
DEPARTmENT OF CIWL & STRUCTURAL ENGINEERING 

UNIVERSrrY OF SHEFFIEID 

VIBRATION SERVICEABILITY OF LONG-SPAN 
CAST IN-SITU CONCRETE FLOORS 

by 
Aleksandar Pavic 

A thesis submitted for the Degree of Doctor of Philosophy in Engineering 
at the University of Sheffield 

July 1999 



" All generalisations are dangerous, including this one. " 

Alexandre Dumas 



iii 

Abstract 
This thesis describes an investigation into the vibration serviceability of long-span and slender 
in-situ concrete floors, which are typically post-tensioned. The motivation for the research is the 
present trend towards increased slenderness of post-tensioned floors supporting open-plan high- 
quality offices where vibration serviceability may easily become the governing design criterion. 
The vibration serviceability issue in post-tensioned floors is now also recognised by the UK 
Concrete Society which proposed, for the first time, guidelines for performing a vibration 
serviceability check when designing office floors. The guidelines were published in Concrete 
Society Technical Report 43 (CSTR43) in 1994 and its publication prompted the initialisation of 
this research project. There were two reasons for this. Firstly, problems were reported with the 
reliability and practical application of these guidelines, and, secondly, the guidelines were not 
experimentally verified which is unusual for any design provision related to vibration 
serviceability. 

In order to improve understanding of the dynamic performance of a rather specific group of 
office floors which are long-span and made of cast in-situ concrete, a combined experimental 
and analytical approach has been adopted. A state-of-the-art facility comprising hardware and 
software suitable for field modal testing and dynamic response measurements of prototype floor 
structures was commissioned as a part of this research. The facility is built up around the 
instrumented sledge hammer, which served as the main excitation source in modal testing, and 
multi-degree-of-freedom vibration parameter estimation procedures utilising measured floor 
frequency response functions. 

The main testing programme consisted of modal testing of four prototype floor structures of 
varying complexity weighing between 13 and 1000 tonnes. All four slab structures were slender 
and made of in-situ concrete. These tests were complemented by measurements of the floors' 
acceleration responses to a single person walking excitation tuned to create as large as 
realistically possible responses. The modal testing experimental data (measured natural 
frequencies, mode shapes and modal damping ratios) were used to validate numerical finite 
element (FE) models representing each floor structure. To do this, advanced FE model 
correlation and manual updating procedures were employed. Results of these exercises 
highlighted a number of important issues related to the dynamic behaviour of the concrete floors 
investigated. 

Firstly, the bending stiffness of in-situ concrete columns and walls contributed significantly to 
overall floor bending stiffiess and must be considered. Secondly, higher modes of vibration 
which are close to the fundamental frequency appear in concrete floors, and should not be 
neglected as they can be easily excited by walking leading to dynamic responses greater than 
those associated with the fundamental mode. Thirdly, the width of band beams contributes 
significantly to the lateral stiffness of post-tcrisioned floors, which, in turn, may be very 
beneficial for their vibration serviceability. 

The validated numerical FE models were then used to check the performance of three 
representative walking excitation models available in the literature. It was shown that, in 
general, all three models overestimated the measured response to the Y'd harmonic of the 
walking excitation, which is particularly important for low-frequency office floors. Only one of 
the models did so in a way which is not overly conservative. This model is recommended for 
use in vibration serviceability assessment of post-tensioned floors. 

Finally, gross oversimplification of these important issues is identified as the principal reason 
for the failure of the current CSTR43 vibration serviceability guidelines to predict reliably 
vibration response of a wide range of post-tensioned in-situ cast concrete floors. 
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I Introduction 
A floor is an integral part of practically every modem industrial, commercial or residential building. As 

expectations of building users, who are in everyday contact with the floors, rise, so the performance of floor 

structures in day-to-day service is becoming increasingly important. The research reported in this thesis is 

concerned with the vibration performance of slender long-span concrete floors in buildings. Its rationale is 
described in this chapter. 

1.1 The Emergence of the Research Problem 

Modem suspended concrete floor structures are becoming increasingly bold in conception and slender in 

cross section. To achieve this, in the UK relatively new construction techniques, such as post-tensioning of 
in-situ concrete floors and new quality construction materials, such as cast in-situ high-strength concrete, are 
gaining popularity. Typical applications where post-tensioned floors in particular are becoming competitive 
are: offices, car parks, shopping centres, hospitals, apartments and industrial buildings (Concrete Society, 
1994). 

Generally speaking, human induced footfall loading has proved to be the major source of floor vibration 
disturbance as it happens frequently and, in practice, cannot be isolated (Murray, 1975; Ohlsson, 1988b; 
Hanagan & Murray, 1997). Therefore, excessive floor vibrations due to human induced loading have been 

characterised as "probably the most persistent floor serviceability problem encountered by designers" 
(Murray, 1988). Consequently, floor vibration serviceability is becoming a major design and research 
challenge. In addition to the design trend towards increased floor slenderness, the following factors have also 
contributed to the emergence of the research problem: 

0 Trend towards reduced floor damping; 

Awareness of the potential of vibration serviceability problems occurring in the development of 
slenderfloors in relatively quiet occupancies, such as offices, and the lack of reliable information as to 
how to tackle it in the design stage; 
Lack of research interest in the past leading to unverified performance of various walking excitation 
models used in numerical vibration response analysis of long-span concrete floors. 

