hz, 𝜁1 = 0.66 %,
m1 = 102.03 tonnes

(c) FE analysis, 𝑓2 = 5.43 Hz,
m2 = 92.89 tonnes

(d) EMA 𝑓2 = 5.51 Hz, 𝜁2 = 0.74 %,
m2 = 97.66 tonnes

(e) FE analysis, 𝑓3 = 6.41 Hz,
m3 = 32.02 tonnes

(f) EMA 𝑓3 = 6.12 Hz, 𝜁3 = 0.32 %,
m3 = 49.16 tonnes

(g) FE analysis, 𝑓4 = 6.48 Hz,
m4 = 33 tonnes

(h) EMA 𝑓4 = 6.55 Hz, 𝜁4 = 0.32 %,
m4 = 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

M
ea
su

re
d 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
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(a) FRF @TP112 (b) FRF @TP310

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 457×152×60 UB, whereas primary
beams are 533×210×92 UB. Column members are 254×254×89 UC and brac-
ing members are 193.7×12.5 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.

78



3.3 Testing and FE analysis of floors

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 SHELL181 elements, whereas beams and columns weremodeled
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.

(a) FE analysis, 𝑓1 = 6.57 Hz,
m1 = 114.6 tonnes

(b) EMA 𝑓1 = 6.56 Hz, 𝜁1 = 1.0 %,
m1 = 93.5 tonnes

(c) FE analysis, 𝑓2 = 6.84 Hz,
m2 = 96.15 tonnes,

(d) EMA 𝑓2 = 6.89 Hz, 𝜁2 = 1.04 %,
m2 = 89.64 tonnes

(e) FE analysis, 𝑓3 = 7.23 Hz,
m3 = 104.13 tonnes

(f) EMA 𝑓3 = NA, 𝜁3 = NA %,
m3 = NA

(g) FE analysis, 𝑓4 = 7.4 Hz,
m4 = 104.53 tonnes

(h) EMA 𝑓4 = 7.39 Hz, 𝜁4 = 0.62 %,
m4 = 98.9 tonnes

Figure 3.16: FS3 vibration modes from FE Analysis and EMA.
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Table 3.10: MAC values FS3

Analytical
Mode No. 1 2 3 4

M
ea
su

re
d 1 0.88 0.117 0 0.129

2 0.195 0.851 0.282
3 0 0 0 0
4 0.142 0.228 0 0.879

(a) FRF @TP29 (b) FRF @TP33

(c) FRF @TP49 (d) FRF @TP53

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)

Amodal test was performed by the author, with assistance from members of VES,
using three APS Dynamics shakers (2 × APS400 and 1 × 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.

(a) EMA 𝑓1 = 7.62 Hz, 𝜁1 = 4.03 %,
m1 = 23.24 tonnes

(b) EMA 𝑓2 = 8.62 Hz, 𝜁2 = 2.84 %,
m2 = 19.33 tonnes

(c) EMA 𝑓3 = 12.2 Hz, 𝜁3 = 3.1 %,
m3 = 13.25 tonnes

(d) EMA 𝑓4 = 13.4 Hz, 𝜁4 = 4.33 %,
m4 = 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 × 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 298×254/368×130.5 USFB, with hole diameter of 140 mm
at 300 mm centres. Column members are 203×203×86 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.

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 (1× APS113 and 2× 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/m3 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/m3

and external cladding walls of 200mmwith𝐸 of 10 GPa and density of 2400 kg/m3

were used as per construction details. The final results are shown in Figure 3.23.
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(a) FE analysis, 𝑓1 = 10.11 Hz,
m1 = 38.78 tonnes

(b) EMA 𝑓1 = 10.2 Hz, 𝜁1 = 1.63 %,
m1 = 42.85 tonnes

(c) FE analysis, 𝑓2 = 10.75 Hz,
m2 = 40.09 tonnes

(d) EMA 𝑓2 = 11.7 Hz, 𝜁2 = 2.11 %,
m2 = 55.36 tonnes

(e) FE analysis, 𝑓3 = 11.05 Hz,
m3 = 31.49 tonnes

(f) EMA 𝑓3 = 12.5 Hz, 𝜁3 = 0.78 %,
m3 = 43.22 tonnes

(g) FE analysis, 𝑓4 = 11.66 Hz,
m4 =21.68 tonnes

(h) EMA 𝑓4 = 13.2 Hz, 𝜁 = 1.77 %,
m4 = 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

M
ea
su

re
d 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
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3.4 Evaluation of response prediction using guidelines

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) (𝜁 )

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) (𝜁 )

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) (𝜁 )

Measured 6.56 93.5 1%
AISC DG11 6.03 60.8 3%
SCI P354 6.61 20.98 3%
HiVoSS 6.55 12.4 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
O5-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) (𝜁 )

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 usingmeasuredmodal 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.

(a) FRF middle of panel gridline B1 & C2

(b) FRF middle of panel gridline C1 & D2

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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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.

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% -9.6%
HiVoSS 126.4% 140.6% 67.9%
CCIP-016 200% 17.7% -14.5%

CSTR43 App G 220% 18.3% -13.6%
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• FS2: This floor is a multi-purpose floor, used as a wedding venue, for meet-
ings and as a leisure centre. During construction the floors had been re-
ported to be highly responsive, which raised concerns of the construction
contractor. The predicted vibration response compared with the measured
response is shown in Figure 3.26. A good prediction is obtained via AISC
DG11 methodology in terms of equivalent R factor, whereas the rest of the
guidelines are dissimilar and diverse. Due to the relatively regular plan con-
figuration, both the simplified formula and FE methodology seem to work
well per AISC DG11. There are large overestimations by most guidelines,
which dictate neither satisfactory or unsatisfactory condition. The percent-
age of error shown in Table 3.17 demonstrates that large overestimation
(denoted by “+” sign) occur in the guidelines procedure even when using
measured modal properties. This can provide an insight into lack of accu-
racy in walking models. Such discrepancies indicate the necessity for signif-
icant improvements in response prediction and tolerance limits to facilitate
reliable and realistic ratings at the design stage.

Figure 3.26: FS2 Response prediction of guidelines against actual response.

Table 3.17: FS2 percentage of error of guideline prediction vs. actual response

Guidance Simplified FE Measured properties
calculation calculation calculation

AISC DG11 22% 15.9% -25.6%
SCI P354 192% 82.3% 116%
HiVoSS 132% 109% 52.4%
CCIP-016 546% 65.5% 244%

CSTR43 App G 522% 88% 293%
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• FS3: This floor is also an office floor, which is mostly used as a library and
study area. The floors had been reported to exhibit large vibration responses
during in-service operation, due to the gymnasium operating on the floor
above, and thus the floor occupants expressed annoyance over the mag-
nitude of vibration. The predicted response and its measured counterpart
are shown in Figure 3.27. The percentage of errors of response predic-
tion against actual measurements are shown in Table 3.18. The significant
underestimation of response observed for all guidelines is due to the differ-
ence between the loading condition assumed (i.e. single person walking)
and the actual loading condition (one or more people exercising in the gym-
nasium above) and hence cannot be attributed to lack of performance of the
guidelines. Nevertheless, this case does demonstrate an alternative load-
ing mechanism that should be considered in buildings with multiple types of
occupation.

Figure 3.27: FS3 Response prediction of guidelines against actual response.

Table 3.18: FS3 percentage of error of guideline prediction vs. actual response

Guidance Simplified FE Measured properties
calculation calculation calculation

AISC DG11 -82.3% -72.3% -10.6%
SCI P354 -44.5% -87.8% -87.6%
HiVoSS -4% -62.3% -63.6%
CCIP-016 20.3% -88.1% -60.3%

CSTR43 App G 6.3% -88.3% -52.5%

• FS4:This structure is an office floor that is in service. The floor is being used
by a larger number of occupants and it is an open-plan floor layout. Two
sets of vibration responses were measured. First set was due to a single
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pedestrian walking at controlled pacing frequencies. Second set of vibra-
tion responses was due to actual in-service operation where the floor was
in use by multiple occupants for a long duration. It is worth mentioning that
the floor occupants had expressed annoyance over the vibration magnitude.
The predicted response and its measured counterpart are shown in Figure
3.28. There is a considerable underestimation of responses by all guide-
lines under a single pedestrian and in-service data as it can be seen in Table
3.19, even though using measured modal properties. This can be attributed
to the loading condition assumed (i.e. single person walking) and the ex-
tend to which the forcing function is limited to a few number of harmonic
components. The Fourier-based models in the guidelines do not cover the
wide range of spectra that is available in actual walking. Also, lack of spatial
walking paths as excitation points for multiple occupants is another source
of inaccuracies in design guidelines.

Figure 3.28: FS4 Response prediction of guidelines against actual response.

Table 3.19: FS4 percentage of error of guideline prediction vs. actual response

Guidance Measured properties Measured properties
calculation: single person calculation: in-service

AISC DG11 -29.5% -62.3%
SCI P354 -82.4% -90.6%
HiVoSS -80.5% -89.5%
CCIP-016 -86.9% -93%

CSTR43 App G -85.8% -92.4%

• FS5: This floor is a recently built office floor, which is not in use yet. Since
this floor lies within the cut-off frequency as per guidance documents, both
LFFs and HFFs methodologies were used. The maximum response from
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the analysis, which was from HFFs procedure, is reported here. The pre-
dicted vibration responses following procedures in each guideline are shown
in Figure 3.29. It can be seen that the predicted responses vary signifi-
cantly. In particular, use of the simplified procedures for modal parameter
estimation seem to be inaccurate for estimation of floor performance in some
guidelines, such as HiVoSS and CCIP-016. Also, measured modal proper-
ties highlight that design procedures in some guidelines can lead to various
outcomes, i.e. underestimation and overestimation results as presented in
Table 3.20. However, it is worth mentioning that SCI P354 seems to have
the lowest percentage of error among other guidelines. Also, the FE and
measured modal properties calculations exhibit inaccuracies to a good ex-
tend due to walking models, such as AISC DG11, whereas in CCIP-016 and
CSTR43 App G the inaccuracies could be due to the FE model and walking
model. Hence, it can be said that there is need for a unified walking load
model for a more reliable vibration serviceability assessment.

Figure 3.29: FS5 Response prediction of guidelines against actual response.

Table 3.20: FS5 percentage of error of guideline prediction vs. actual response

Guidance Simplified FE Measured properties
calculation calculation calculation

AISC DG11 149% -27.5% -20%
SCI P354 -3% 4.5% 4.9%
HiVoSS -51.2% -20% -31.6%
CCIP-016 186% -17.8% -37.9%

CSTR43 App G 133% -23.2% -48.6%
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3.4.1.3 Assessment criteria

• FS1: As indicated in Figure 3.25, this office floor has unacceptable perfor-
mance according to CSTR43 App G and CCIP-016, but it is deemed satis-
factory and within allowable limits (recommended floor classes in HiVoSS)
with respect to AISC DG11, SCI P354 and HiVoSS. As a consequence, the
assessment of the floor under walking is inconsistent.

• FS2: Due to the multi-functional purpose of this structure, its performance
might be evaluated against a range of assessment criteria. However, in this
case it is evaluated against the assessment criteria for an office floor, which
is also reasonable for a meeting venue. Figure 3.26 shows the response
assessed against the relevant threshold limits. It is apparent that the floor
is unacceptable according to four of the guidelines, whereas it satisfies the
requirements of HiVoSS for such structures.

• FS3: Similar to FS1, this floor is assessed under office floor requirements.
It is shown in Figure 3.27 that it performs well for all guidelines. Whilst the
problem with this floor was due to high levels of rhythmic excitation com-
ing from the floor above, it can be seen that for normal office walking the
floor would have been expected to perform satisfactorily. However, consid-
ering AISC DG11 procedure, the floor performance would have been unac-
ceptable using measured modal properties. This correlated with subjective
assessment made during the testing.

• FS4: As shown in Figure 3.28, this office floor has unacceptable perfor-
mance according to all guidelines.

• FS5: Figure 3.29 indicated that this office floor has unacceptable perfor-
mance according to CSTR43 App G and CCIP-016 FE calculations. But
it is satisfactory and within allowable limits (recommended floor classes in
HiVoSS) with respect to AISC DG11, SCI P354 and HiVoSS. However, the
floor can be considered as satisfactory using the measured modal proper-
ties. Therefore, the assessment of the floor is not clear using binary accept-
reject method.

3.4.2 Post-construction: In-service condition

• FS1: The actual response presented in Figure 3.25 is measured under a
single person walking via the walking path (WP) in Figure 3.6. This WP
was selected based on the measured mode shapes. The pedestrian weight
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and height were 81 kg and 1.81 m, respectively and walked at the pac-
ing frequency of 1.746 Hz. It is clear that this floor has a satisfactory level
of vibration, despite being perceptible. The actual vibration response (red
line) corresponds to an R factor of 5.3 measured at TP20 with 1 s integra-
tion period. The floor occupants had a perceptible vibration level without
complaining. Hence, from standpoint of normal operation this floor can be
considered as acceptable.

• FS2: The actual vibration response under a single person walking at
2.45 Hz, who was 90 kg in weight and 1.74 m in height, resulted in an R
factor of 8.2 at TP110, as shown in Figure 3.26. Although it is predicted
to be unacceptable, the actual response was measured along the walking
path (WP) shown in Figure 3.10. This was done to excite the key modes
in the measurements. It is clear that the predicted responses are scattered
around the measured R factor. As mentioned in previous section, AISC
DG 11 seems to be in close proximity to the actual response. However,
it is difficult to carry out a reliable assessment due to the diverse (incon-
sistent) predictions of the various guidelines, even when using measured
modal properties.

• FS3: It is shown in Figure 3.27 that this floor had very high level of in-service
response, which resulted in complaints from floor occupants about the vi-
bration. The measured R factor in service reached 15.1 at TP29 under ex-
citation from the gymnasium above. Whilst it is not possible to draw any
conclusions about the performance of the guidelines in terms of predicting
the response, it is possible to assess whether the response criteria are ap-
propriate. Examining Figure 3.27, it can be seen that the tolerance limit of
the HiVoSS guideline was more than double the measured R factor, and
hence it would be predicted to be acceptable. This clearly was not the case
since significant complaints had been received from the building occupants.
The rest of the guidelines produced an assessment that the floor is unac-
ceptable, which correlates with the subjective assessment.

• FS4: As illustrated in Figure 3.18 two walking paths, WP1 and WP2, were
selected based on the measured mode shapes. The actual vibration re-
sponse under a single person walking along WP1 resulted in a maximum R
factor of 47.11 at TP63. The pedestrian weight was 86 kg, height was 1.88 m
and produced maximum R factor at the fourth harmonic of step frequency
1.905 Hz. For WP2 the same walker produced R factor of 35.2 at TP62 (not
shown in Figure 3.28) at step frequency 2.2 Hz. While the in-service R factor
was 87.98, as shown in Figure 3.28.
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• FS5: The actual vibration response under a single person walking via WP
(see Figure 3.21) resulted in an R factor of 5.12 at TP24, as shown in Fig-
ure 3.29. The measured R factor was due to a single pedestrian walking
freely at his convenient speed, who had weight and height of 86 kg and
1.88 m, respectively. It is clear that the predicted responses are scattered
around the measured R factor, whilst simplified formulae have shown the
least reliable predictions. SCI P354 seems to be in close proximity to the
actual response using FE and measured modal properties. However, it is
difficult to carry out a reliable assessment due to the diverse predictions of
the various guidelines.

3.5 Results and discussion

The analyses presented in this chapter have shown that available design guide-
lines do not give a consistent prediction of the vibration serviceability performance
of the floor structures considered.

The results of the maximum predicted R factor for all case-studies show that
the guidelines predict quite different values of R factor or equivalent. There are
contradictory response predictions between CCIP-016, CSTR43 App G and SCI
P354 when comparing the same vibration metric. However, for FS5 SCI P354
appears to provide relatively a good prediction when compared with its counter-
parts. AISC DG11 performs relatively well in terms of both response prediction
and assessment for FS1 and FS2 and also gave a clear assessment of FS3 as
being highly unsatisfactory, as expected. Similar performamce can be seen for
FS4 and FS5. HiVoSS, however, appears to be an outlier and highly inaccurate.