These four general factors will be briefly outlined. 
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1.1.1 Increased Floor Slenderness 

2 

The thickness of cast in-situ post-tensioned concrete slabs may be 30% less than that of slabs containing 

normal unstressed reinforcement (Lin & Bums, 1982). However, although such slabs still have sufficient 

strength, this reduced floor depth leads to a drastic reduction in stiffness and mass which could give rise to 

structural serviceability problems, such as unacceptable levels of floor deflection, vibration or cracking. 

Concrete cracking and excessive static deflection in a post-tensioned slab can be overcome to a large extent 
by the careful choice of the amount and location of the prestress. No amount of prestressing, however, will 
improve significantly the floor dynamic behaviour. This is governed largely by slab stiffness, mass and 
damping on which different levels of prestressing do not have a significant influence (Caverson ct al., 1994). 

Therefore, although beneficial with respect to the other serviceability design requirements, by allowing 

greater floor slenderness, prestressing can actually be detrimental to concrete floor vibration serviceability 
(Pavic ct al., 1994; Maguire & Wyatt, 1999). 

Cast in-situ concrete slabs made of high-strength concrete may fail for the same reason. Their increased 

strength in principle permits an increased slenderness which may result in lively structures. 

1.1.2 Reduced Floor Damping 

In addition to increased slenderness and longer floor spans, building owners and developers are increasingly 

specifying uninterrupted open-space environments. Little or no permanent partitioning of floors is desirable 

in new office or commercial building developments in order to provide its occupants with maximum 
flexibility. When compared with partitioned layouts, the damping in unpartitioned floors is commonly 

considered to be lower (ISO, 1992). Bolton (1994) states that the introduction of large open-plan offices 
"might harm" and is "bad practice" with regard to floor vibration serviceability. However, the trend towards 

such practice continues, and this fact may fiirther impair the vibration performance of slender concrete 
floors. 

1.1.3 Industrial Awareness of the Problem 

Floors generate the second most frequent source of complaints from building users; second only to roofs 
(Gerber, 1991). ' 

Floor performance which is sufficiently poor to cause users to complain may incur loss of confidence, costly 

remedial measures and/or litigation (Ellingwood, 1996). Building developers in general and concrete floor 

designers in particular should therefore be very concerned about anything that may undermine the 

performance of floors. 
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Perceptible vibrations annoying the floor occupants, disfunctional equipment sensitive to vibrations and 
localised damage are manifestations of the lack of the floor vibration serviceability (Hughes, 1971). In the 

past, a number of composite and timber floors were found to be too lively under normal everyday dynamic 

excitations, although they were strong enough and did not deflect excessively. Following complaints by their 

users, the floors were tested and failed the vibration serviceability design criterion (Murray, 198 1; Bachmann 

ct al., 1991a; 1995a). Although not uniquely formulated, this criterion has emerged as a general design 

rcquircmcnt in practically all modem building codes based on limit state design principles. 

Unlike composite and timber floors, monolithic cast in-situ concrete floors used widely in office construction 
have an excellent track record with regard to their past vibration performance (OhIsson, 1988a; Khan & 
Williams, 1995). In other words, complaints about their vibration behaviour are rare, in fact, almost non- 
existent. Therefore, the focus of researchers in the past was mainly on the more lively composite and timber 
floors. 

Vibration serviceability problems were first observed to occur in greater extent in steel joist-concrete 

composite floors in the 1950s and 1960s. This was a consequence of the move to greater slenderness and 
larger open-space areas. A similar push towards new technology with prestressed post-tensioned floors could 
rcsult in similar problems of excessive liveliness. 

At the moment, designers of post-tensioned floors in the UK are aware of the potential problem if longer 

spans are required. This fact has been confirmed through private correspondence with leading UK designers 

and developers of post-tensioned concrete floors. These include the UK division of PSC Freyssinct (Bennett, 
1995), Bunyan Meyer & Partners (Khan, 1994; Pearman, 1997), and Gifford & Partners (Stevenson, 1995). 
However, although some design guidelines exist (Concrete Society, 1994), these design authorities have also 
confirmed that checking and/or assessing the vibration serviceability of post-tensioned floors is, at the 

moment, far from being a routine design procedure. 

The UK Concrete Society tried to address this issue in their recently published Technical Report 43 
(Concrete Society, 1994). Technical Report 43 is the third and the latest edition of a Concrete Society 
handbook which describes the state-of-the-art in the design of post-tensioned floors. Ile handbook has been 

used since the late-1970s throughout the world. The previous editions were Technical Report 17 (Concrete 
Society, 1979) and Technical Report 25 (Concrete Society, 1984). The 1994 edition contains, for the first 

time, procedures for checking the vibration serviceability of long-span post-tcnsioned floors supporting 
off ice environments. Unfortunately, some initial trials (Caverson, 1992; Williams & Waldron, 1994) and the 
feedback which the writer received from industry (Bennett, 1995; Khan, 1994; Pearman, 1997) indicate that 

the vibration serviceability provisions in this design handbook are producing erratic results and, frequently, 

over-conservative designs. Strong indications exist that such, seemingly defcctive, design guidelines could 

seriously undermine the market competitiveness of long-span cast in-situ post-tensioned floors. At the 

moment, however, it is not clear what exactly causes such poor performance of the guidelines for checking 
the vibration serviceability proposed by the Concrete Society (1994). Without this piece of information it is 
difficult to improve them. 
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1.1.4 Lack of Research 

In 1988, when vibration serviceability due to the above mentioned design trends was becoming an issue for a 

much wider range of floors, including concrete floors, the following three general research tasks requiring 
further work were identified (Galambos, 1988): 

1. to quantify rationally human response to vibrating floors as expressed by the emotions of annoyance and 
fear, 

2. to define rationally the excitation input from human activity on the floor which causes vibration, and 
3. to define effectively the structural dynamic model of a real floor in service including determination of 

more reliable damping. 

Very little research has been conducted to date into the development of reliable dynamic modelling 

techniques for monolithic cast in-situ floors, appropriate for checking their vibration serviceability under 
low-level excitation. When developing such modelling guidelines, research into the vibration serviceability 

of other floor types established the common practice of coupling experimental and analytical investigations. 

Ile former being dynamic testing of full-scale floors and the latter being the mathematical modelling of the 

tested structures. Nevertheless, it is interesting to note here that the current vibration serviceability design 

guidelines featured in the mentioned Technical Report 43 are not based on any experimental work on full- 

scale post-tcrisioned floors, as has been confirmed by one of its authors (Feltham, 1995). 

There are two types of loading which usually need considering when analysing the dynamic performance of 

long-span floors under human induced excitation. The first is normal walking and the second includes 

various rhythmic exercise and dance activities (Ji & Ellis, 1994). 

The research reported in this thesis will be focused on vibration serviceability of long-span floors 

accommodating relatively 'quiet' occupancies such as offices. For these occupancies, the dynamic loading 

induced by walking has proved to be the most critical, as vibrations caused by normal walking are frequent 

and may become annoying to other floor users (Ohlsson, 1988b; Wyatt, 1989; Eriksson, 1994). Therefore, 

normal walking is usually related only to a vibration serviceability problem. Bachmann ct al. (199 la; 1995a) 

classified floors under such dynamic loading as the "floors with walking people". This was done in order to 

differentiate this class of floors from those supporting places of assembly under crowd loading, groups of 

people involved in joint exercises and dance-type activities. 

Although a number of mathematical models exist for the simulation of very complex walking excitation, 

there is a general lack of scientifically reliable information as to the performance of these models. This is 

particularly true in the case of numerical modelling of in-situ cast concrete floors where the structural 

response calculations need verification with experimentally obtained data on real structures. 
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1.2 Proposed Solution and Scope 

In order to improve understanding of the dynamic performance of cast in-situ long-span concrete floors, a 
combined experimental and analytical approach will be adopted in this thesis. An excellent overview of the 
general philosophy on which this research strategy is based has been given by Meyer (1987). 

1.2.1 Experimental Testing of Full-Scale Floor Structures 

The principal way forward in order to improve understanding of the dynamic performance of as-built 
concrete floors is to gather and analyse experimental data from field tests performed on full-scale structures. 
There are two main reasons for conducting such experiments. The first is to measure realistic dynamic 

responses of as-built floor structures to various patterns of walking excitation. The second is to determine the 

as-built key dynamic properties of such floors. These are the natural frequencies, mode shapes and modal 
damping ratios. They will be determined by transferring and employing the state-of-the-art modal testing 
technology and procedures as used in more advanced structural dynamic testing employed in the mechanical 
and aerospace engineering disciplines. 

Quality assured modal testing and response measurements performed on each full-scale structure will render 
sets of reliable experimental data which can then be used for comparison with and improvement of the 
analytical modelling. 

1.2.2 Analytical Modelling 

The full-scale floor structures tested will be mathematically modelled mainly using finite element (FE) 

analyses of varying complexity. The FE models will be used to determine the natural frequencies and mode 
shapes, as well as structural dynamic responses to various patterns of walking. In other words, FE modelling 
will be used to produce the measured parameters analytically and enable correlation of the two sets of data. 

1.2.3 Correlation Between Experiments and Analytical Modelling 

Tle aim of correlating results from experiments and relatively sophisticated FE analyses is to produce clues 

as to the vibration behaviour of the floors tested. Firstly, to determine the ways to model their mass, stiffness 

and damping characteristics with more confidence. This approach will produce 'manually' updated FE 

models having the key dynamic properties as close as possible to the relevant measured properties of the real 

structure. 
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Secondly, the response measurements coupled with the response calculations using the updated FE models 
will be used to evaluate some of the existing procedures for modelling walldng across the floors. In addition, 
using the state-of-the-art vibration assessment procedures outlined in the rapidly changing national and 
international vibration assessment standards, the vibration serviceability of the tested floors will be 
appraised. The assessment results, produced from both measurements and FE simulations, will be compared 
in order to determine their degree of correlation and to make conclusions about the appropriateness of the 
various modelling techniques used. 

1.2.4 Critical Appraisal of Vibration Serviceability Guidelines Recommended by 
the Concrete Society 

The modelling techniques recommended by the Concrete Society (1994) Technical Report 43 (CSTR43) will 
be carcfiilly scrutinised. The dynamic properties and the vibration serviceability of the test structures will be 

assessed following the simplified, but not verified, guidelines given in CSTR43. The aim of this exercise is 
to compare these calculations with the experimental results and with the results of advanced FE modelling in 
order to determine possible deficiencies and suggest improvements. 

The proposed strategy, combining experimental and analytical work, is graphically outlined in Figure 1.1. 