None of the guidelines was able to give any insight into the frequency of event
occurrence. A single peak value compared against the available tolerance limits
may not be representative of the actual in-service condition, if this condition oc-
curs only very rarely. This may lead to inconsistencies between the design stage
assessment and actual performance in service. Such a wide discrepancy can
cause confusion for design engineers as to whether the vibration performance is
satisfactory or not, in particular when looking at measured modal properties re-
sponse prediction. Another matter that could arise is the question of what is the
probability of occurrence of the above predictions? In some cases, these guide-
lines can produce responses close to those measured on the actual structure, but
it is not clear for any particular structure at the design stage whether there might
be over- or under-estimation.
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Simplified techniques for estimation of modal parameters giving results previ-
ously shown produce large differences in modal mass values, whereas modal fre-
quency seems to be relatively well predicted. All guidelines tend to consider modal
mass differently. As such, even larger inaccuracies appear to occur in obtaining
the modal mass, which lead to potentially inaccurate estimations of vibration re-
sponse. Such discrepancies in modal mass highlights that the simply-supported
plate theory and empirically adjusting for a bay geometry (i.e span and width) can
produce misleading values, even for regular floor configurations. This has also
been observed in [51]. It is worth noting that the recommended damping ratios
for the case-study floors seem to be somewhat in line with the measurements.

These case-study floors have illustrated a number of major drawbacks in con-
temporary guidelines in computing vibration response to pedestrian excitation.
These are the simplified formulae which inaccurately estimate the modal proper-
ties and hence produce inaccurate estimates of response. The inaccurate load
model used to represent actual walking in the design guidelines. The lack of a
realistic vibration response descriptor with respective tolerance limits may also be
a major downside in these guidelines; a single peak value of vibration response
appears to be unrepresentative. Therefore, significant improvements are needed
with respect to dynamic properties, expected loading scenarios and the corre-
sponding walking-induced forces. This would result in a more reliable vibration
response, which might be in the form of probability of exceedance with a realistic
predefined set of values for serviceability assessment. This approach would not
only give design engineers a reliable tool, but also provide a realistic response
estimate for various floor usage scenarios; thus, leading to more reliable vibration
serviceability assessment of floor structures.

3.6 Conclusions

This chapter has presented a back analysis of contemporary design guidelines
using real-world floors that were also physically tested. The merits and demerits
of the guidances have been illustrated and examined. Vibration serviceability as-
sessment has been performed based on measured modal properties and tuned
FE model for most of the floors as well as the respective simplified formula has
been used. Vibration responses were calculated for a range of the floor frequen-
cies to obtain the peak vibration response in terms of equivalent R factor (for peak
acceleration and OS-RMS90) for the guidelines due to ease of comparison.

Walking load models are represented either by Fourier series or a polynomial
function. These are periodic modelling of a single person without considering the
innate variabilities of actual walking and as such a probabilistic walking loadmodel
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remains absent. The frequency threshold between LFFs and HFFs is the key
factor to determine vibration responses (resonant response to multiple footfalls
or transient response to individual footfalls) that govern the design procedure.
The methodologies presented in each guidelines predict a vibration response that
may or may not match well with actual measurements. A significant over- and
under-estimation can be seen in all guidelines, which can be attributed mainly to
inaccurate estimation of modal properties and force models, particularly for the
simplified procedures.

A peak response value appears to be misleading and unrepresentative for
vibration serviceability assessment. Identifying an appropriate vibration descrip-
tor (including tolerance limits) coupled with a probabilistic framework might be
a key factor for more reliable serviceability assessment. In addition, conserva-
tive design with an accept-reject method neither results in a reliable assessment,
nor describes the rare vibration events that may happen. Therefore, significant
improvements and rigorous approaches are required to introduce probability of
exceedance with realistic predefined set of values. The vibration ratings and tol-
erance limits should also reflect such a statistical manner.
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Chapter 4

Experimental Testing and Spatial
Pedestrian Distribution

This chapter provides both experimental and numerical investigation of pedestrian
patterns in a typical office floor. The experimental campaign uses an approach
of simultaneous vibration response monitoring and video monitoring coupled with
a vision tracking system to locate pedestrian routes and walking patterns and to
quantify occupant parameters. The dataset provides an insight into understand-
ing actual multiple pedestrian behaviour in vibration performance of floors. The
numerical simulations utilises agent-based modelling to generate occupancy pat-
terns upon using floors via a probabilistic spatial distribution. Such method results
in a realistic insight into multiple pedestrians in-service activities at the design
stage. The content of this chapter, in a slightly amended form, has been sub-
mitted to Computer-Aided Civil and Infrastructure Engineering under the following
title

Muhammad, Z.O. and Reynolds, P. “ Modelling and experimental verification
of probabilistic walking paths for analysis of footfall-induced floor vibrations” and
it is under review.



Experimental Testing and Spatial Pedestrian Distribution

4.1 Introduction

The literature study in Section 2.3.4 has highlighted that there is a need for includ-
ing pedestrian paths into walking models in the context of probabilistic response
assessment. This chapter aims to address the above shortcoming in the literature.

Most studies into vibration performance of floor structures [9, 47, 105] tend
to provide in-service vibration response data with insufficient information about
various pedestrian patterns and their respective walking paths. Modern office
floors are often characterised by open plan layouts, where diverse routes are
commonly used. Also, floor occupants have different excitation potentials along
various paths, which means that the assumption of a particular walking path pro-
ducing a worst case-scenario is unrepresentative of the actual cumulative expo-
sure experienced by occupants [38]. Therefore, simultaneous collection of actual
vibration responses and pedestrian patterns along different routes is required to
facilitate a reliable vibration serviceability assessment that can be described in a
stochastic manner. This area of research requires further examination of exper-
imental data over long periods (i.e. normal working day) to give insights about
multiple pedestrian excitation paths and corresponding vibration responses.

This chapter presents the results of a unique campaign of experimental and
numerical investigation of pedestrian patterns on a typical office floor. The exper-
imental programme uses an approach of simultaneous vibration response moni-
toring and video monitoring coupled with a vision tracking system to locate pedes-
trian routes and walking patterns and to quantify occupant parameters. Acquisi-
tion of these data over a normal working day are crucial in understanding actual
multiple pedestrian behaviour in vibration performance of floors. The numerical
simulation utilises agent-based modelling [101] to generate occupancy patterns
upon using floors via a probabilistic spatial distribution of pedestrians. Therefore,
a realistic pedestrian pattern can then be used with probabilistic walking forces to
carry out a more reliable vibration serviceability assessment. It is suggested that
such an approach, combining both probabilistic distribution of pedestrian patterns
and stochastic walking forces, will yield a more reliable assessment of vibration
serviceability than the deterministic ‘worst case’ approaches of the past.

4.2 Description of the floor

The floor structure has been presented previously in Section 3.3.4.1. There was a
unique opportunity to access this floor with permission given by the occupants to
monitor it. The floor is an open-plan office space with a typical layout, as illustrated
in Figure 4.1. There are two staircases on each side of the floor, which pedestrians
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typically use to enter into or exit from the floor area. There are 48 seats in total
with several filing cabinets and shelf units distributed across the floor area. There
are also toilet facilities and a kitchen area as well as a storage room.

Figure 4.1: Floor plan indicating office floor layout.

4.3 Experimental monitoring program

4.3.1 Vibration monitoring data

This section presents the results of the in-service vibration monitoring in terms
of response (R) factor and vibration dose values (VDVs), which are common de-
scriptors used in vibration serviceability assessment of floors. Honeywell QA750
accelerometers were used (by the author) to measure vibration responses due to
both controlled single pedestrian walking and for the in-service monitoring. Data
were acquired digitally on a Data Physics Mobilyzer II spectrum analyser at a
sampling rate of 204.8 Hz.

4.3.1.1 Analysis of vibration responses due to a controlled single
pedestrian

A series of walking tests was performed by a single pedestrian to assess the floor
response to human-induced vibrations under controlled conditions. Two walking
paths (WP1 and WP2) were identified based on measured in-situ mode shapes,
as shown in Figure 3.20. Walking frequencies were chosen from 1.7 to 2.2 Hz
in 0.1 Hz increments, to simulate the range of pacing rates usually observed in
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office environments. An additional walking frequency of 1.905 Hz was used as this
was tuned to excite the observed first modal frequency of 7.62 Hz with its fourth
harmonic. WP1 andWP2 were traversed once in each direction for each test. The
pedestrian weight and height were 86 kg and 1.88 m, respectively. In addition, the
locations of the 16 test points (TPs), shown in Figure 4.2, were intended to capture
vibration responses over the floor area at key locations, which again were based
on the in-situ mode shapes.

Figure 4.2: Predefined walking paths and TPs for controlled walking.

Acceleration time histories were recorded at each TP for each walking test.
These were then weighted using the Wb frequency weighting curve [113, 118]
for vertical accelerations. The principle of frequency weighting is based on the
manner in which vibration affects the human body and that human perception of
vibration is frequency dependent [113]. In other words, vibration within a certain
frequency band is perceived higher than other frequency bands. There are differ-
ent weighting curves in BS6841 [113], however, the most commonly used curve
for vertical vibration in buildings is the Wb weighting shown in Figure 4.3. This
weighting was applied to all acceleration time histories via a convolution operation
using a digital filter in the time domain. This is done by convolving the input sig-
nal (accelerations) with the digital filter’s impulse response (Wb weighting) [139],
where the weighting coefficients are given in [113].
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Figure 4.3: Wb weighting curve for vertical vibration (orange line) and its approx-
imation (blue line) (after BS6841 [113]).

Maximum transient vibration value (MTVV) is calculated by running root mean
square (RMS) time history with 1 s integration time. The maximum R factor was
calculated for each channel by taking MTVV and normalising this by the reference
value of 0.005 m/s2 [45]. The formula for this is given in Equation 4.1.

R =
𝑚𝑎𝑥𝑡 (√∫𝑡+𝑇 /2

𝑡−𝑇 /2 𝑎2
𝑤(𝑡) 𝑑𝑡)

0.005 (4.1)

where:

R is the Response factor

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

𝑎𝑤(𝑡) is the Wb frequency weighted acceleration time history in m/s2.

The time history at TP63 (Figure 4.2) at pacing rate 1.905 Hz is shown in Figure
4.4. Also, the frequency content, in terms of Fourier amplitude spectra [140], of
the acceleration response is shown in Figure 4.5. The results of the controlled
walking along WP1 for all walking frequencies are shown in Figure 4.6. It can
be seen that the peak R factor is 47.11 at TP63 at pacing rate 1.905 Hz. The
observed responses along WP2 were much lower, which the maximum R factor
was 35.2 as presented in Section 3.4.2; hence they have not been shown here.
According to current acceptable threshold limits for maximum R factor of 8 [6] or
4 [7] for office floors, this floor is deemed unsatisfactory.
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Figure 4.4: Typical time history for walking along WP1 at TP63 and pacing rate
1.905 Hz.

Figure 4.5: Fourier amplitude of the acceleration response of single person walk-
ing at TP63 for WP1. Acceleration in “grey” is raw data and in “black” is Wb
weighted.
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Figure 4.6: R factors observed for walking along WP1 at a range of walking fre-
quencies.

With respect to assessment against available design guidelines, Table 3.19
presented the response predictions using measured modal properties. As men-
tioned in Section 3.4.2 there are large underestimations by all guidelines, which
the closest value to its measured counterpart is at -42%. This indicates that cur-
rent design procedures require improvements and most likely in the definition of
walking forcing functions, since the structural properties used are those deter-
mined from physical testing. In addition, Figure 4.5 illustrates that there are con-
tributions of higher modes above design guidelines limits, the highest of which
is 15 Hz in CCIP-016 [7]. Therefore, these observations have highlighted some
areas where design guidelines could be improved.

4.3.1.2 In-service vibration monitoring and data analysis

In-service vibration responses were monitored under normal use of the floor for
12 hours (i.e. a normal working day), with 12 accelerometer sensors (Honeywell
QA750) installed over the test grid shown in Figure 4.7. The locations of sensors
(i.e. TPs) were either placed under the desks or next to a furniture item to avoid
being hit (accidentally mistreat the sensors) during in-service operation. Whilst it
might have been ideal to put them at the exact location of single pedestrian walking
in Figure 4.2, it was necessary to place them at locations that were deemed secure
yet still close to walking paths based on in-situ mode shapes. There were 27
persons present during the in-service monitoring.
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Figure 4.7: In-service monitoring TPs and video camera locations.

The most recent British Standard [118] recommends the use of VDV for evalu-
ation of structural responses. The VDV descriptor incorporates both the duration
of vibration exposure and the magnitude of vibration and is given by

VDV =
⎡⎢⎢⎢⎣

𝑇𝑡

∫
0

𝑎4
𝑤(𝑡)𝑑𝑡

⎤⎥⎥⎥⎦

1/4

(4.2)

where:

VDV is the Vibration Dose Value in m/s1.75,

𝑎𝑤(𝑡) is the frequency weighted acceleration response time history in m/s2, and

𝑇𝑡 is the total time period in seconds.

In addition, the R factor is a common measure of vibration level, even though
the duration of exposure is usually not accounted for. Recent studies [3], however,
suggest that motion dose, a combination of acceleration, frequency, motion type
and duration of exposure is likely to provide a more reliable design criterion.

A typical acceleration time history response at TP39 from 12-hour monitoring
and the corresponding Fourier amplitude spectra are shown in Figures 4.8 and
4.9, respectively. It can be seen that in the first two hours of monitoring there was
no significant activity in the office. This is shown here to understand normal con-
ditions of the floor without occupants. However, following arrival of pedestrian(s)
at 08:00 and onwards, high levels of acceleration responses were observed. A
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similar trend was observed for other TPs, which here only the frequency content
will be shown. Fourier amplitude spectra for all other TPs are shown in Figure
4.10. Comparing the frequency content of both single pedestrian walking 4.5 and
in-service 4.10, there are significant contributions of higher modes for multiple
pedestrians for a wider band of frequency content than its counterpart.

Figure 4.8: A typical in-service acceleration time history response at TP39.

Figure 4.9: Fourier amplitude of the in-service acceleration response at TP39.
Acceleration in “grey” is raw data and in “black” is Wb weighted.
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Figure 4.10: Fourier amplitude of the in-service acceleration response at all in-
service monitoring TPs. Only Wb weighted acceleration is shown for clarity.

The results of the in-service vibration response in terms of VDV is shown in
Figure 4.11 in the form of cumulative VDV plots (i.e. the build-up of vibration ex-
posure throughout the monitored time period). The limit for office buildings (based
on day time 16 hour exposure time) is 0.4-0.8 m/s1.75 to ensure “low probability of
adverse comment”; this limit was clearly exceeded during the in-service condition.

Figure 4.11: In-service cumulative VDV for 12-hour monitoring period.

Figure 4.12 shows a plot of the cumulative probability distribution functions
(PDFs) calculated for 12 hours of monitoring at all TPs. These cumulative distri-
butions are highly enlightening as they show the probability of exceedance as a
function of time, and hence provide further insight into the likely ‘dose’ of vibra-
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tions through a working day. For example, although the peak R factor was 87.98,
the 95th percentile is still less than 6 (i.e. R=6 was exceeded for less than 5%) of
the monitoring period.

Figure 4.12: In-service cumulative PDF of R factors for 12-hourmonitoring period.

As far as occupants’ subjective perception is concerned, the floor was con-
sidered to be lively. It is worth mentioning that the information was anecdotal
evidence. In particular, workstations in the vicinity of TP 41 and 51 were deemed
annoying for most of the time. The results in Table 4.1 illustrate that the peak R
factor is very high (87.98), whilst the 75th and 95th percentile values are much
lower. Although R factor by itself does not account for exposure time or duration
of vibration, the peak values are not representative of the majority of the expo-
sure. In addition, the threshold limit of R factor 4 [7] is exceeded at TP 41 and
51 for 6.52% and 4.91%, respectively, of the monitoring duration, i.e. 47 and 35
minutes out of 12 hours.

Another point to note is that vibration responses under normal multi-occupant
use are significantly different than those from a single pedestrian with controlled
pacing rates (Figure 4.6). The VDVs in Table 4.1 have been converted to 16 hours
day values using Equation 4.3, as per [118].

VDV scaling factor = (
16 × 60 × 60

T𝑡 )
1/4

(4.3)

where, T𝑡 is the duration of exposure per day in seconds.
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Table 4.1: Vibration response analysis for all TPs

TPs 75%ile 95%ile % monitoring time Peak VDV [16 hr equivalent ]
R factor R factor R factor ≥ 4 R factor m/s1.75

13 0.38 0.94 0.01 5.86 0.102
14 0.73 1.76 0.66 13.24 0.243
16 0.79 2.0 0.99 13.61 0.272
38 0.53 1.2 0.43 12.61 0.249
39 0.88 3.1 3.8 87.98 1.107
6 0.79 1.71 0.39 10.35 0.185
8 0.65 1.39 0.23 8.24 0.153
41 0.92 5.4 6.52 44.4 0.878
37 0.91 2.6 2.86 23.45 0.362
62 0.82 2.21 2.72 23.67 0.442
50 1.06 3.53 4.15 42.19 0.632
51 1.13 3.96 4.91 28.14 0.432

In addition, the difference between single (i.e. controlled) and multiple pedes-
trian vibration responses, in terms of percentage of difference, has been calcu-
lated in Table 4.2 using Equation 4.4. As discussed earlier, the locations of sen-
sors (i.e. TPs) between the two tests were not exactly the same place due to
the busyness of the office during in-service conditions. Therefore, TPs in con-
trolled walking were compared with their approximate locations of those in the
in-service data. Also, both WP1 and WP2 vibration responses were compared
with in-service data and the maximum value of those two was chosen for the
percentage of difference. The values in positive show an increase and negative
denote a decrease of the vibration responses between the controlled walking and
in-service data.

% Difference = in-service response − controlled response
controlled response

× 100 (4.4)

The percentage of differences in Table 4.2 illustrates an extent of higher re-
sponses in normal office operations than a single person. This shows that actual
in-service responses under multiple pedestrian loading are largely different from
those of a single pedestrian and as such multiple pedestrian loading scenarios
should be accounted for in the design stage.
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Table 4.2: Vibration response difference between controlled walking and in-
service data

TPs TPs R factor WP1 R factor WP2 R factor
% Difference

controlled in-service controlled controlled in-service

13 13 2.38 1.15 5.86 146.2%
15 14 20.44 15.51 13.24 -35.2%
15 16 20.44 15.51 13.61 -33.4%
26 38 4.67 5.28 12.61 138.8%
28 39 5.63 10.19 87.98 763.4%
63 39 47.11 34.69 87.98 86.7%
17 6 3.57 8.97 10.35 15.4%
19 8 6.58 14.8 8.24 -44.3%
30 41 4.1 11.77 44.4 277.2%
64 41 11.87 9.88 44.4 274%
NA 37 NA NA 23.45 NA
62 62 18.51 35.22 23.67 -32.8%
63 50 47.11 34.69 42.19 -10.4%
NA 51 NA NA 28.14 NA

4.3.2 Video monitoring data

This section presents in-service monitoring techniques using motion tracking. The
main purpose is to utilise these new techniques to establish realistic walking pat-
terns, taking into account the actual physical floor layouts, such as including
desks, partitions and other obstacles.

There are four categories of motion tracking monitoring techniques [129]: 1)
multichannel interacting model, 2) optical marker-based, 3) wireless inertial sen-
sors and 4) video-based monitoring, as presented in Section 2.6. In this study
video cameras have been selected due to their effectiveness, ease of installation
and their ability to be coupled with vision tracking software to track pedestrian
routes. Use of video-based monitoring techniques to track human walking on
building floors is not widely implemented; thus this experimental campaign has
good potential to provide insight into realistic pedestrian patterns.

In this investigation AXIS M3007-PV network cameras [141] were deployed.
These cameras can be mounted on a wall or ceiling, using an ultra wide-angle
lens that produces strong visual distortion. They are easy, flexible in installa-
tion and are powered via ethernet cable. The vision tracking software intuVision
v8.0.11 [142] is used to analyse the acquired video data. The software tracks
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walking paths of people using video image processing techniques and the out-
come is pedestrian patterns, which are subsequently utilised to generate heat-
map data of commonly travelled paths through the floor area. The cameras and
accelerometers were synchronised manually using the time period that appears
on the recording machine.

This software works on both recorded videos and live streams. In this chap-
ter recorded videos were used for post-processing. The software configuration
settings were set-up for pedestrian detection using optimised values of settings
for the environment where cameras were recording. The values were obtained
using a number of trials on the videos so as to achieve the best outcome. The
settings are as follows. “Detection sensitivity” setting, which affects the number
of detected objects (i.e. pedestrians), was set to medium level. Also, the corre-
sponding “minimum object size” setting, in pixels, was set to 10 by 10 for width and
height, respectively. This setting determines the lower size limit of detections. For
smaller videos, or those with a far vantage point, this should be decreased. This
will results in a bounding box around pedestrians who are walking. In addition,
there is “noise filtering” setting that will decrease the number of false detections.
This setting was set to the highest level. Such value is necessary for office en-
vironments so as to decrease detection around desks during sitting. Finally, in
situations where an area of the video contains moving objects that are not de-
sired detections, an “exclusion zone” was used. This was done for instance on
areas outside the floor area (see Figure 4.13) or around perimeter windows (see
Figure 4.16), where objects were moving outside the monitored area. The reader
is referred to the software manual [142] for more information.

4.3.2.1 Laboratory validation data

To validate the image acquisition and video tracking software, a single camera
was used in the Structures laboratory at the University of Exeter to provide a top-
down view to cover the lab floor entirely. The camera was at height 4.0 m and
positioned approximately in the middle of the floor, which has a length 7.5 m and
width 5 m. Figure 4.13 shows both the original distorted image extracted from the
video file and an image with reduced distortion created using the MATLAB image
processing toolbox [143].
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(a) Top view lab floor: distorted version (b) Top view lab floor: image with
reduced distortion

Figure 4.13: Laboratory floor at the University of Exeter.

Two pedestrians carried out simultaneous walking tests while video recording
was in progress. The pedestrians walked across the diagonals of the floors at
normal walking speeds for two minutes. The pedestrians were asked to walk and
stop freely. This was done to mimic normal conditions. Their walking patterns
were chosen to test the effectiveness of the video pedestrian tracking software
to capture their walking paths. The recorded video file (raw file) was then post-
processed via the IntuVsion software to obtain pedestrian walking paths and their
respective usage of routes. The software captures the centroid of each pedes-
trian’s bounding box at an instant of time. The output is a heatmap image in dis-
torted version due to the wide-angle lens of the camera. This image then was
processed to reduce distortion, so as to better understand pedestrian paths, as
shown in Figure 4.14. The heatmap plot can be used as an indication of the most
used areas by pedestrians collectively.

(a) Heatmap lab floor: distorted version (b)Heatmap lab floor: less distorted
version

Figure 4.14: Heatmap of two pedestrians on Laboratory floor at the University of
Exeter.

The tracking software can, to a good extent, estimate pedestrian locations
correctly, even when they are close to each other. In addition, the number of
travelled paths was accurate when compared with manual counts from the video
data. The hotspots at the corners represented nominally stationary pedestrians
who were naturally unable to stand perfectly still and hence were picked up by
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the analysis software. On the basis of this validation test, it was concluded that
the tracking software is qualitatively accurate in locating pedestrians and their
respective walking paths.

4.3.2.2 Experimental pedestrian walking path from in-service monitoring

The aforementioned office floor with a total of 27 pedestrians was monitored us-
ing three cameras to cover large areas of the floor. The cameras were fixed at a
height of 2.2 m and were located at positions to give information about pedestrian
patterns, as shown in Figure 4.7. The field of view of the cameras for all three
cameras, approximately, are shown in Figures 4.15 and 4.16. The video record-
ing lasted for 12 hours of a working day, in parallel with the vibration response
monitoring mentioned earlier. It is worth mentioning that permission was given by
the office occupants for the monitoring exercise and no identifiable features of the
pedestrians will be shown in the analysis.

The video processing was carried out for 10 hours of data, because there were
no pedestrians present in the first two hours. Video files were treated separately
in terms of analysis to obtain pedestrian walking paths. The heatmap image for
individual videos was obtained with respect to their location, as shown in Figure
4.17.

Figure 4.15: Plan of cameras top-down field of view.
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(a) Camera 1 top-down view (b) Camera 2 top-down view

(c) Camera 3 top-down view

Figure 4.16: Field of view from individual cameras.

(a) Camera 1 heatmap (b) Camera 2 heatmap

(c) Camera 3 heatmap

Figure 4.17: Heatmaps of in-service floor from individual cameras.

The software output, as mentioned, does not provide individual walking path
time history, which is a shortcoming of this vision tracking software. The three
heatmaps were then corrected (similar to the aforementioned section) and over-
laid using MATLAB image processing onto the floor plan, as shown in Figure 4.18.
This was carried out to produce the collective heatmap of the area monitored,
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rather than individual locations; thus giving a more comprehensive overview of
pedestrian patterns.

Figure 4.18: Heatmap of in-service pedestrian walking paths.

The total number of the walking paths indicated which routes were used most.
It is obvious that several routes tend to be commonly in use throughout the day, in
particular the walking path in the middle of the floor area. Pedestrians traversing
this path produced highest vibration responses at TPs 51 and 41.

4.3.2.3 In-service pedestrian parameters

A great deal of insight into pedestrian patterns on this floor can be gained from the
video data. Further analyses of movement of floor occupants were carried out to
reveal a number of other parameters related to pedestrians’ daily use of the floor.
The analyses focused on are arrival time of occupants, walking speed, time spent
at different locations and tendency to enter or exit from staircase gates.

The arrival time of pedestrians was extracted from video monitoring data. It is
was calculated from (at about 08:00) when first pedestrian entered into the floor
until all the remaining pedestrians arrived on the floor. It is illustrated in Figure
4.19, which has a mean of 27.5 minutes and standard deviation of 14 minutes. It
is worth noting that Figure 4.19 only presents the first hour of the monitoring, a
few number of occupants arrived after that time.
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Figure 4.19: In-service pedestrian arrival time.

Walking speed during daily use varies as different pedestrians tend to have
different speeds when carrying out tasks. Therefore, the collective walking speed
for each pedestrian was manually estimated from the video data. Each pedes-
trian time along with their covered distance (from dimension of Figure 4.1) was
recorded then walking speed was computed. Figure 4.20 shows a normal distribu-
tion of walking speed with a mean of 1.22 m/s and standard deviation of 0.23 m/s.

Figure 4.20: In-service pedestrian walking speed.

The results shown in Table 4.3 illustrate that pedestrian behaviour tends to
be diverse and random. Each pedestrian at different times makes a trip, where
s/he spends some time (active time) before returning to his/her desk. Since dif-
ferent occupants carry out tasks and movements randomly and infrequently, it
is challenging to develop statistical relationships to represent this. However, the
percentage of time to spend in any area per hour, on average, are 62%, 16%, 11%
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and 11%, for the desk, kitchen, wash room and printer, respectively. As such the
minimum and maximum active time during a working day were obtained to reflect
their statistical distributions, which can be randomly generated within the interval.
For example, 63% of pedestrians tend to use right staircase to enter into the floor
(see Figure 4.7) and the pedestrians remained seated at their desks for a max-
imum of 4680 seconds (i.e. 78 minutes) before leaving their desk and carrying
out another task. Moreover, pedestrians seem to use the kitchen area and toilet
facilities quite often when they are active on the floor. The percentage of active
person per an hour of the monitoring, on average, over the floor area illustrates
that two or more persons are active for 16.9% of time, while for a single person it
is 17.7% of time. This implies that multi-person walking activities are as important
as single pedestrians. These timings help to understand how pedestrians utilise
floors and which areas are used most of the time. These are specified by the
results of an observation, and which can take on different values when the obser-
vation is repeated many times. As a result, further monitoring exercises will be
quite beneficial in exploring pedestrian patterns in this regard.

Table 4.3: Video data analysis for different tasks and their active times

Task location Active time
Left staircase gate 37% of pedestrians
Right staircase gate 63% of pedestrians

Seat min= 300 seconds ; max = 4680 seconds
Kitchen min= 5 seconds ; max = 240 seconds

Toilet facilities min= 20 seconds ; max = 480 seconds
Printer min= 5 seconds ; max = 63 seconds

Average
percentage of
active person
per hour

Single person active = 17.7% of time
two persons active = 11.6% of time
three persons active = 3.0% of time

four and more persons active = 2.3% of time
No person active = 65.5% of time

4.4 Numerical simulations

There is a need to be able to model pedestrian dynamics in civil engineering struc-
tures, for analysis of their vibration serviceability. The reasons are: 1) complex
behaviour of human occupants of structures, such as floors, which is quite ran-
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dom and hence simplifications do not result in a suitable and accurate design; 2)
anticipated patterns of loads and scenarios and plan for changes at design stage
are achieved via realistic modelling; and 3) multiple pedestrian loading patterns
should be developed for vibration serviceability assessment; currently available
approaches neglect this aspect.

Microscopic and macroscopic models are the two common models to simulate
pedestrians. Microscopic models treat each person in the virtual model as an au-
tonomous agent (i.e. person), which occupies a certain space in time. This model
accounts for factors that drive each pedestrian to their goals and also interact
with the surroundings, such as social force model [102] and agent based mod-
elling [101]. On the other hand, macroscopic models basically consider pedes-
trian movement as a continuous flow, which relies on the aggregate behaviour of
pedestrians as a whole. Hence, microscopic models provide valuable insight into
individual pedestrians performance movements in a realistic way [104].

In an actual floor environment pedestrians tend to contribute their walking-
induced forces differently along walkable routes, for there are human variabilities
in walking speed, pacing frequency, weight and so on. This has been demon-
strated in previous sections, which implies that a multi-person model is more real-
istic. Modelling of crowds walking on footbridge structures have been developed
by a number of studies, such as [67, 104]. However, the fundamental simulation
framework has not yet been extensively extended tomodel in-service floors, which
can be used for any other floor layouts at design stage. Therefore, this section
presents a detailed numerical modelling and simulation of multiple person on the
aforementioned office floor.

4.4.1 Multiple pedestrian modelling framework

Virtual models of pedestrians are widely used as a means of analysing occupant
movements whilst using a particular environment for different purposes, such as
panic simulation or emergences response [144]. However, for engineers, the pur-
pose tends to be in the form of assessing the efficiency and suitability of various
building layouts [104]. In particular, how multiple people whom accommodate a
floor are navigating at any particular time. Hence, it is imperative to generate sim-
ulations of large numbers of autonomous and intelligent pedestrians interacting in
normal-life situations, i.e. to mimic reality.

Decision making, path planning and navigation are the key components of
a virtual model, where pedestrians can move as autonomous and interacting
agents. In this study, the decision making aspect is implemented via an agent
based model [101]. This ensures that the pedestrians make decisions by choos-
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ing a task or a destination goal at any time. Path planning computes sequences
of intermediate goals needed to reach a pedestrian’s ultimate destination. The
Dijkstra’s shortest path algorithm [145] is used in this work. The navigation deter-
mines how a pedestrian moves to each intermediate goal before finally reaching
its final destination. This is established via social force modelling [102, 103, 146],
to prevent collisions between pedestrians and other obstacles. A schematic flow
chart of the simulation modelling is shown in Figure 4.21.

Figure 4.21: Schematic flow chart of numerical modelling of multiple pedestrians.

A pedestrian walking within a floor environment is subject to various social
and physical forces as described by [102], which is assumed to follow the laws of
Newtonian mechanics. The behavioural rules are modelled as forces, which each
pedestrian feels and exerts on others. The social forces indicate the intention of
a person to move at a given speed towards a goal in a specific direction, whilst
not colliding with other people and/or with obstacles. When a person becomes
close to other people or a wall that s/he is about to collide, the physical forces of
pushing and friction come into account [103, 146]. In mathematical format, the
change of velocity in time 𝑡 is given by the acceleration in Equation 4.5 [102]. The
change of position r𝑖(𝑡) = {𝑥(𝑡), 𝑦(𝑡)}𝑖 is given by the velocity v𝑖(𝑡) = dr𝑖/d𝑡. Here,
bold colour represents vectors.