1.3 Thesis Outline 

The research work reported in this thesis is presented in nine chapters. As already seen, Chapter I contains 
an introduction to the general problem. The pertinent background reviews and the literature surveyed are 
outlined in Chapter 2. The presented background to the problem is used to pinpoint precisely the gaps in 
knowledge worth investigating in this research. As the proposed solution of the research problem relies on 
analytical modelling, experimental full-scale testing and correlation of analytically and experimentally 
obtained results, the most relevant aspects of the modelling assumptions and procedures adopted are outlined 
in Chapter 3. Due to the fact that no experimental facilities suitable for this research existed in the institution 

prior to this research, Chapter 4 describes the involved process of their commissioning and setting up. 
Chapter 5 deals with the usage of these facilities and execution of field testing performed on four prototype 
floors, including the initial experimental data analysis. These experimental results were used in Chapter 6 for 

various trial and error parametric studies aimed at learning how to improve analytical models of the tested 
floors. Such updated models served as a test-bed for numerical simulations of the walking excitation, which 
are also presented in Chapter 6. A discussion of the research and its findings is given in Chapter 7, whereas 
Chapter 8 contains a summary of its conclusions and recommendations for future work. 
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2 Background and Literature Reviews 
Tbcre are two general types of floors in buildings: (1) suspended floors, which are supported by other 
building elements such as beams, columns or walls, and (2) ground floors, also known as slabs on grade, 
made of concrete and whose surface is supported directly by the ground. Suspended floors are normally 
considered to be a constitutive part of a building structure, frequently termed the building frame. Excitation 
induced by walking which causes vibration serviceability problems is in principle an issue only in the case of 
suspended floors in which annoying vertical vibrations can be developed through bending. 

2.1 Design of Post-Tensioned Concrete Floors 

From a construction point of view, suspended floors are usually made entirely of concrete or of a 
combination of concrete and other construction materials such as steel or timber. Cast in-situ concrete floors 

typically consist of elements made entirely of concrete poured onto formwork on site together with the rest 

of the supporting building frame. Such floors are also known as cast in-place or, simply, in-situ concrete 
floors. 

On the other hand, composite floors are made of pre-manufacturcd concrete, steel or timber elements acting 
compositely with the concrete slab (or 'topping') which forms the floor surfitce. Such forms of construction 
are typically supported by a system of beams and a building fi-ame which is made of concrete, steel or 
timber. Floors made entirely of steel, timber or other non-concrete materials do exist, but they are not widely 
utilised in modem building developments. 

Concrete floors, therefore, can be divided into two large sub-groups: (1) in-situ floors; and (2) composite 
floors. In-situ concrete floors as defined above are typically either reinforced or prestressed post-tensioned 
(PT). If composite floors are made entirely of concrete, precast elements are typically utilised. Such elements 

can be either classically reinforced or prestressed. The focus of this research work is on vibration 

performance of in-situ concrete floors, particularly long-span PT floors. Vibration behaviour of long-span 

floors made of in-situ high-strength concrete (HSC) with normal unstressed reinforcement will also be 

investigated, but to a much lesser extent. 

A prerequisite for successful dynamic analysis of PT floors is, naturally, a clear understanding of the 

principles of their design under static load. Compared with the other flooring systems, design of PT floors is 

not routinely carried out in typical UK design offices. Only a handful of specialised UK consultants and 

contractors have the capability of designing PT floors. However, this, almost half-a-century old technology is 

extensively used overseas. 
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A detailed description of the basic design principles, materials, equipment and construction methods for 

post-tcnsioncd floors arc given by Khan and Williams (1995) and other more or less spccialiscd texts on 
prestressed concrete design (Lin & Bums, 1982; Nilson, 1987; Gilbert & Micklcborough, 1990; Fintel, 1985; 
Hurst, 1988; Gerber, 1991; Stevenson, 1994; Concrete Society, 1979,1984,1994; FIP, 1980; PTI, 1977, 
1990; VSL International, 1972; Ritz et al., 1985; Matthew & Bennett, 1990; Goodchild, 1995; Zahn & Ganz, 
1992). Most of these references have already been surnmarised by the writer (Pavic, 1993) and the same 
exercise will not be repeated here. 

I'lic references consulted clearly indicate that modem design practice considers vibration serviceability as 
just one of several key design requirements which suspended concrete floors have to satisfy. These design 

requirements are based on philosophy of limit state design formulated in order to satisfy the principal aims in 

civil engineering structural design. 

2.1.1 Limit State Design 

Firstly, and most importantly, a structure has to be safe. Secondly, the safe structure must be functional, that 

is it is able to perform satisfactorily from day-to-day throughout its life span. If a structure becomes unsafe or 
is safe but fails to perform in service, then it reaches one or more of these limit states. The principal idea 

behind the limit state design method is to adopt a probabilistic approach and keep the structure from reaching 
the limit states with a certain pre-determined level of confidence (Kong & Evans, 1987; Gilbert & 

Mickicborough, 1990). 

2.1.2 Limit States of Concrete Structures 

Methods for the application of the limit state design philosophy, adopted by modem concrete design codes, 

vary slightly from country to country. All of them, nevertheless, define two main categories of limit states: 

ultimate and serviceability. 