𝑚𝑖
dv𝑖
d𝑡 = 𝑚𝑖

v0
𝑖 (𝑡) − v𝑖(𝑡)

𝜏𝑖
+

𝑁𝑝

∑
𝑖≠𝑗

F𝑝𝑒𝑑
𝑖𝑗 + ∑𝑤

F𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
𝑖𝑤 (4.5)
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where, each 𝑁𝑝 pedestrian 𝑖 of mass 𝑚𝑖 desires to move at a certain speed v0
𝑖 =

{𝑣0
𝑥, 𝑣0

𝑦}𝑖 and as such the pedestrian adapts to his/her actual velocity v𝑖 = {𝑣𝑥, 𝑣𝑦}𝑖
with a certain characteristic time 𝜏𝑖 equal to 0.5 s. This is termed as the desired
or driving force.

The term F𝑝𝑒𝑑
𝑖𝑗 = {𝐹 𝑃 𝑒𝑑

𝑥 , 𝐹 𝑃 𝑒𝑑
𝑦 }𝑖𝑗 represents the repulsive force of pedestrians 𝑖

and 𝑗, which they try to keep a distance from each other by a repulsive interaction
force. This is shown in Equation 4.6 [102].

F𝑝𝑒𝑑
𝑖𝑗 = [𝐴𝑖 𝑒(𝑟𝑖𝑗−𝑑𝑖𝑗 )/𝐵𝑖 + 𝑘1𝑔(𝑟𝑖𝑗 − 𝑑𝑖𝑗)]n𝑖𝑗 + 𝑘2𝑔(𝑟𝑖𝑗 − 𝑑𝑖𝑗)Δv𝑇

𝑖𝑗t𝑖𝑗 (4.6)

where, 𝐴𝑖, 𝐴𝑤, 𝐵𝑖𝑎𝑛𝑑𝐵𝑤 are constants [103] that determine the strength and range
of social interaction. 𝑑𝑖𝑗 = ||r𝑖 − r𝑗|| denotes the distance between centres of
pedestrians, and n𝑖𝑗 = (r𝑖 − r𝑗)/𝑑𝑖𝑗 is the normalised vector from pedestrian 𝑗 to
𝑖 [144]. Let the radius of the 𝑖-th and 𝑗-th pedestrian be denoted by 𝑟𝑖 and 𝑟𝑗 ,
respectively and hence 𝑟𝑖𝑗 = 𝑟𝑖 + 𝑟𝑗 . When the pedestrians are within the range
of 𝑑𝑖𝑗 < 𝑟𝑖𝑗 , the pushing force of 𝑘1𝑔(𝑟𝑖𝑗 − 𝑑𝑖𝑗)n𝑖𝑗 and the friction force 𝑘2𝑔(𝑟𝑖𝑗 −
𝑑𝑖𝑗)Δv𝑇

𝑖𝑗t𝑖𝑗 should be added to the pedestrian force. 𝑘1 = 120000 kg/𝑠2 and 𝑘2 =
240000 kg/ms are constants [103]. Δv𝑇

𝑖𝑗 = (v𝑖 −v𝑗)𝑇 is (transpose of) the change of
velocity and t𝑖𝑗 = {−n𝑖𝑗(2),n𝑖𝑗(1)}. The function 𝑔(𝑟𝑖𝑗 − 𝑑𝑖𝑗) only plays roles when
the pedestrian contacts with others.

The F𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
𝑖𝑤 = {𝐹 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦

𝑥 , 𝐹 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
𝑦 }𝑖𝑤 incorporates any possible obstacles or

boundaries on individual 𝑖. This expression is similar to the forces between pedes-
trians, by substituting the quantities 𝑑𝑖𝑤, n𝑖𝑤, t𝑖𝑤 and Δv𝑖𝑤 into the aforementioned
equations and the coordinate of the closest point of the obstacles or walls is written
instead of r𝑗 and setting v𝑗 to zero. This is shown in Equation 4.7 [102].

F𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦
𝑖𝑤 = [𝐴𝑤 𝑒(𝑟𝑖−𝑑𝑖𝑤)/𝐵𝑤 + 𝑘1𝑔(𝑟𝑖 − 𝑑𝑖𝑤)]n𝑖𝑤 + 𝑘2𝑔(𝑟𝑖 − 𝑑𝑖𝑤)Δv𝑇

𝑖𝑤t𝑖𝑤 (4.7)

As far as values of 𝐴𝑖, 𝐴𝑤, 𝐵𝑖𝑎𝑛𝑑𝐵𝑤 are concerned, the original values sug-
gested by [102] were set to 𝐴𝑖 = 𝐴𝑤 = 2000 N and 𝐵𝑖 = 𝐵𝑤 = 0.08 m. However,
a number of studies have chosen a range of values based on the environment
where occupants interact and as such they can take on a series of discrete val-
ues [147]. Therefore, the values used in the following simulations are as follows.
For constants in pedestrian interactions 𝐴𝑖 = 1500 N and 𝐵𝑖 = 0.08 m were used,
while for boundary constants 𝐴𝑤 = 3000 N and 𝐵𝑤 = 0.02 m were selected [147].
These values resulted in better manoeuvring for the pedestrians during simulation
than the original values.
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4.4.2 Pedestrian tasks and probabilistic parameters

This section presents the characteristics of pedestrians used in the simulation.
The desired speed is assumed to follow a normal distribution with mean of
1.22 m/s and standard deviation of 0.23 m/s (see Figure 4.20). r𝑖 is computed
from a sequence of intermediate goals encoding the desired pedestrian path. The
radius 𝑟𝑖 and the mass 𝑚𝑖 of each pedestrian have been randomly generated (as-
suming normal distribution) in the intervals of [0.25 m, 0.35 m] and [60 kg, 90 kg],
respectively [103].

Four main tasks were defined in the numerical simulation that pedestrians will
execute during the simulation; task one is take a seat, task two is use the kitchen,
task three is use the toilet facilities and task four is use the printer. The sequence
of tasks is randomly generated; task seat would happen more often than other
tasks as pedestrian sit for a long duration. For example, a pedestrian finds a seat
and dwells for a duration of time, which is randomly generated, assuming uniform
distribution (see Table 4.3). When their task is fulfilled, the pedestrian would either
remain or s/he would choose another task and execute it for a duration. This
sequence of completing tasks remains active for the duration of the simulation.

The office floor chosen for the analysis (see Figure 4.1) was modelled in MAT-
LAB using its actual floor dimensions and architectural layout. The model is illus-
trated in Figure 4.22. The two main gates were treated as an entrance when the
simulation begins and also as exit when the simulation finishes; their percentage
of use was with respect to Table 4.3. The arrival and exit time were selected as
per normal distribution shown in Figure 4.19. The simulation was set up and run
in MATLAB release 2018a [143] on Windows 10 PC with intel core i7 processor
and 16GB RAM.

Figure 4.22: Office floor numerical model with seats.

124



4.4 Numerical simulations

4.4.3 Numerical walking paths

The numerical simulation was run for 27 pedestrians, similar to the actual floor,
using seat locations as illustrated in red colour in Figure 4.22. The time elapsed
for a 10-hour run is one hour and 35 minutes and the MATLAB file size is about 2-3
GB. This is computationally very demanding to store data in each run. All tasks
performed by individuals are defined in a statistical manner (i.e. assuming normal
and uniform distributions based on aforementioned discussions), thus ensuring
realistic patterns. Asmentioned earlier, randomised timings of tasks were defined.
For example, uniform distribution was assumed to find timings of pedestrian seats
using the values in Table 4.3. This was done so that the selection of any particular
walking trip is randomised and as such the number of active pedestrians at any
time reflects reality in an overall sense.

(a) Pedestrian entrance

(b) Active pedestrians

Figure 4.23: Pedestrian activities in numerical simulation.
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Figure 4.23a shows a screen shot from the analysis when pedestrians have
entered into the floor area and taken a position at a designated seat or in the
kitchen area. Figure 4.23b illustrates the case when some pedestrians are car-
rying out task one (sitting at desk), whereas others are either actively walking or
carrying out task two (kitchen) and task four (at printer).

The location time histories for all pedestrians are stored and can be extracted
for further analysis. All walking paths for 10 hours simulation for individual pedes-
trians are shown in Figure 4.24, which indicates pedestrian manoeuvring in a log-
ical way, i.e. avoiding obstacles and boundaries.

Figure 4.24: Numerical walking paths for individual occupants.

The heatmap of pedestrian walking paths also can be useful in revealing and
highlighting which paths are used most. A number of runs were performed since
the simulation is derived from a probabilistic approach and as such two typical
results are shown in Figure 4.25. The heatmap in Figure 4.25a is obtained from
all numerical walking paths as presented in Figure 4.24. It is worth noting that the
heatmap shows high values around the columns or desks, this is due to the na-
ture of a heatmap and interpolation of the data. In fact, the individual walking paths
show that pedestrians are avoiding those obstacles as shown in Figure 4.24. An-
other reason could be Dijkstra’s shortest path used in the numerical model. This is
a grid-based method, which can be improved to a more advanced method such as
A-star pathfinding and navigation mesh. The two heatmap results are very similar,
giving confidence in the statistical approach to generate the walking paths and
heatmaps. By comparing Figure 4.18 with the heatmaps derived from simulations
in Figure 4.25, it can be seen there is a good similarity. In terms of total number
of crossings, there is an error of less than 15%, which is deemed acceptable
considering the complexity of the model. This implies that the simulation could
potentially be used at design stage for analysis of floors with multiple occupants.
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(a) Numerical walking path heatmap first run

(b) Numerical walking path heatmap second run

Figure 4.25: Pedestrians activity in numerical simulation.

As far as pedestrian walking at the same time is concerned, Table 4.4 shows
the outcomes from the aforementioned simulations. Only the results of the first
simulation is considered here. The percentage of active person per an hour of
the simulation, on average, over the floor area illustrates that a single person is
18.1% of time active on the floor. This has an error of 2.2% in comparison with
actual observations in Table 4.3. Two or more persons are active for 14.3% of
time in the simulation. Therefore, these values show that the pedestrian pattern
model can mimic reality to a good degree, despite some differences which are
acceptable taking into account the complexity of the model.

127



Experimental Testing and Spatial Pedestrian Distribution

Table 4.4: Numerical simulation data analysis

Task location Active time

Average
percentage of
active person
per hour

Single person active = 18.1% of time
two persons active = 10.3% of time
three persons active = 2.2% of time

four and more persons active = 1.8% of time
No person active = 67.6% of time

4.5 Conclusions

This chapter has presented the outcomes of experimental in-service monitoring
and novel numerical simulation of pedestrian movements in a real-world office
floor. The experimental data illustrated that operational vibration responses under
multiple pedestrians may be higher and have different characteristics than those
from a single pedestrian. This provides an insight into relatively poor performance
of current design approaches based on single pedestrian excitation.

Therefore, it was ascertained that loading patterns from multiple pedestrians
should be utilised at the design stage for prediction of vibration serviceability, for
which there is little consideration in the available design procedures. To achieve
this, a numerical model has been developed on the basis of an agent-basedmodel
of pedestrian movements. The model generates pedestrian walking patterns in a
stochastic manner, which resemble reality more closely in terms of events and
locations than the arbitrary paths that are typically assumed in current design
practice. It is proposed that this methodology can be further developed to pro-
vide reliable vibration serviceability predictions of floors under loading for multiple
pedestrians.

The aforementioned pedestrian pattern model will be employed in spatial re-
sponse predictions in Chapter 6. The aim will be to obtain vibration responses
under multiple pedestrians and compare those predicted against measured data.
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Chapter 5

A Unified Probabilistic Multiple
Pedestrian Walking Load Model

This chapter presents a probabilistic walking load model based on a large
database of continuously recorded walking forces on an instrumented treadmill
for significant numbers of individuals. The model advocates using a statistical
approach for generating time domain walking forces for individual and multiple
pedestrians based on pedestrian walking speed. The frequency domain compo-
nents of the model have features of measured walking in exhibiting the narrow
band random process, which is vital for reliable vibration serviceability assess-
ment. The content of this chapter, in a slightly amended form, has been submitted
to Advances in Civil Engineering under the following title:

Muhammad, Z.O. and Reynolds, P. “Probabilistic multiple pedestrian walking
force model including pedestrian inter- and intra-subject variabilities” and it is un-
der review.
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5.1 Introduction

Contemporary civil engineering structures, such as slender floors, footbridges,
manufacturing facilities and operating theatres, occupied and dynamically excited
by human footfall loading, require the critical design aspect of vibration service-
ability to be evaluated via prediction of vibration responses and subsequent per-
formance assessment. In the particular case of floors, present and contemporary
guidance methodologies [5–8] are often followed to assess vibration serviceabil-
ity. However, even if properly applied, the outcome may be unsatisfactory, leading
to a knock-on effect on building or facility owners and thus litigation [82]. The key
reasons for this are (1) the lack of adequate and accurate design procedures in
contemporary design guidelines as presented in Chapter 3, (2) a lack of appre-
ciation of the importance of vibration serviceability design dominance relative to
other design parameters, such as strength and deflections, (3) the lack of a proba-
bilistic modelling strategy to account for variability of excitation source and hence
representative footfall loading model, and (4) the lack of appropriate assessment
criteria for subjective human perception, as covered in Section 2.5. These, by
nature, lead to a major challenge in modern floor design whereby the prediction
of vibration responses under human-induced footfall remains demanding and un-
certain[148].

Vibration analysis of floors, in design guidance documents [5–7], are com-
monly addressed based on a frequency threshold of first mode natural frequency.
This threshold, accepted as around 10 Hz, results in two classes of floors, low
frequency floors (LFF) if below the threshold and high-frequency floors (HFF) if
above the threshold, irrespective of the function and usage of the floor. Forced
vibrations for LFF are assumed to be deterministic, even though CSTR43 App G
and CCIP-016 introduce the concept of 25% probability of exceedance on DLFs.
As such the floor develops a resonant response by harmonic components of the
force, whereas HFFs are assumed to undergo transient response under impulsive
footfall loading. However, Chapter 3 and these studies [34, 82, 97] have shown
that design guidelines do not work in many cases and require major improvements
in all aspects, particularly in walking load models and design scenarios. This is
owing to the fact that all the models assume walking as deterministic. The walk-
ing force is, however, not deterministic due to random variabilities inherent in real
walking.

There have been a number of attempts to develop reliable synthetic walking
load models by a single pedestrian for vibration serviceability assessment, such
as a stochastic load model using a number of Gaussian curves by [35]. This
model relies on random parameters being drawn from an experimental database,
resulting in a detailed representation of a continuous walking force. However,
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access to the experimental database is a prerequisite to implement the above
model, which is not available to the public domain. As far as Fourier-based mod-
els are concerned, it is reported that the Fourier approach results in loss of in-
formation and introduction of inaccuracies for individual and multiple pedestrians
[35]. All of these walking load models, including those from design guidelines
covered in Chapter 3 tend to generate a continuous force time history rather than
individual steps from both footfalls. A walking model based on individual footfalls
might better describe the mechanism of walking and its parameters, as discussed
in Section 2.3.1.2. Therefore, the aforementioned load models do not tend to
reflect the true nature of pedestrian excitation, which has potential for the variation
in pacing frequency at the same velocity or walking speed. A potential load model
can be established on the basis of right and left or strong and weak legs, which
could serve both single and multiple pedestrian loading scenarios. This in turn
can be used as a unified load model for a wider frequency range. This could
be achieved via a probabilistic framework that accounts for the inter- and intra-
subject variability in the walking force modelling as well as the potential excitation
at different walking speed.

The model developed in this chapter advocates using a statistical approach for
generating time domain walking forces from individual steps (right and left foot-
falls) for individual and multiple pedestrians based on pedestrian walking speed.
The established model can be reproduced from the data and equations illustrated
in the following sections. In addition, the model can be used in discrete footfall
analysis when individual steps are applied on different structural components. It
can be implemented in any finite element (FE) package for vibration serviceabil-
ity analysis. This can facilitate the application of individual walking step forces
at sequential spatial positions along any walking paths. The frequency domain
components of the model have features of measured walking in exhibiting the
narrow band random process, which is vital for reliable vibration serviceability as-
sessment. The model is developed based on a large database of continuously
recorded walking forces on an instrumented treadmill for significant numbers of
individuals. The measured database, to the authors best knowledge, is the most
comprehensive collection of continuous walking forces available in the literature.
The modelling strategy is followed by extracting key points on the shape of mea-
sured footfalls to develop statistical relationships for right and left steps of an in-
dividual. Therefore, the chapter presents a new unified probabilistic walking load
model, which could be utilised for both LFFs and HFFs.
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5.2 Continuous measurement of walking data on
instrumented treadmill

Developing a realistic walking load model requires a wide range of continuously
measured actual walking forces for different pedestrians, so as to retain the
essence of the inherent variabilities of real walking. The measured database used
in this chapter has previously been discussed and utilised by [35], but some key
points are mentioned in this section.

Right and left footfalls of each person were continuously and independently
recorded on an instrumented split-belt treadmill sampled at 200 Hz. The acqui-
sition of walking records was not prompted by any stimuli such as a metronome,
but instead was controlled by the treadmill speed (i.e. constant treadmill speed),
which started from 0.56 m/s and increased in increments of 0.14 m/s up to the
maximum comfortable walking speed. This is an inherent limitation of force mea-
surement using instrumented treadmills. Walking forces corresponding to ten dif-
ferent walking speeds were collected for each person. Each person has different
maximum speed due to their overall height and leg length. Each test was com-
pleted when at least 64 successive footfalls were acquired. In total 852 vertical
walking forces were collected for 85 people. Their characteristic mean and stan-
dard deviation of body mass, height and age are 75.8 ± 15.2 kg, 174.4 ± 8.2 cm
and 29.8 ± 9.1 years, respectively. The reader is referred to [35, 82] for more de-
tail. In this chapter only 600 walking forces were used to develop the load model,
for walking below 0.8 m/s and above 2.2 m/s have low probability [149]. A typical
measured walking force time history is illustrated in Figure 5.1.

Figure 5.1: Walking force time history and Fourier spectrum at speed 1.341 m/s.
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5.3 Modelling strategy of individual walking steps

This section presents the concept of the modelling approach for each footfall from
analysis of the continuous measured walking. Right and left footfalls are consid-
ered separately to extract time and load components based on a single step. Es-
tablishment of these two components is based on the aforementioned measured
data generated by a diverse range of pedestrians, which will provide statistical
reliability in the consideration of both inter- and intra subject variabilities.

5.3.1 Key parameters for the walking step

1. Walking speed: walking speed has a large effect on temporal and spatial
parameters of walking, and hence is considered a significant parameter in
this model for a number of reasons. Firstly, numerous studies have charac-
terised relationships between walking speed and stride-length, step-length,
step-width and pacing frequency [59, 150]. Secondly, pedestrians naturally
walk at different velocities that in an effortless way increase or decrease
pacing frequency and spatial parameters [150]. Thirdly, individuals walking
at the same speed have different excitation dynamic forces as well as dif-
ferent walking parameters, which could be hard to account for individually
in any forcing function. Therefore, walking speed tends to be a global pa-
rameter that is inherently capable of defining distributions of several walking
(temporal-spatial) parameters, which are vital in producing walking forces.
The walking load model in this chapter considers walking speed as the in-
put parameter due to the aforementioned observations, unlike any existing
walking models. In this study, the range of walking speed is between 0.8 m/s
for slow walking and 2.2 m/s for fast walking. These values, based on [59]’s
observations, correspond to the pacing frequency of 1.4 ± 0.1 Hz and 2.3 ±
0.1 Hz, respectively.

2. Step contact time: step contact time or stance time is the time when a
foot is in contact with the ground. The step contact time itself depends on
walking speed, as presented in the next section. This will later be used in
deriving relations of control points on a step. Figure 5.2 shows the shape of
the force of a single walking step, where there are five main control points.
The start point, which has zero load and time. The first peak load, which is
the first local peak amplitude of the force. The second peak load, which is
the second local peak amplitude of the force on the shape of a walking step.
The valley load, which is the trough or a low point on the shape of a walking
step between first peak and second peak. Also, the step contact time, which
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is the last point. Any points in between these main points are called interme-
diate points. The intermediate points are those points that lie between first
peak point and valley point or valley point and second peak point, which will
be discussed later. The right and left footfall shapes are represented using
a set of intermediate and control points, which have different values, prob-
abilistically generated using mean and standard deviation, for each footfall
of walking.

Figure 5.2: Shape of a measured walking step with time and load components.

3. Overlap time between two consecutive steps: overlap time or double
support time is the time when both feet are in contact with the ground si-
multaneously. The overlap time depends on both walking speed and step
contact time, based on the analysis of the measured data discussed later.

5.3.2 Timing component of a step

This section provides a statistical description of the timing components of the con-
trol points on the shape of a walking step. The relations are derived between
walking speed and step contact time as well as the points described in Figure 5.2.
Statistical relationships among pedestrians were also formulated to account for
inter-and intra-subject variabilities in the form of probability distribution functions.

5.3.2.1 Step contact time relationship

There is a linear relationship between the walking speed and step contact time
based on the aforementioned measured data, as shown in Figure 5.3. Each mea-
sured data point corresponds to an individual at that particular walking speed. It
can be seen that the step contact time decreases with an increase in the walk-
ing speed. The measured data were extracted for each person’s footfall for the
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duration of measured walking using gradient point (i.e. slope at that point) in MAT-
LAB. The gradient of a line is a number that describes both the direction and the
steepness of the line between two points. A margin of error equal to 2𝑑𝑡, where
𝑑𝑡 = 0.005 s, was introduced in the gradient point to achieve the lowest (ideally
zero) slope due to the effect of noisiness in the data and thus obtaining a better
estimate of beginning and ending of a step. Both the beginning and ending of a
footfall were obtained separately and the subtraction of them gives an estimate
of the step contact time. The measured data shown in Figure 5.3 are the mean
values for each person for both footfalls (i.e left and right footfalls). The theoretical
mean is the best fit with a high value of 𝑅2, which indicates the goodness of fit or
degree of linear correlation of the model.

Figure 5.3: Statistical relationship between walking speed and step contact time.

Subject variabilities can be observed from the measured data and as such
this chapter takes into account both inter- and intra-subject variabilities. Inter-
subject variations, which exist between pedestrians, are represented by a normal
distribution through mean (𝜇) and standard deviation (𝜎). The 𝜇inter-subject contact
is obtained by the theoretical mean of Figure 5.3, whereas 𝜎inter-subject contact is
computed for each walking speed using both 𝜇 and 𝜎. Since these two values
are different, coefficient of variation (CoV) was calculated, which is 𝜇 divided by
𝜎. Averaging the CoV and relating that to the mean will give the standard devi-
ation. Thus, 𝜎inter-subject contact is, among individuals, an average value of 6.61 %
of 𝜇inter-subject contact. As far as intra-subject variations are concerned, which oc-
cur within the same pedestrian, 𝜇 and 𝜎 are calculated for each person based on
measured data, having 𝜇intra-subject contact of 0.0 s and 𝜎intra-subject contact of 0.0138 s.
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5.3.2.2 First peak time, Valley time and Second peak time

First peak time, valley time and second peak time of right and left footfalls are cal-
culated as a function of step contact time as illustrated in Figures 5.4, 5.5 and 5.6.
Using step contact time for all timing components is utilised due to the fact that first
peak time, valley time and second peak time are all proportions of a step contact
time. The reason for both footfalls is to preserve the intra-subject variabilities that
are innate in actual walking and as such each footfall has its own formula. With
an increase in the step contact time, the timing components increases, which is
due to the slow walking. These timings are the key control points in defining the
intermediate points in between them.

(a) Right footfall

(b) Left footfall

Figure 5.4: Statistical relationship between step contact time and first peak time.
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(a) Right footfall

(b) Left footfall

Figure 5.5: Statistical relationship between step contact time and valley time.
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(a) Right footfall

(b) Left footfall

Figure 5.6: Statistical relationship between step contact time and second peak
time.

5.3.3 Loading component of a step

The relationship between walking speed and loading components of a step can
be observed from the measured data. Figure 5.7 shows that first peak load (nor-
malised by body weight) is dependent on walking speed. Statistical relationships
among pedestrians were also formulated to account for subject variabilities in the
form of probability distribution functions, which are assumed to follow normal dis-
tributions based on measurement observations. Therefore, 𝜇inter-subject 1st peak is
given by the theoretical mean of Figure 5.7 for right and left footfalls, whereas
𝜎inter-subject 1st peak is computed with an average value of 0.0772 and 0.06464
(units of first peak load) for right and left footfalls, respectively. As far as intra-
subject variations are concerned, 𝜇 and 𝜎 are calculated, based on measure-
ment, for right and left footfalls as 𝜇intra-subject 1st peak of 0.02929 and 0.0339 and
𝜎intra-subjective 1st peak of 0.0218 and 0.01596 (units of first peak load), respectively.
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(a) Right footfall

(b) Left footfall

Figure 5.7: Statistical relationship between walking speed and first peak load.

Similar relationships can be developed for the valley load, as shown in Fig-
ure 5.8. Normal distribution was assumed to govern the inter- and intra-subject
variabilities, which was also in line with the measurement observation. Therefore,
𝜇inter-subject valley is given by the theoretical mean of Figure 5.8 for right and left
footfalls, whereas 𝜎inter-subject valley is computed with an average value of 0.0505
and 0.0484 (units of valley load) for right and left footfalls, respectively. As far
as intra-subject variations are concerned, 𝜇 and 𝜎 are calculated for right and left
footfalls as 𝜇intra-subject valley of 0.01923 and 0.0231 and 𝜎intra-subject valley of 0.013
and 0.0104 (units of valley load), respectively.
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(a) Right footfall

(b) Left footfall

Figure 5.8: Statistical relationship between walking speed and valley load.

As far as second peak load is concerned, the relationship is such that the sec-
ond peak load depends on both walking speed and first peak load as shown in
Figure 5.9. This is due to the goodness of fit, where poor relationships would re-
sult if the second peak load was derived only based on walking speed (this is not
shown here for clarity). The inter-subject variabilities have already been taken
into account because of dependence on the first peak load. The intra-subject
variabilities, on the other hand, follow a normal distribution with 𝜇 and 𝜎 calcu-
lated for right and left footfalls as 𝜇intra-subject 2nd peak of 0.0352 and 0.0368 and
𝜎intra-subject 2nd peak of 0.01895 and 0.01862 (units of second peak load), respec-
tively. It is worth pointing out that this model assumes independent probability
distribution of individual parameters featuring in the model and human-structure
interaction (HSI) is not included.
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(a) Right footfall

(b) Left footfall

Figure 5.9: Statistical relationship between walking speed and second peak load.

5.3.4 Model development methodology

The control points established in the aforementioned sections are critical in defin-
ing the rest of the points. The intermediate points relationships are mainly depen-
dent on the above main control points. For example, points between beginning
of a step and first peak point were estimated based on the proportion of the first
peak load and/or first peak time. These criteria were set after a significant number
of trials (by the author) when visually checking the walking measurements. For
instance, second point (P2) is at 1% of first peak load and 1

7.5 of first peak time.
Third point (P3) is at 1.2% of first peak load and 1

5.1 of first peak time. Satisfying
both of these conditions was selected to extract the points. Similarly for all the
other points different conditions were set to extract the rest of the points. This
was done to capture the changes on the beginning of the step as the force value
increases. For points between first peak and valley point, the conditions were:
point fifteen (P15) is at a fraction ( 1

1.2 ) of time between the difference of first peak
and valley point. The same methodology was followed for points between valley
and second point as well as second point and end of a step. Following extraction
of these points, regression analysis [151] was used to develop the statistical re-
lationships. A number of the relationships for the points had very small 𝑅2 (i.e.
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weak relationship), thus those with 𝑅2 < 0.5 were improved by relating to points
with a better 𝑅2. The relationships are shown in Table 5.1. These intermediate
points, which are 34 points including the control points, tend to match the shape
of an actual walking step. Spline interpolation in MATLAB is utilised to generate
smooth walking steps for the above points as shown in Figure 5.10.

Table 5.1: Intermediate points between the five control points.

Pnts Comp. Left footfall Right footfall 𝑅2

P2
Time 0.134 × P14 0.1374 × P14 0.98
Load 0.3496 × P3 -

0.01745
0.4914 × P3 -
0.01233

0.51

P3
Time 0.1964 × P14 0.1976 × P14 0.99
Load 0.8065 × P6 -

0.02741
0.7426 × P6 -
0.00763

0.81

P4
Time 0.203 × P14 0.203 × P14 0.99
Load 0.8518 × P6 -

0.02441
0.7774 × P6 -
0.00468

0.86

P5
Time 0.214 × P14 0.2147 × P14 0.99
Load 0.8976 × P6 -

0.0191
0.8443 × P6 -
0.0029

0.88

P6
Time 0.2413 × P14 0.2395 × P14 0.99
Load 0.6809 × P7 -

0.002679
0.5926 × P7 +
0.02623

0.65

P7
Time 0.3039 × P14 0.3055 × P14 0.99
Load 0.6579 × P9 -

0.03286
0.6622 × P9 -
0.04168

0.60

P8
Time 0.3567 × P14 0.3564 × P14 0.99
Load 0.8612 × P9 -

0.0705
0.8826 × P9 -
0.0933

0.83

P9
Time 0.4549 × P14 0.4542 × P14 0.99
Load 1.017 × P10 -

0.176
0.9739 × P10 -
0.1276

0.78

P10
Time 0.5887 × P14 -

0.00894
0.5892 × P14 -
0.0092585

0.99

Load 0.861 × P14 -
0.126

0.8451 × P14 -
0.1059

0.63

P11
Time 0.6469 × P14 0.6464 × P14 0.99
Load 0.8339 × P14 -

0.03597
0.826 × P14 -
0.0275

0.73

P12
Time 0.7145 × P14 0.7139 × P14 0.99
Load 0.8368 ×P14 +

0.02732
0.8392 ×P14 +
0.02514

0.84
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Pnts Comp. Left footfall Right footfall 𝑅2

P13
Time 0.8331 × P14 0.8331 × P14 0.99
Load 0.8991 ×P14 +

0.0529
0.8935 ×P14 +
0.05292

0.95

P14
Time first peak time first peak time
Load first peak load first peak load

P15
Time (0.8111 ×

(P20 - P14) +
0.0093) - P20

(0.8178 ×
(P20 - P14) +
0.00822) - P20

0.96

Load (0.9436 ×
(P14 - P20)
- 0.00708) +
P20

(0.9398 ×
(P14 - P20)
- 0.00606) +
P20

0.99

P16
Time (0.6888 ×

(P20 - P14) +
0.00805) - P20

(0.6861 ×
(P20 - P14) +
0.00857) - P20

0.96

Load (0.8273 ×
(P14 - P20)
- 0.01898) +
P20

(0.8249 ×
(P14 - P20) -
0.0216) + P20

0.98

P17
Time (0.5516 ×

(P20 - P14) +
0.00057) - P20

(0.5498 ×
(P20 - P14) +
0.00608) - P20

0.95

Load (0.6103 ×
(P14 - P20)
- 0.02642) +
P20

(0.6074 ×
(P14 - P20)
- 0.02972) +
P20

0.95

P18
Time (0.4255 ×

(P20 - P14) +
0.00465) - P20

(0.4902 ×
(P20 - P14) +
0.00553) - P20

0.94

Load (0.4005 ×
(P14 - P20)
- 0.02347) +
P20

(0.4843 ×
(P14 - P20) -
0.0262) + P20

0.92

P19
Time (0.3161 ×

(P20 - P14) +
0.00273) - P20

(0.3119 ×
(P20 - P14) +
0.00347) - P20

0.94

Load (0.4005 ×
(P14 - P20)
- 0.02347) +
P20

(0.4843 ×
(P14 - P20) -
0.0262) + P20

0.87

P20
Time valley time valley time
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Pnts Comp. Left footfall Right footfall 𝑅2