Ultimate limit states (ULS) are reached when a concrete structure or element collapses due to any reason 

such as loss of equilibrium of the whole structure, instability, rupture or transformation of a structure into a 
mechanism. 

ne new ASCE Standard 7-95 (ASCE, 1995) defines the serviceability limit states (SLS) as: 

"... conditions in which the functions of a building or other structure are impaired because of local 
damage, deterioration or deformation of building components or because of occupant discomfort". 
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Occupant discomfort is mainly caused by vibration motion of a building as a whole or of individual building 
floors. Whereas wind typically excites (tall) building vibrations, the occupant activities are the main source 
of floor vibrations (Ellingwood, 1996). 

Reaching any of the ultimate limit states is highly undesirable as it may have catastrophic consequences 
leading to loss of life. Naturally, much research cffort in the past has been devoted to these limit states 
(Ellingwood et al., 1986) in order to provide the engineering community with reliable design procedures 
which produce safe structures. However, a good design must also not be ovcr-conservative as it will not be 

considered economically viable. It should, therefore, be stressed that, apart from safety and serviceability, 
economy plays a major role in successful contemporary concrete design. 

Interestingly, Deak and Holicky (1993) recently reported that an "overwhelming majority of structural 
defects observed today are classified as serviceability, rather than safety problems". This was explained to 

some extent by MacGregor (1988) who blames the inability of engineers to formulate reliable models for 
dealing cffectively with serviceability problems in design. The reason for this is that it is much more difficult 

to define SLS failure than ULS failure. This is because binary 'pass' or 'fail' criteria, typical for ULS 

analyses, may not be easily definable for their SLS counterparts. If minor structural damage or equipment 
malfunction is the criteria against which the selected SLS (deflection, vibration, etc. ) is going to be 

evaluated, then such failure is relatively easy to define mathematically. However, if an SLS failure is to be 
detected by a subjective human response (feeling vibrations, fear of sagging or cracking, etc. ), then the 

acceptable limits are, to use MacGregor's expression, much more "fuzzy". This is because of the great 
variability in perception of different human observers. Together with the generally lower amount of research 
cffort put into SLS problems (compared to ULS problems), this prompted MacGregor to conclude that: 

"Me calculation models available in serviceability limit states are much poorer than the strength 
calculation models. As a result, the treatment of serviceability in design is at a much less sophisticated 
level than the treatment of structuml safety. " 

IrvNin (1978), Ellingwood and Tallin (1984), Ellingwood et al. (1986), Ellingwood (1989) and Eriksson 

(1994) reached similar conclusions and stated the probable reasons for the general lack of interest in 

serviceability issues. In addition to the reasons already mentioned, basic experimental data on as-built 
performance was identified as being more available to practitioners than researchers. 

Not surprisingly, since the construction of PT floors started in the USA in the 1950s, the bulk of the research 

work into their behaviour has been focused on the investigation of ultimate limit states such as flexure and 
shear. Comparatively fewer investigations have been carried out on the floor serviceability problems such as 
deflections and cracking. Almost no published research, of the systematic kind and amount performed for 

other limit states, existed into vibration serviceability of PT concrete floors prior to the commencement of 
the work on this doctoral thesis in September 1993. 
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2.1.3 Typical Design Procedure 

11 

Whereas strength considerations typically govern the design of reinforced concrete structures, serviceability 
tends to be the governing design criterion in the practical design of typical prestressed concrete structures. 

Khan and Williams published an excellent textbook (Khan & Williams, 1995), the first of its kind, describing 

the state-of-the-art in the design and construction of PT concrete floors. They offered an algorithm, shown in 

Figure 2.1, of the steps which are typically performed when designing a PT floor in practice. Whereas the 

control of cracking is indirectly incorporated in the check of initial and final concrete stresses, and the check 

of deflections; is explicitly shown, the algorithm does not offer a stage in the design when a vibration 

serviceability check(s) should be performed. Although the textbook contains a discussion of the vibration 

serviceability problem, clearly indicating that the authors did not neglect it, this omission illustrates that the 

whole issue is, somehow, a 'grey area' which practitioners still hesitate to include in everyday design 

(Williams, 1997). The writer's personal experience gained while working as a consultant on floor vibration 

serviceability problems for two major UK developers of concrete floors, PSC Freyssinet Ltd (Brackncll) and 
SCC Ltd (Sheffield), also underpins this view (Bennett, 1995; Waldron & Pavic, 1995, Petkovski ct al., 
1997; Pavic & Reynolds, 1997; 1999). 

Ideally, the vibration serviceability check should be done immediately after the floor occupants and usage, as 
well as its spans, cross sections, material properties, and loads are determined (shaded box in Figure 2.1). 
These parameters, in principle, provide enough information for checking the vibration serviceability. Hcnce, 
it is prudent to perform this check as soon as possible in order to reduce any waste in design time should the 
floor be found to be deficient. Any such deficiency may require significant structural changes and a 
repetition of the design. 

Nevertheless, the crucial problem in the design stage of in-situ PT concrete floors is how to create a reliable 

model to perform such vibration serviceability checks. These floors have some unique structural properties 

which arc difficult to model following the procedures which have been established through combined 

experimental and analytical research of other types of floors, such as composite stecl-concrete or timber 
floors. 