Load valley load valley load

P21
Time P25 - (1.026 ×

(P25 - P20) -
0.03)

P25 - (1.015 ×
(P25 - P20) -
0.0282)

0.99

Load (0.0631 ×
(P25 - P20)
- 0.00098) +
P20

(0.0631 ×
(P25 - P20)
- 0.00128) +
P20

0.55

P22
Time P25 - (1.05 ×

(P25 - P20) -
0.0602)

P25 - (1.027 ×
(P25 - P20) -
0.05638)

0.96

Load (0.2488 ×
(P25 - P20)
- 0.01212) +
P20

(0.2485 ×
(P25 - P20)
- 0.01766) +
P20

0.67

P23
Time P25 - (1.067 ×

(P25 - P20) -
0.0886)

P25 - (1.042 ×
(P25 - P20) -
0.0843)

0.93

Load (0.5145 ×
(P25 - P20)
- 0.03621) +
P20

(0.5223 ×
(P25 - P20)
- 0.04667) +
P20

0.77

P24
Time P25 - (1.055 ×

(P25 - P20) -
0.119)

P25 - (1.034 ×
(P25 - P20) -
0.1159)

0.87

Load (0.8567 ×
(P25 - P20)
- 0.06745) +
P20

(0.869 ×
(P25 - P20)
- 0.07883) +
P20

0.88

P25
Time second peak

time
second peak
time

Load second peak
load

second peak
load

P26
Time 1.071 × P25 -

0.00321
1.088 × P25 -
0.01337

0.95

Load 0.847 × P25 +
0.1096

0.8612 ×P25 +
0.09151

0.88

P27
Time 1.104 × P25 -

0.00545
1.128 × P25 -
0.01955

0.97

Load 0.6564 ×P25 +
0.2541

0.7104 ×P25 +
0.1869

0.63
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Pnts Comp. Left footfall Right footfall 𝑅2

P28
Time 1.138 × P25 -

0.00654
1.171 × P25 -
0.02611

0.96

Load 0.9204 × P27 -
0.0917

0.9204 × P27 -
0.0348

0.63

P29
Time 1.159 × P25 -

0.00755
1.195 × P25 -
0.02911

0.96

Load 1.073 × P28 -
0.1533

1.073 × P28 -
0.1561

0.89

P30
Time 1.182 × P25 -

0.009348
1.219 × P25 -
0.03154

0.95

Load 1.138 × P28 -
0.3101

1.092 × P28 -
0.2793

0.77

P31
Time 1.207 × P25 -

0.01035
1.248 × P25 -
0.03463

0.93

Load 1.092 × P30 -
0.2017

1.017 × P30 -
0.1811

0.93

P32
Time 1.245 × P25 -

0.01227
1.289 × P25 -
0.03903

0.94

Load 0.9973 × P30 -
0.321

0.841 × P30 -
0.2263

0.85

P33
Time 1.345 × P25 -

0.01648
1.399 × P25 -
0.0495

0.88

Load 𝜇 = 0.0634 𝜎 =
0.029

𝜇 = 0.0617 𝜎 =
0.0237

P34
Time step contact

time
step contact
time

Load 0 0
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(a) pacing rate 1.8 Hz

(b) pacing rate 2.0 Hz

(c) pacing rate 2.2 Hz

Figure 5.10: Comparison of synthetic walking steps against measured steps.

A number of regenerated walking footfall time history for both right and left
footfalls can be seen in Figure 5.10 in terms of mean and individual steps, which
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matches the corresponding measured walking step closely. Since actual walking
is a continuous process, continuity of walking is established via the overlap time
between consecutive right and left footfalls. This was done by placing any con-
secutive step at a specific time slot, which is computed from previous step contact
time subtracted from an overlap time. The overlap time is a function of both walk-
ing speed and step contact time as shown in Figure 5.11. The theoretical mean
value only will be used to construct a continuous walking load time history, since
the overlap time depends partly on step contact time, which already has taken
into account the normal distribution.

Figure 5.11: Overlap time relationship.

5.4 Development of a continuous probabilistic
walking load model

A continuous walking force time history can be synthesised on the basis of indi-
vidual footfall forces, with duration depending on the number of steps and its char-
acteristics based on the statistical distributions of main control points described
previously. The continuous walking algorithm illustrated in Figure 5.12 shows the
complete process of creating a synthetic walking force. For a specified walking
speed and number of steps (i.e. walking duration), the algorithm first estimates
step contact time, first peak load, second peak load and valley load for a specific
person, taking into account inter-subject variability. The load and time compo-
nent intra-subject variability are selected via corresponding distribution functions,
as mentioned earlier. For each component, the intermediate points are then pro-
duced. At this step the algorithm splits into two parallel actions, right footfall and
left footfall.

147



A Unified Probabilistic Multiple Pedestrian Walking Load Model

The overlap time is selected as a function of both walking speed and step con-
tact time to combine any consecutive footfalls. The next step integrates everything
generated so far to produce the synthetic dynamic load, which is body-weight nor-
malised. Pedestrian body mass (body weight), as a random parameter, can be
generated via available databases of statistical models in the literature. Finally,
a continuous synthetic walking force time history is generated after it has been
scaled by the body weight.

Figure 5.13 shows examples of generated walking time histories at different
pacing rates. A total of 64 successive footfalls at sampling frequency of 200 Hz
was generated in the synthetic model, where the first 20 seconds are shown in
Figure 5.13 for clarity. A visual comparison of the signals shows clear variations
in walking steps and force amplitudes, as a result of the inherent inter- and intra-
subject variability built into the algorithm.

Figure 5.12: Schematic flow chart describing the procedure for generating syn-
thetic continuous walking.

5.5 Model validation

The modelling strategy proposed in this work is validated in the frequency domain
at different pacing frequencies. This was done by comparing between measured
Fourier amplitude spectra of pedestrian force time histories at corresponding pac-
ing rates and their synthetic counterparts. As mentioned, 64 successive foot-
falls were generated same as the measurement data for comparison. Figure 5.13
shows typical time domain signals of three pacing rates of synthetic walking, to
be used for validation.
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Figure 5.13: Synthetic continuous walking at three pacing frequencies.

Figures 5.14-5.16 illustrate Fourier spectra of measured and synthetic time
histories corresponding with three pacing rates (𝑓𝑝) of 1.8, 2.0 and 2.2 Hz, repre-
senting typical likely pacing rates for office floors. For the first four dominant har-
monics, square root of sum of squares (SRSS) error in the area under the graph
between the measured and synthetic spectra over 10 different walking forces for
each pacing rate is less than 12%. In addition, the measure of spread of energy
around the first four dominant harmonics (i.e. 𝐻 harmonic number) in the afore-
mentioned spectra was computed using area under each harmonic curve to rep-
resent the spread of energy. The values of upper frequency and lower frequency
were identified as 0.95𝐻𝑓𝑝 and 1.05𝐻𝑓𝑝, respectively based on [37].

Figure 5.14: Synthetic continuous walking and measured walking at 1.8 Hz.
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Figure 5.15: Synthetic continuous walking and measured walking at 2.0 Hz.

Figure 5.16: Synthetic continuous walking and measured walking at 2.2 Hz.

Table 5.2: Spread of energy in the spectra for the synthetic andmeasured walking

harmonic area synthetic area measured
% Error

number walking walking
1 𝜇 = 0.0138; 𝜎 = 0.0034 𝜇 = 0.014; 𝜎 = 0.003 -1.43
2 𝜇 = 0.0046; 𝜎 = 0.0012 𝜇 = 0.0047; 𝜎 = 0.0027 -2.12
3 𝜇 = 0.0039; 𝜎 = 0.0009 𝜇 = 0.0032; 𝜎 = 0.001 17.9
4 𝜇 = 0.0032; 𝜎 = 0.0006 𝜇 = 0.0034; 𝜎 = 0.0004 -6.2

The results illustrated in Table 5.2 demonstrate the extent of spread of energy
around main harmonics in terms of mean and standard deviations. Overall the
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synthetic model is in agreement with measured spectra, despite some errors. All
this indicates good match in the frequency content between the measured and
synthesised walking force signals. Therefore, it is proposed that the synthetic
forces generated by this model can be utilised as a basis for vibration serviceabil-
ity assessment of civil engineering structures, such as floors and footbridges, to
estimate more realistic vibration responses due to people walking than previously
proposed deterministic models.

5.6 Conclusions

This chapter has presented a new probabilistic model to generate walking force
time histories for specific walking speeds. The footfall forces of both left and right
legs are modelled separately and then combined with an overlap time to obtain a
continuous walking force. Themodelling strategy can account for spatial-temporal
features of real vertical walking more realistically than conventional Fourier series-
based deterministic approaches. The established probabilistic model has the fol-
lowing advantages:

1. A set of probabilistic walking steps, taking into account intra-subject variabil-
ity, is used to generate a continuous walking force signal in the time domain
based on walking speed.

2. High frequency components are inherently included due to variation in walk-
ing steps in both time and load. Hence, the load model can replicate actual
walking more realistically that Fourier series approaches typically based on
low frequency harmonics alone.

3. Variation between walking steps for both legs in each interval of consecu-
tive steps is possible and as such the model demonstrates the narrow band
random phenomenon in frequency domain, showing the leaking of energy in
the vicinity of the dominant Fourier harmonics [35]. This is a feature typical
in measured pedestrian time histories.

4. Inter-subject variability is taken into account via the statistical distributions
of physical characteristics of entire populations of pedestrians.

5. The walking model can be used to generate force time histories for both
individual and multiple pedestrians walking via superposition.

6. The model is amenable for use in Monte-Carlo simulations of floor response,
hence to provide statistical distributions of response to be used in probabilis-
tic vibration serviceability assessment. It can also be used to predict likely
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‘vibration dose’ over an extended time period of occupant exposure to vibra-
tion.

This framework of probabilistic walking forces provides an opportunity to en-
hance current vibration serviceability assessment, which currently typically lacks
appropriate statistical perspective. The established walking model can be used to
predict realistic distributions of dynamic structural responses, for assessment of
civil engineering structures dynamically excited by pedestrians such as building
floors and footbridges.
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Chapter 6

A Multi-Person Spatial Response
Prediction Framework

This chapter aims to establish pedestrian response analysis tools, where the spa-
tial distribution of pedestrians in Chapter 4 and the probabilistic walking loadmodel
in Chapter 5 are utilised to predict vibration responses using a state space model.
In this way, vibration serviceability assessment of floors can be carried out at
particular occupant locations, taking into account the actual exposure time and
exposure routes. It is planned to submit the content of this chapter to the Journal
of Sound and Vibration under the following title:

Muhammad, Z.O. and Reynolds, P. “Vibration serviceability of floor structures:
A Multi-person spatial response prediction framework”.



A Multi-Person Spatial Response Prediction Framework

6.1 Introduction

Vibration serviceability is of critical importance to the design of modern pedestrian
structures, due to the trends toward ever more lighter, longer and more slender
structural layouts. These aspects have resulted in building floors which are in-
creasing susceptible to vibration serviceability problems under a wide array of
human activities, most commonly people walking [34]. The perception of exces-
sive vibrations by building occupants has become more common, thus leading
to human discomfort and concern in buildings that fail to provide a satisfactory
vibration environment [9].

Assessment of vibration responses is often done in line with relevant design
guidelines [5–8], which Chapter 3 has shown that it can be unreliable for accurate
prediction of floor vibration performance. In such guidelines, a simplified design
procedure is suggested to evaluate vibration responses, which neglects the ac-
tual loading situations, such as multiple pedestrians. This is most likely in normal
use of floors. Moreover, vibration responses are often estimated only considering
the peak value of vibration descriptors, irrespective of the exposure time, expo-
sure route, probability of occurrences and contribution of higher modes of vibration
[10]. These mechanisms to apply a probabilistic design process 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].

This chapter presents a comprehensive and novel methodology to simulate
pedestrian walking and predict vibration responses under multiple pedestrians
using a spatially varying walking force in the time domain. The approach uses
spatial pedestrian simulations on floors (Chapter 4) to establish reliable walking
patterns at the design stage representing typical real floor usage. A probabilistic
vertical walking force (Chapter 5) is utilised to generate walking loads for different
individuals, accounting for inter- and intra-subject variabilities. The force model
takes into account walking speed of individuals along different walking paths, a key
advance over previously available pedestrian models, thus making the approach
very useful for probabilistic design. Vibration responses then are computed us-
ing a state space model over the whole floor area, at individual seats and along
pedestrian walking paths. Hence, this makes the proposed method a reliable and
realistic tool for vibration serviceability of floors under human walking. The ap-
proach can be coded in any programming language to provide design engineers
and researchers with a tool for carrying out more realistic vibration serviceability
of floors.
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6.2 Floor case studies

6.2 Floor case studies

6.2.1 Floor A

6.2.1.1 Description of the floor

This floor structure was analysed in Chapters 3 and 4, however, a brief description
is given for completeness. The floor comprises timber joists spanning on steel
beams. It is an open-plan office space with typical fit-out, as illustrated in Figure
6.1. There are two staircases one on each side of the floor, which pedestrians
typically use to enter into or exit from the floor area. The number of seats in
total is 48, with a number of filing cabinets and shelves distributed across the
floor area. It is worth mentioning that neither construction drawings nor structural
member details were available. This makes developing FE model quite difficult
and as such the measured modal model will be used for response predictions.

Figure 6.1: Floor A with office fit-out.

6.2.1.2 Experimental modal analysis (EMA)

Amodal test was performed using three APS Dynamics shakers (2 × APS400 and
1 × APS113) as excitation sources. This was also covered in Chapter 3, however,
some key points will be repeated here for clarity. The structural response was
measured using array of response accelerometers (model Honeywell QA750).
Digital data acquisition was performed using a portal spectrum analyser model
Data Physics DP730. The analyser provides immediate calculation of the FRFs
so that the quality of measurement data can be checked during the test. The mea-
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surements were acquired over a test grid of 64 test points, as shown in Figure 6.2.
These test points were utilised to acquire the modal properties over the majority
of the floor area. The ME’scope [137] parameter estimation software was used to
estimate modal properties by carrying out curve fitting of the measured FRF data.

Figure 6.2: Floor A test point locations. Shaker 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 6.3; the modes are unity
normalised. The quality of curve fitting is also presented in Figure 6.4. The red
colour is the curve fit obtained form ME’scope parameter estimation software and
light yellow, blue and black colours are the measured FRFs. It can be seen that
in the first few modes the curve fitting (i.e. red colour) overlays reasonably well
over the measured FRFs both in magnitude and frequency breadth. However, for
higher modes the curve fitting quality diminishes and the curve fits do not overlay
so well with the measured FRFs. This could be due to some mild non-linearity
and fundamental connection problems in the timber and steel members [10].
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(a) EMA 𝑓1 = 7.62 Hz, 𝜁1 = 4.03 %,
m1 = 23.24 tonnes

(b) EMA 𝑓2 = 8.62 Hz, 𝜁2 = 2.84 %,
m2 = 19.33 tonnes

(c) EMA 𝑓3 = 12.2 Hz, 𝜁3 = 3.1 %,
m3 = 13.25 tonnes

(d) EMA 𝑓4 = 13.4 Hz, 𝜁4 = 4.33 %,
m4 = 16.79 tonnes

(e) EMA 𝑓5 = 14.8 Hz, 𝜁5 = 2.99 %,
m5 = 13.3 tonnes

(f) EMA 𝑓6 = 16 Hz, 𝜁6 = 2.61 %,
m6 = 29.22 tonnes

(g) EMA 𝑓7 = 17.1 Hz, 𝜁7 = 3.32 %,
m7 = 17.88 tonnes

(h) EMA 𝑓8 = 20.1 Hz, 𝜁8 = 3.34 %,
m8 = 20.02 tonnes

(i) EMA 𝑓9 = 21.9 Hz, 𝜁9 = 3.79 %,
m9 = 16.24 tonnes

Figure 6.3: Floor A EMA mode shapes and modal properties.
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Figure 6.4: Floor A curve fitting quality.