2.1.4 Structural Properties of Post-Tensioned Floors 

PT floors are not always fully cast in-situ. Iley may also be constructed as a hybrid of in-situ and precast 
concrete elements (Stevenson, 1994; Goodchild, 1995). The principal interest of this thesis is in monolithic 
long-span concrete floors made entirely of in-situ concrete cast integrally with the rest of the building fiwne. 
Tlicrefore, the term 'post-tensioned (PT) floor' is used here to denote such a form of construction which can 
be built employing a variety of construction methods and structural forms (Khan & Williams, 1995). 
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2.1.4.1 STRUCTURAL FORMS OF POST-TENSIONED FLOORS 

PT floors are typically constructed as: 

" One-way spanning ribbed slabs (Figure 2.2); 

" Banded beam and slab construction (Figure 2.3); 

" Flat slabs (Figures 2.4 and 2.5). 

It is worthwhile mentioning that the term flat slab means that there are no downstanding beams protruding 
from its soffit - such floors are bean-Jess. However, this does not necessarily mean that the slab is always 

solid because coffercd (or waffle) slabs having ribs running in two directions could also be considered as a 

sub-group of flat slabs (Figure 2.5). A flat plate is a term, frequently used in North America, which is 

reserved for the solid flat slabs supported directly by columns (Libby, 1990), as shown in Figure 2.4a. 

Alternatively, column heads or drop panels may be introduced in solid flat slabs (Figure 2.4b and c) in order 
to increase their punching shear resistance. 

2.1.4.2 STn; Tmss AND MAss Disnuimiw iN PosT-TENsioNED FLooRs 

Figures 2.3,2.4 and 2.5 show some typical configurations of PT floors, such as solid flat slabs or banded 
bcam and slab construction, which normally do not exist in other flooring systems, such as timber and 
composite steel-concrcte floors. 

For example, in composite steel-concrete floors, relatively deep and stiff joists and/or girder beams 

supporting the rest of the floor are clearly identifiable. Flat slabs do not have any such beams, whilst band 
beams in slab and beam PT construction are usually wide and shallow. 

The usual classification of floors into one- and two-way acting systems, based on the static load paths and 

governed by stifffiess distribution, requires ffirther consideration in the case of PT concrete floors. In PT 

floors, the distribution of static design load depends not only on the geometry (i. e. stiffness) of the floor, but 

also on the distribution of prestressing and the amount of the design load that it balances. For example, a 

typical two-way acting flat plate having tendons which balance the design load in only one direction (Figure 

2.6b) will become a one-way floor system for the balanced portion of the static load. This is one of the key 

concepts in the design of PT floors described by Nilson (1987) in considerable detail. However, although 

one-way acting for static loading, such flat slab or banded beam-and-slab systems may develop two-way 

action under low-level dynamic loading (Caverson, 1992; Pavic ct al., 1994; Khan & Williams, 1995). 

If design loads are not excessive, the prestressing tendons may be passed through the slab thickness without 

any need to introduce downstanding beams. This is how an integral 'invisible' beam is formed in a solid flat 

slab. If beams are required, then they may typically be wide and shallow as mainly the prestressing, and not 

the concrete beam bending stiffness, balances a large proportion of the design load and counteracts 
deflection (Khan& Williams, 1995). 
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Ile non-existence of beams, or the presence of wide, shallow and relatively flexible band beams, which 
nicely blend with the rest of the slab soffit, makes it difficult to determine the mass and stiffhess distribution 
in post-tensioned floors using simplified bcarn-like models (Williams & Waldron, 1994). Such modelling 
procedures are typically employed when checking the vibration serviceability of, say, composite steel- 
concrete floors. In such floors, the concrete slab and the supporting lines made of stiff steel beams are clearly 
identifiable allowing more confidence in the structural rationalisation using linear bcam elements to simulate 
the assumed one-way action of the whole floor system. 

2.1.4.3 MONOLITHIC BEHAVIOUR 

PT floor panels (BSI, 1985), which are cast in-place, are expected to act monolithically with the remaining 

panels and other elements of the building frame. There arc several reasons for this. Firstly, they arc in-situ 

structures where, by the very nature of the construction method, the elements which are cast together also act 

together after the concrete hardens. Secondly, the standard design details associated with the unstressed 

secondary reinforcement and connections (overlapping, anchoring, etc. ) in cast in-place concrete buildings 

encourages this joint action. Thirdly, prestressing tendons, bonded or unbonded, typically run continuously 

along several floor spans further ensuring continuity. Finally, there is a design requirement to pass at least 

two tendons through the supporting columns, primarily in order to enhance the shear resistance of the floor 

(Concrete Society, 1994). The resulting column-slab connection could, actually, be so strong that Khan and 
Williams (1995) state that: 

"The moments in a floor may also be affected by the imposition of live load on the floors above and 
below, but this is normally ignored [in the design for static loads]. " 

However, the dynamic model aimed at checking the vibration SLS of in-situ PT concrete floors, which is 

recommended by the Concrete Society (1994), utilises pin-supports allowing free rotation (Feltham, 1995). 

The roots of such a modelling assumption are in ULS design calculations where such simplifications proved 

to be perfectly justifiable when structural elements are under a high level of loading (Eriksson, 1994). 

However, the amount of error introduced by such a modelling assumption and its consequences as to the 

design assessment of floor vibration serviceability are not exactly known, although some early indications 

exist that they might be severe (Williams & Waldron, 1994). 

On the other hand, composite floors made of pro-manufactured concrete elements are naturally 'disjointed' 

from the rest of the building frame. Considerable attention must be paid to the connections between the 

precast elements and the subsequent load bearing elements in a building frame in order to achieve the desired 

level ofjoint action. 

It is interesting to mention here that rather unfortunate but unique 'dynamic testing' of a number of full-scale 

concrete buildings utilising precast and in-situ PT concrete floors took place during the Northridge 

earthquake, USA in 1994. Compared with the in-situ cast counterparts, the precast structures performed 

rather poorly, the main problem being the lack of continuity between the horizontal and vertical load bearing 
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elements in many collapsed precast structures (Freyssinet International, 1994). "Merefore, it is prudent to 

make a clear distinction between in-situ and various types of precast composite concrete floors as possibly 
different levels of the structural monolithisation may affect many aspects of structural behaviour, including 

vibration performance. 

2.1.4.4 ADvANTAGEs AND DisADvANTAGEs oF PT FLooRs 

The main advantage of utilising post-tensioning in in-situ concrete slabs is the reduction in thickness which 
leads to smaller column and foundation sizes. In practice, PT floors can accommodate 50% greater spans 
then their classically reinforced counterparts of similar thickness (Figure 2.7). 

Stevenson (1994), however, gave a list of popular misconceptions about PT floors mostly related to the 

utilisation of 'dangerous' unbonded tendons. Industry tends to perceive these misconceptions as 
disadvantages of PT floors. 

Regarding the pros and cons of PT floors as structural systems, in 1979 Mays reviewed and compared the 
then existing internationally adopted procedures for the design of in-situ PT floors in buildings. The 

numerous benefits of the structural system were outlined and it was explained that seemingly over- 
conservative shear design was the principal reason for the unpopularity of the system in the UK. 

Mays also mentioned two additional possible deficiencies of long-span in-situ concrete floors. The first was 
the shortening of long PT slabs due to prestressing, creep and shrinkage. The second was the existence of a 
limit, which was not stated, to which the thickness of the floor could be reduced before the floor became 

"springy and disconcerting to walk on" clearly expressing concern about the floor vibration serviceability. 
Whereas the problem of shortening could be remedied by careful detailing and the use of expansion and 

construction joints, Mays offered no clue as to how to tackle the possible vibration serviceability issue. 

2.2 State-of-the-Art Assessment of Vibration Serviceability 

Vibration is an omnipresent form of dynamic motion in which the structure oscillates about an equilibrium 

position (Meirovitch, 1986). Such motions arise from the interaction between time varying structural 
disturbances, such as forces or imposed displacements, and inertial properties of the structure (ISO, 1992). 

Vibrations are a constitutive part of the environment and are unavoidable. In principle, everything vibrates 

all the time. The problem with vibrations occurs when they become excessive causing annoyance, 

malffinction of sensitive equipment, damage or structural failure. The human annoyance factor is, however, 

the most frequent vibration serviceability problem. For example, vibration is regarded as one of the seven 

main sources of environmental pollution in Japan (Abe et al., 1994). 
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Although the problem of human vibration is, reportedly, very difficult to deal with, design decisions have to 
be made in contemporary design practice where the vibration SLS has to be considered. An outline of a 
general state-of-the-art procedure based on the latest international ISO 10137 (ISO, 1992) and British 

standards BS 6841 (BSI, 1987a) and BS 6472 (BSI, 1992) will be presented here. 

Following the ISO 10137 procedures, the first step towards the assessment of vibration serviceability of 
floors is to identify and characterise the following three key factors: 

1. the vibration source, 
2. the transmission path, and 
3. the receiver. 

2.2.1 Vibration Source 

'Me sources of floor vibration generate dynamic actions which may vary both in time and in space. They can 
be divided into two groups: (1) inside (or internal), and (2) outside (or external). 

Typical examples of internal floor vibration sources, originating in the building, arc: 

Human excitation, such as walking, running, jumping and stomping; 

Machinery, such as elevators, lift trucks, punches and presses; 

Various construction activities within the building. 

ISO 10137 defines two general classes of vibration serviceability problems depending on the vibration 

source. Class A problems are much more complex as they involve vibration sources which vary both in 

space and in time. Class B problems are caused by stationary vibration excitation which changes only in 

time. Excitation of floors induced by the walking of its occupants is an example of a Class A problem, 

whereas excitation from mounted machinery is a Class B problem. As regards the Class A problems, ISO 

10 13 7 states that: 

'Ilie complexity of these problems is one reason why many of them have been treated by empirical 
methods, or by extensive use of measurements on similar existing structures. " 

2.2.2 Transmission Path 

The transmission path is a medium which passes on excitation from the vibration source to the receiver. 
Structural components transmitting vibrations could be foundations, columns, walls and floors, whereas non- 

structural paths may be access floors, removable partitions, cladding, etc. Physical properties of the 

transmission path, such as stiffficss, mass or damping, modify the vibration excitation at the source into a 

structural response 'felt' at the position of the receiver. 
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2.2.3 Receiver 

ISO 10137 defines the receiver as 'Vie object or person for which the vibration cffccts are to be assessed". 
The persons are, obviously, the human occupants of the building whereas the objects can be either vibrating 
structural or non-structural elements (windows, walls, beams, slabs, ctc. ) or contents of the building such as 
instruments or machinery. An amount of vibration passed to the receiver should be evaluated in accordance 
to certain established criteria. This evaluation is the core problem of the vibration serviceability assessment. 