6.2.1.3 Pedestrians spatial distribution

The spatial and temporal positions of pedestrians from agent-based modelling
was discussed in Section 4.4, thus this section presents the simulation results only
with brief descriptions of salient points. Figure 6.5 shows results from modelling
of pedestrian motions on the floor area for a duration of ten hours. There are
27 pedestrians in total on the floor, who would carry out a range of activities. The
sequences of their tasks and number of occurrences are, based onmeasured data
and random. Also, the walking paths utilised by the occupants are different, which
makes the pedestrian activity approximate actual observed activities. The walking
path locations in terms of floor coordinates will be used later for excitation points.
This ensures a multiple pedestrian force input along different walking paths, an
approach that has not been presented previously in the literature.
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Figure 6.5: Floor A pedestrian simulation pattern.

6.2.2 Floor B

6.2.2.1 Description of the floor

This floor, covered in Chapter 3, is the seventh floor of a recently constructed
multi-storey (eight storey) office building. Light weight concrete was poured into
a 280 mm deep slab with Comflor 210/1.2 mm profile decking to form a compos-
ite steel-concrete floor structure spanning in the shorter direction. Beams have
spans of up to approximately 7.47 m. The columns are situated at the intersec-
tions of beams, with typical bay sizes of 7.47 m × 4.88 m, as shown in Figure 6.6.
Details of the structural elements in a typical bay are; beams are cellular section
sizes 298×254/368×130.5 USFB, with hole diameter of 140 mm at 300 mm cen-
tres. Column members are 203×203×86 UC. There are three reinforced 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 6.6: Floor B plan.

6.2.2.2 Experimental modal analysis (EMA)

This section was also mentioned in Chapter 3, however, some key points will be
repeated for completeness. The floor structure was tested 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 shown as it is most pertinent to this study.
Experimental modal properties of the floor were obtained from modal testing util-
ising multi-reference uncorrelated random excitation from three APS Dynamics
shakers (1× APS113 and 2× APS400) and a test grid of roving Honeywell QA750
accelerometers, shown in Figure 6.7. Data Physics Mobilyzer DP730 digital spec-
trum analyser was used to calculate frequency response functions (FRFs). The
ME’scope software [137] package of modal parameter estimation was used to
extract modal properties using a multi-polynomial method to provide reliable esti-
mates of mode frequency, damping and shape. The final mode shape results are
shown in Figure 6.8.

As far as walking response measurements are concerned, a single pedestrian
walked freely at his convenient speed from TP21 to TP40 back and forth (see Fig-
ure 6.7). The pedestrian had weight and height of 86 kg and 1.88 m, respectively.
The actual vibration response under a single person walking along this walking
path (see Figure 3.21) resulted in an R factor of 5.12 at TP24. This was carried
out to obtain vibration responses under a single pedestrian, since in-services re-
sponses could not be acquired as the the floor was not yet commissioned at the
time of testing.
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Figure 6.7: Floor B Test grid for EMA. APS shakers are shown by letter “S”.

6.2.2.3 FE model development

An FE model of the structural system was developed using the ANSYS FE soft-
ware. Beams and columns were modelled using BEAM188 elements. A single
storey level with all vertical members, top and bottom, at a height of 4 m was mod-
elled using fixed boundary conditions. The composite steel-concrete floor was
modelled using SHELL181 elements and orthotropic properties were assumed
(flexural stiffness in the direction of the ribs is higher than the perpendicular direc-
tion). 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 modulus of elasticity (𝐸) of 24 GPa for lightweight concrete and density
of 1500 kg/m3 were assumed [7]. Modal properties (modal frequencies, mode
shapes and modal masses) were obtained via modal analysis. This was covered
in Section 3.3.5.3 and as such will not be repeated here. The first few mode
shapes are shown in Figure 6.8.
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(a) FE analysis, 𝑓1 = 10.11 Hz,
m1 = 38.78 tonnes

(b) EMA 𝑓1 = 10.2 Hz, 𝜁1 = 1.63 %,
m1 = 42.85 tonnes

(c) FE analysis, 𝑓2 = 10.75 Hz,
m2 = 40.09 tonnes

(d) EMA 𝑓2 = 11.7 Hz, 𝜁2 = 2.11 %,
m2 = 55.36 tonnes

(e) FE analysis, 𝑓3 = 11.05 Hz,
m3 = 31.49 tonnes

(f) EMA 𝑓3 = 12.5 Hz, 𝜁3 = 0.78 %,
m3 = 43.22 tonnes

Figure 6.8: Floor B vibration modes from EMA and FE Analysis.

6.2.2.4 Pedestrians spatial distribution

As far as the floor layout is concerned, four different plan layouts were developed
to represent a range of realistic pedestrian simulation patterns. The reason for
this is that the floor might be fitted out by a range of tenants for office use and thus
different configurations of office layouts are possible. The four layouts designed
in this work are based on experience for open-plan arrangements. This is an
exercise to show the effectiveness of the pedestrian patterns upon floor usage in
the context of vibration serviceability assessment. Similar approach and values
are used as for Floor A.

The floor layouts with the corresponding spatial distribution of pedestrian for
ten hours (corresponding to 8:00 am - 6:00 pm working hours) are shown in for
layout one in Figures 6.9, 6.10; layout two in Figures 6.11, 6.12; layout three in
Figures 6.13, 6.14; and layout four in Figures 6.15, 6.16, respectively. Each floor
layout has different numbers of pedestrians and seats; for example, layout one has
52 seats, layout two 60, layout three 40 and layout four 50. Thus, making each
arrangement produce various different excitation locations and occurrences. This
is very useful to examine how different configurations and possible refurbishments
impact in-service vibration responses.
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Figure 6.9: Floor Layout 1 office floor open-plan: 52 pedestrians.

Figure 6.10: Floor Layout 1 spatial distribution of pedestrian heatmap.
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Figure 6.11: Floor Layout 2 office floor open-plan: 60 pedestrians.

Figure 6.12: Floor Layout 2 spatial distribution of pedestrian heatmap.
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Figure 6.13: Floor Layout 3 office floor open-plan: 40 pedestrians.

Figure 6.14: Floor Layout 3 spatial distribution of pedestrian heatmap.
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Figure 6.15: Floor Layout 4 office floor open-plan: 50 pedestrians.

Figure 6.16: Floor Layout 4 spatial distribution of pedestrian heatmap.
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6.3 Response predictions using state-space model

6.3.1 System model

This section shows the procedure for analysing a system under multiple inputs as
mentioned by [1] with some modifications, such as including multiple pedestrian
patterns from simulation, probabilistic walking load model, step by step applica-
tion of the load and obtaining vertical acceleration as the output. The natural
frequencies, mode shapes and modal masses were obtained either via measured
data or predicted by the FE model. Damping ratios were obtained from measured
data or assumed from vibration design guidelines. These were used to create a
simulation of the floor structure. The simulation model is a transfer function (TF)
relating the inputs (pedestrian forces) to the outputs (acceleration responses). In
this situation, a modal system (i.e modal force to modal output) is used to facilitate
modelling of multiple roving (moving) pedestrians.

Although actual building floors are continuous systems, they are approximated
to a multi-degree-of-freedom (MDOF) system by the FE software. In principle,
MDOF dynamic systems comprising of 𝑛 nodes with one (vertical) degree of free-
dom per node, can be represented as a single matrix equation as follows:

[𝑀] { ̈𝑌 (𝑡)} + [𝐶] { ̇𝑌 (𝑡)} + [𝐾] {𝑌 (𝑡)} = {𝐹 (𝑡)} (6.1)

where

[𝑀] = mass matrix

[𝐶] = damping matrix

[𝐾] = stiffness matrix

{ ̈𝑌 (𝑡)} , { ̇𝑌 (𝑡)} , {𝑌 (𝑡)} = acceleration, velocity and displacement vectors, re-
spectively.

The displacement of any node can be represented as a linear combination of
the 𝑖𝑡ℎ mode shape at location 𝑝, 𝜙𝑝𝑖, using the modal amplitude 𝜂𝑖(𝑡)

𝑦(𝑝, 𝑡) =
𝑁

∑
𝑖=1

𝜙𝑝𝑖𝜂𝑖(𝑡) (6.2)
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where, 𝑖 is the mode number and 𝑁 is the total number of modes. For displace-
ment at 𝑛 locations this results in

⎧⎪
⎪
⎨
⎪
⎪⎩

𝑦1(𝑡)
𝑦2(𝑡)

⋮
𝑦𝑛(𝑡)

⎫⎪
⎪
⎬
⎪
⎪⎭

=

⎡
⎢
⎢
⎢
⎢
⎣

𝜙11 𝜙12 ⋯ 𝜙1𝑁
𝜙21 𝜙22 ⋯ 𝜙2𝑁
⋮ ⋮ ⋱ ⋮

𝜙𝑛1 𝜙𝑛2 ⋯ 𝜙𝑛𝑁

⎤
⎥
⎥
⎥
⎥
⎦

⎧⎪
⎪
⎨
⎪
⎪⎩

𝜂1(𝑡)
𝜂2(𝑡)

⋮
𝜂𝑁 (𝑡)

⎫⎪
⎪
⎬
⎪
⎪⎭

(6.3)

The mode shapes corresponding to each mode are defined as

[Φ] =

⎡
⎢
⎢
⎢
⎢
⎣

𝜙11 𝜙12 ⋯ 𝜙1𝑁
𝜙21 𝜙22 ⋯ 𝜙2𝑁
⋮ ⋮ ⋱ ⋮

𝜙𝑛1 𝜙𝑛2 ⋯ 𝜙𝑛𝑁

⎤
⎥
⎥
⎥
⎥
⎦

(6.4)

we arrive at

{𝑌 (𝑡)} = [Φ] {𝑄(𝑡)}

{ ̇𝑌 (𝑡)} = [Φ] {𝑄̇(𝑡)}

{ ̈𝑌 (𝑡)} = [Φ] {𝑄̈(𝑡)}

(6.5)

Therefore, the above expression (Equation 6.5) represents the conversion be-
tween physical responses {𝑌 (𝑡)} and modal responses {𝑄(𝑡)}. Substituting Equa-
tion 6.5 into Equation 6.1 and pre-multiplying by [Φ]𝑇 yields the following:

[Φ]
𝑇

[𝑀] [Φ] {𝑄̈(𝑡)} + [Φ]
𝑇

[𝐶] [Φ] {𝑄̇(𝑡)} + [Φ]
𝑇

[𝐾] [Φ] {𝑄(𝑡)}
= [Φ]

𝑇
{𝐹 (𝑡)}

(6.6)

This can be simplified by using the property of orthogonality of mode shapes
with respect to mass and stiffness matrices and assuming proportional damping
to

[𝑀𝑁] {𝑄̈(𝑡)} + [𝐶𝑁] {𝑄̇(𝑡)} + [𝐾𝑁] {𝑄(𝑡)} = {𝐹𝑁 (𝑡)} (6.7)

where

168



6.3 Response predictions using state-space model

[𝑀𝑁] = [Φ]
𝑇

[𝑀] [Φ]

=

⎡
⎢
⎢
⎢
⎢
⎣

𝑚1 0 ⋯ 0
0 𝑚𝑖 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑚𝑁

⎤
⎥
⎥
⎥
⎥
⎦

(6.8)

and

[𝐶𝑁] = [Φ]
𝑇

[𝐶] [Φ]

=

⎡
⎢
⎢
⎢
⎢
⎣

2𝑚1𝑤1𝜁1 0 ⋯ 0
0 2𝑚𝑖𝑤𝑖𝜁𝑖 ⋯ 0
⋮ ⋮ ⋱ ⋮
0 0 ⋯ 2𝑚𝑁𝑤𝑁𝜁𝑁

⎤
⎥
⎥
⎥
⎥
⎦

(6.9)

and

[𝐾𝑁] = [Φ]
𝑇

[𝐾] [Φ]

=

⎡
⎢
⎢
⎢
⎢
⎣

𝑚1𝑤2
1 0 ⋯ 0

0 𝑚𝑖𝑤2
𝑖 ⋯ 0

⋮ ⋮ ⋱ ⋮
0 0 ⋯ 𝑚𝑁𝑤2

𝑁

⎤
⎥
⎥
⎥
⎥
⎦

(6.10)

and

{𝐹𝑁 (𝑡)} = [Φ]
𝑇

{𝐹 (𝑡)} (6.11)

where, 𝑚𝑖 is the modal mass of mode 𝑖. 𝜔𝑖 and 𝜁𝑖 are the circular natural fre-
quency and damping ratio, respectively, of mode 𝑖. Hence, the MDOF system has
been de-coupled into 𝑁 independent single-degree-of-freedom (SDOF) systems.
Equation 6.7 can be reformulated as follows:

{𝑄̈(𝑡)} + [𝐶∗] {𝑄̇(𝑡)} + [𝐾∗] {𝑄(𝑡)} = [𝑀𝑁]
−1

× {𝐹𝑁 (𝑡)} (6.12)

where

[𝐶∗] = [𝐶𝑁] [𝑀𝑁]
−1

(6.13)

and
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[𝐾∗] = [𝐾𝑁] [𝑀𝑁]
−1

(6.14)

At this point, it is worth noting that the MDOF system has been fully described
using only the modal mass, damping, frequencies and mode shapes.

6.3.2 State space method

A state space representation is amathematical model of a physical system as a set
of input, output and state variables related by first-order differential equations. The
state space representation (also known as the ”time-domain approach”) provides
a convenient and compact way to model and analyse systems with multiple inputs
and outputs [152, 153].

The de-coupled equation of motion in Equation 6.12, which is a second order
differential equation, can be represented in state space form as a first order differ-
ential equation. For linear time-invariant (LTI) systems (i.e. those for which input
and output are independent of time), the state space equations are of the general
form

{𝑥̇(𝑡)} = [A] × {𝑥(𝑡)} + [B] × {𝑢(𝑡)}

{𝑦(𝑡)} = [C] × {𝑥(𝑡)} + [D] × {𝑢(𝑡)}

(6.15)

where {𝑥(𝑡)}, {𝑢(𝑡)} and {𝑦(𝑡)} are the internal state vector, input vector and

output vector, respectively. [A], [B], [C], [D] are the state matrix, input matrix,

output matrix and direct transmission matrix respectively [152]. {𝑢(𝑡)} for multiple
inputs therefore is the summation of each input element (in this case pedestrian
modal force) corresponding with all modes at a particular time step.

For the dynamic system of this study, the state space equation is derived by
rearranging Equation 6.7 for {𝑄̈(𝑡)} using the state vector

{𝑥(𝑡)} =
{

𝑄(𝑡)
𝑄̇(𝑡)}

(6.16)

When the vector of modal accelerations, {𝑄̈}, is chosen as the output, Equa-

tion 6.15 yields the following form of output matrix [C] and [D] [154]
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{
𝑄̇(𝑡)
𝑄̈(𝑡)}

=
[

0 𝐼
−𝐾∗ −𝐶∗] {

𝑄(𝑡)
𝑄̇(𝑡)}

+
[

0
𝑀−1

𝑁 ] {𝐹𝑁 (𝑡)}

{𝑦(𝑡)} = [−𝐾∗ −𝐶∗] {
𝑄(𝑡)
𝑄̇(𝑡)}

+ [𝑀𝑁]
−1

{𝐹𝑁 (𝑡)}

(6.17)

The output of this modal system is then converted back to physical acceler-
ations through Equation 6.5. A MATLAB-based time domain response analysis
script was developed to perform the analysis using the aforementioned approach.
It is worth mentioning that the subsequent analysis does not take into account
human-structure interaction as it is beyond the scope of this study.

6.3.3 Results and discussions

The physical acceleration obtained from vibration response analyses was
weighted using the W𝑏 frequency weighting [118] for vertical accelerations, as
mentioned in Section 4.3. The most recent British Standard [118] recommends
the use of VDV for evaluation of structural responses, as given in Equation 4.2.
The R factor, on the other hand, was calculated by taking the maximum of RMS
for a one second period and normalising this by the reference value of 0.005 m/s2

[45], as given in Equation 4.1. The R factor is most commonly used by existing
guidelines [6, 7, 32] having a threshold limit of 4 or 8 for offices. The limits placed
on VDV values for offices are shown in Table 6.1.

Table 6.1: Typical VDV range for office floors from BS-6472-1 [118]

Time Low probability Adverse Adverse
of adverse comment comment
comment possible probable
m/s1.75 m/s1.75 m/s1.75

16h day 0.4-0.8 0.8-1.6 1.6-3.2
8h night 0.1-0.2 0.2-0.4 0.4-0.8

It is often recommended to convert the calculated VDVs in the simulation to
16 hrs equivalent via a scaling factor multiplication as given in Equation 6.18. In
that way, the VDVs can be compared against the above limits.

VDV scaling factor = (
16 × 60 × 60

Simulation Time [s])
1/4

(6.18)
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6.3.3.1 Floor A

The calculated floor responses are compared with measurements presented in
Section 4.3. Pedestrian walking forces are applied at the floor coordinates as
per the spatial distribution of pedestrians. To do so, the well-known relationship
between walking velocity 𝑣𝑝, step frequency 𝑓𝑝 and step length 𝑙𝑝 (𝑣𝑝 = 𝑓𝑝 𝑙𝑝) was
used. Also, the duration of footfalls was included to facilitate the step by step
application of the force as discussed previously. From simulations, the walking
velocity and positions of pedestrians can be obtained, however, information about
𝑓𝑝 and 𝑙𝑝 is missing. Thus, the following Equation 6.19 [95] is utilised to obtain
𝑓𝑝, which is valid in the velocity range of 0-2.5 m/s. This in turn provides the
range of 𝑙𝑝 used in the subsequent analysis, which is approximately computed in
the range of 0.53-0.79 m. As a result, the individual footfall force is applied at a
position obtained from the simulation and the next footfall would be at a distance
𝑙𝑝 from the previous step taking into account both the footfall duration. It is worth
mentioning that mode shape values at footfall locations were interpolated so as
to replicate reality as close as possible.

𝑓𝑝 = 0.35𝑣3
𝑝 − 1.59𝑣2

𝑝 + 2.93𝑣𝑝 (6.19)

As mentioned earlier, the physical force is converted to modal force and
summed to represent multiple pedestrians. At this point, the system and input
force are ready for response analysis. The vibration response values are com-
pared with those obtained from ten hours of in-service measurements as dis-
cussed in Section 4.3.1.2.

A typical acceleration time history response at the equivalent location of mea-
sured TP39 from ten-hour simulation and the corresponding Fourier amplitude
spectra are shown in Figures 6.17 and 6.18, respectively. In the same way of
the measurements in Section 4.3.1.2, there are significant contributions of higher
modes for the simulation of multiple pedestrians for a wider band of frequency.
However, in the simulation the first mode tends to contribute higher than the mea-
surements; for example, comparing Figure 6.18 from simulation and Figure 4.9
from measurements. This could be acceptable taking into account the probabilis-
tic walking force and simulation of pedestrian pattern.
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Figure 6.17: A typical simulation acceleration time history response at equivalent
location of TP39.

Figure 6.18: Fourier amplitude of the simulation acceleration response at equiv-
alent location of TP39. Acceleration in “grey” is raw data and in “black” is Wb
weighted.

The results of vibration response analysis for ten-hour simulation are shown
in Figures 6.19 and 6.20. In addition, 5% probability of exceedance of R factor for
ten-hour simulation is shown in Figure 6.21.
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Figure 6.19: Floor A VDV spatial response.

Figure 6.20: Floor A Peak R factor spatial response.
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Figure 6.21: Floor A 5% probability of exceedance of R factor.

Typical comparison of both themeasured TPs and simulation are shown in Fig-
ures 6.22, 6.23, 6.24, 6.24, 6.26 and 6.27. Two simulations were carried out to in-
vestigate different profiles of the response. The simulations depicted in the above
figures show that the vibration level could result in different values when compared
against the measurement due to the probabilistic force model and pedestrian pat-
terns. There are some differences in these simulated responses when compared
against the measured VDV and R factor, as would be expected for simulation re-
sults based on idealisations of pedestrian behaviours. The percentage of error
between the simulation and the measurement, for the three locations presented
in the above figures, for 5% probability of exceedance of R factor is, on average,
less than 16%. Whilst, the model, in terms of VDVs, tends to replicate the trends
in in-service response, some locations, such as TP39 in Figure 6.22 seems to un-
derestimate the predictions. This could be attributed to the number of modes used
in the model , which is nine modes. Another reason could be the randomness in
human behaviour and further monitoring for more than a working day would be
beneficial. Nevertheless, the predicted vibration response under multiple pedes-
trians seems to qualitatively correlate to a good extent with that measured. Hence,
the methodology yields good outcomes and it is capable to provide realistic vibra-
tion serviceability assessment in this case.
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Figure 6.22: Floor A comparison of measured and simulation VDV at TP39.

Figure 6.23: Floor A comparison of measured and simulation cumulative distri-
bution of R factor at TP39.
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Figure 6.24: Floor A comparison of measured and simulation VDV at TP16.

Figure 6.25: Floor A comparison of measured and simulation cumulative distri-
bution of R factor at TP16.
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Figure 6.26: Floor A comparison of measured and simulation VDV at TP51.

Figure 6.27: Floor A comparison of measured and simulation cumulative distri-
bution of R factor at TP51.

6.3.3.2 Floor B

The modal properties obtained from FE analysis together with the damping ra-
tio for each mode from measurements were used for response predictions. The
methodology presented in this study accounts for a large number of modes that
contribute to the response. This particular floor is in the region around LFF and
HFF cut-off frequencies according to the various design guidelines, thus introduc-
ing some uncertainty as to which vibration limits are appropriate for this analysis.
50 modes from FE analysis were considered for the response calculation, which
corresponds to all modes up to 30 Hz. Including more modes in the MATLAB-
based time domain response analysis would have added significantly to the run
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time; use of this number of modes was considered sufficient for the exercise in
hand and exceeded the number of modes suggested in the CCIP-016 guidance
[7], which is 15 Hz.

The results of spatial response analysis are shown as contour plots of key vi-
bration response descriptors (VDV, R factors and 5% probability of exceedance
of R factor) as determined from time histories calculated from mode superposi-
tion time integration analysis. Response distributions over the whole area for the
aforementioned four layouts are illustrated in terms of 16 hrs equivalent VDVs
in Figures 6.28, 6.29, 6.30 and 6.31, respectively. It can be seen that as floor
occupants excite walking paths corresponding with each individual layout, some
area/layouts are more prone to higher levels of response than others, and that
the vibration level changes with respect to time and location. Based on these
analyses, a vibration serviceability assessment can be carried out. Layout con-
figuration 4 is, therefore, expected to have “low probability of adverse comment”
according to Table 6.1. However, considering Section 2.5 where the limit for ad-
verse comment is 0.15 m/s1.75, that floor may have some adverse comments.

Figure 6.28: Floor Layout 1 VDV spatial response.
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Figure 6.29: Floor Layout 2 VDV spatial response.

Figure 6.30: Floor Layout 3 VDV spatial response.
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Figure 6.31: Floor Layout 4 VDV spatial response.

As far as R factor and probability of exceedance are concerned, the results
are shown in Figures 6.32, 6.33 for Layout 1 and Figures 6.34 and 6.35 for Layout
4. It can be seen that the 5% probability of exceedance (i.e. 30 minutes) is far
more flexible than the peak R factor in terms of describing stochastic behaviour of
human-induced vibration. However, there are no specified threshold limits in the
available guidance. Note that any probability of exceedance values are possible
with this methodology, e.g. 10%, 25% etc.

Figure 6.32: Floor Layout 1 Peak R factor spatial response.
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Figure 6.33: Floor Layout 1 5% probability exceedance of R factor.

Figure 6.34: Floor Layout 4 Peak R factor spatial response.

Considering human perception of vibration, the analyses can also show results
of different locations. It is worth mentioning that there may be relative differences
in perception of standing, sitting and walking, which is beyond the scope of this
study and future investigation should take that into account. The simulation of spa-
tial distribution of pedestrians provides insights into timings not only at pedestrian
desks, but also at a particular walking path. This in turn can yield vibration lev-
els experienced at those locations in a probability-based approach. For example,
Figures 6.36 for Layout 1, 6.37 for Layout 2,6.38 for Layout 3, and 6.39 for Layout
4, respectively, show the VDVs experienced by pedestrians in a 16 hrs equivalent
time period. The 75%ile and 95%ile indicate the number of pedestrians who at
their desks, i.e. while sitting, in total perceived a level of VDV at a particular time
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Figure 6.35: Floor Layout 4 5% probability exceedance of R factor.

of simulation time. In a similar way, while walking over a walking path, the pedes-
trians experienced that much level of vibration. For instance, in Figure 6.39 for the
first 2.5 hours of simulation (working time) 75%ile of pedestrians while sitting felt
a VDV around 0.08 m/s1.75, whereas those walking felt around 0.143 m/s1.75, i.e.
elsewhere on the floor. This approach can provide a better understanding on how
different pedestrians at various time and locations are able to perceive vibrations.
It improves on current methods in the sense that a more realistic assessment of
vibration serviceability can be performed.

Figure 6.36: Floor Layout 1 Pedestrian vibration level experience.
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Figure 6.37: Floor Layout 2 Pedestrian vibration level experience.

Figure 6.38: Floor Layout 3 Pedestrian vibration level experience.
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6.3 Response predictions using state-space model

Figure 6.39: Floor Layout 4 Pedestrian vibration level experience.

Figure 6.40 shows the percentage of the floor area for Layout 4 exceeding
allowable limits in Table 6.1 with respect to 16 hrs VDV. This is shown for two dif-
ferent vibration response runs, to assess the effect of probabilistic walking forces
yielding different responses. The trend illustrates how much area of the floor has
a certain value of VDVs. For example, there is approximately 5% of the floor area
with a VDV higher than about 0.13 m/s1.75. This can help in identifying percent-
ages of areas with high vibration levels and thereby taking measures to reduce
high vibration responses at the design stage.

Figure 6.40: Floor Layout 4 percentage of floor area vibration experience.

185



A Multi-Person Spatial Response Prediction Framework

6.4 Conclusions

This chapter has presented a comprehensive and compact way to predict vibration
responses of floors using probabilistic time-domain response analysis. This chap-
ter advances the field by combining a probabilistic multi-person walking model and
spatial distribution of pedestrians to estimate vibration responses for long dura-
tions of time. The results are presented in terms of VDVs and R factors, and
probabilistic analysis of exceedance of vibration responses at various locations,
rather than a single peak value at each location. The model qualitatively repre-
sents in-service response measurements for Floor A. It was noted that overall
the model tends to replicate trends in in-service response and to a good extent
provides approximate vibration levels consistent with those from measurements.

It is shown that a range of walking paths can be excited by multiple pedes-
trians, resulting in some areas of a structure being more prone to higher levels
of response than others. In particular, four different layouts for Floor B produced
various levels of vibration and among those configurations, layout four was the crit-
ical case. It is important also to consider the temporal distribution of pedestrians,
since individual responses can be additive, leading to a more realistic assess-
ment of overall response than for a single person walking. Also, the methodology
can provide a realistic vibration serviceability assessment in a statistical man-
ner, where vibration levels corresponding to any probability of exceedance can
be computed.

More realistic assessment of occupant perception of vibration both at their
desks and during walking is another advantage of this approach. Both the expo-
sure time and location can be used to determine how much vibration (vibration
dose) is experienced by individuals. This can provide a more reliable prediction
for vibration serviceability assessment of floors.
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Chapter 7

Conclusions and
Recommendations

The study presented in this thesis aimed to provide insights and improve under-
standing of vibration serviceability of floors under multiple pedestrians walking
via a probabilistic approach. A comprehensive literature survey was conducted,
leading to development of a probabilistic walking model and numerical models to
represent spatial distributions of multi-person features. Study of the experimental
tests enabled identification of the in-service vibration responses under floor occu-
pants and the effect of different walking paths on vibration level. The key findings
and outcomes of the research work conducted and presented in this thesis are
summarised hereafter.

7.1 Conclusions

1. Typical floors often accommodate multiple pedestrians with a range of walk-
ing patterns. Actual walking path and activities of occupants along different
routes are a crucial step to consider.

2. Contemporary vibration design guidelines are shown to produce significant
over- and under-estimation of vibration responses to a pedestrian excitation.
It is suggested that improvements are required with respect to dynamic prop-
erties, expected loading scenarios and the corresponding walking-induced
forces.

3. A single peak value of vibration response appears to be misleading and
unrepresentative for vibration serviceability assessment. Therefore, signifi-
cant improvements and rigorous approaches are required to introduce mea-
sures of vibration dose or probability of exceedence with realistic perception
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thresholds, to represent vibration ratings and tolerance limits in a statistical
manner.

4. The research showed that assessment based on a single pedestrian vibra-
tion response is not consistent with true multiple pedestrian in-service re-
sponses. Therefore, it was ascertained that multiple pedestrians’ loading
patterns should be utilised at the design stage.

5. A novel numerical technique was developed using agent-based modelling
incorporating a social force model to generate spatial distributions of pedes-
trians upon floor usage. The model includes pedestrians’ patterns in a com-
prehensive way that resembles reality in terms of events and locations. Such
techniques are rare in vibration serviceability assessment of floors. This
makes simulation of pedestrian patterns at design stage a very interactive
and decisive tool.

6. Utilising a probabilistic approach is essential to generate multiple pedes-
trian loads and predict the vibration response sufficiently accurately, i.e.
both large overestimation and considerable underestimation of the response
should be avoided. It is suggested that a probabilistic walking force model,
irrespective to any frequency threshold, should be used.

7. The established probabilistic walking force model in this study showed an
opportunity to enhance current vibration serviceability assessment guide-
lines, which lack appropriate statistical perspective. The walking model is
applicable for walking force signals from both individual and multiple pedes-
trians.

8. The established model can be easily reproduced from the data and equa-
tions presented in this study. In addition, the model can be used in dis-
crete footfall analysis when individual steps are applied on different struc-
tural components. It can be implemented in any finite element (FE) package
for vibration serviceability analysis. This can facilitate the application of indi-
vidual walking step forces at sequential spatial positions along any walking
paths.

9. Conservative design with an accept-reject method neither results in a re-
liable assessment, nor describes the rare vibration events that may hap-
pen. Hence, this study has presented a comprehensive method to pre-
dict vibration responses 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 determin-
ing pedestrians’ vibration exposure at different locations as well as over the
whole floor area.
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7.2 Future research recommendations

1. This study examined a limited number of floors due to time and access con-
straints. As such, it is recommended to conduct more investigations wherein
a wide array of floors in terms of functions and plan layouts are monitored for
long durations to better understand pedestrians’ movements and activities.
This could include floor structures (FS) 1, 2 and 3.

2. Contemporary design guides do not have a methodology to consider multi-
ple pedestrian loading scenarios. Therefore, it is recommended to initiate a
collaborative committee of experts in this area, industry partners and guid-
ance organisation body to come up with a new set of guidelines and codes
of practice based on the findings of this study.

3. Non-structural elements, including partitions and cladding walls, appeared
to have significant effects on dynamic properties and families of modes.
This study provided some recommendation to include them in numerical
modelling. However, there are no procedures in guidance documents for
practitioners to follow. It is therefore suggested to carry out more thorough
investigations on that aspect.

4. Time domain analysis has been the main analysis utilised in this thesis, de-
spite some challenging aspects such as computational effort and data stor-
age. It is suggested to develop enhanced techniques to model pedestrians’
movements to reflect effectively and efficiently assessment of vibration ser-
viceability at the design stage.

5. Investigation of pedestrians-structure interaction is also essential, particu-
larly for ultra-light weight structures and multiple pedestrians effect. It is
recommended to include that aspect to the established methodology so that
a comprehensive vibration serviceability assessment can be guaranteed.
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