As to the floors, two types of vibration serviceability assessment exist: (1) the evaluation by calculation 
during the floor design stage, and (2) the evaluation by vibration measurement of already built fiill-scale 
floor structures (ISO, 1992; Griffin, 1996). In both cases, the state-of-the-art assessment approach, based on 
a proper characterisation of the vibration source, transmission path and receiver, is required. The difference 
between the calculation and the measurement based assessments comes, naturally, from the way that the 
response at the receiver is obtained. In the case of the former, it is obtained by mathematical modelling of the 
structure and performing its (analytical) vibration response calculations for the given vibration excitation. In 
the case of the latter, the response is obtained by measurements on a real-life floor structure under the 
specified excitation. 

Although this rationalisation of the vibration serviceability problem into the characterisation of the vibration 
source, tmnsniission path and receiver may seem simple, it is, actually, a very difficult task requiring a 
thorough understanding of the floor vibration phenomenon. For example, it is common for humans to act as 
both the floor vibration exciters and receivers (Wyatt, 1989). If this is the case, as it is here, then a 
considerable amount of background knowledge is required in order to understand the appropriate vibration 
serviceability criteria and to apply the latest national and international vibration evaluation standards. Those 

standards are far from being perfect (Bolton, 1994; Eriksson, 1994), but Griffin (1996) justifies this by 
saying: 

"Me shaking of the human body -a complex, active, intelligent dynamic structure - should not be 
expected to have a single, simple or easily predictable consequence. "' 

In 1988, Galambos characterised the knowledge of floor vibration serviceability as "only the beginning of 
what should be known". In addition, only two years ago Ellingwood (1996) assessed treatment of the floor 

vibration serviceability (together with other serviceability requirements) in the wider engineering community 
in the USA as having "a significant degree of ambivalence" and as "controversial". The main problem being 

whether or not to treat the vibration serviceability requirements as mandatory in the building standards and 
codes of practice. The relevant ASCE Committee 7 was, according to Ellingwood (1996), deeply divided 

over this issue. As a result, the limited floor vibration serviceability provisions given for the first time by the 
ASCE (1995) are non-mandatory. Similar provision exists in ISO 10137 (1992), the four Annexes of which 
contain the most valuable practical information as to the problem of vibration serviceability. The Annexes 

are still "for information only". 



Background and Literature Reviews 17 

However, this does not mean that vibration serviceability is considered by the ASCE as unimportant. For 

example, the only consensus the ASCE Committee 7 managed to reach was that compliance with the 

serviceability requirements directly afficts the building cost and is, therefore, very important for the client. 
This is the main reason why the ASCE (1995) serviceability requirements arc given, but are non-mandatory. 
Consequently, the research community should provide designers with appropriate procedures to deal with all 
serviceability limit states, including floor vibrations (Ellingwood, 1996). 

To conclude, the main idea of the state-of-the-art procedures which are mentioned so far and are, in general, 
accepted worldwide, is to provide the common framework not only for future designs but also for research 
(ISO, 1992). Future research work should, nevertheless, draw on the numerous past investigations pertinent 
to the vibration serviceability of building floors which are presented in the following section. 

2.3 Vibration of Floors: Literature Review 

The principal aim of the review is to outline the key features of the floor vibration serviceability problem and 
determine areas where lack of knowledge exists and which it would be prudent to focus on and pursue in this 
thesis. 

2.3.1 Early Works 

Most of the knowledge about vibration performance of suspended floors in buildings has been gained during 

this century. However, evidence that floor vibrations were an issue even in the last century exists. AJlcn and 
Rainer (1975) and Sabins (1979) quoted the following statement made in 1828 by Tbomas Tredgold, a 
famous carpenter and one of the fifty founders of the ICE: 

"Girders should always, for long bearings, be made as deep as they can be got; an inch or two taken from 

the height of a room is of little consequences compared with a ceiling disfigured with cracks, besides the 
inconvenience of not being able to move on the floor without shaking everything in the room. " 

I lyde and Lintern, reported in 1929 that there had been a considerable concern about the damage to roads and 
buildings due to external vibrations caused by the growing transportation systems. According to them, the 

problem was not new as H. R. A. Mallock had experimentally investigated in 1901 vibrations caused by the 
Central London Railway. Prompted by numerous complaints, Mallock investigated the cffccts of vibration 
from passing trains on houses near Hyde Park. This work is one of the earliest pieces of evidence of research 

on human sensitivity to vibrations in buildings (Steffens, 1965). Mallock considered floor (presumably peak) 

accelerations of 5%g to be a nuisance whereas five time lesser accelerations could be considered as 
"noticeable" to the floor users. He also maintained that different people will have different personal 
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sensitivity to the same floor vibrations. This was one of the first attempts to understand the variability in 

subjective annoyance to vibrations (Dupius & Zerlctt, 1986). 

Working almost 30 years later on a similar problem, Hyde and Lintern dismissed the use of Mallock's 

equipment for measuring vibrations as unsuitable and obsolete so they designed their own. The requirements 
which the new mechanical vibration measuring instrumentation had to satisfy were: (1) portability, (2) a low 

natural frequency of the main transducer, (3) an easily reproducible graphical recording, (4) adequate 
mechanical scaling, (5) long data recording times, and (6) high sensitivity. Interestingly enough, 70 years 
later, almost the same requirements can be put forward when commissioning a modem digital data 

acquisition system suitable for field measurements and the assessment of vibration serviceability in 
buildings, as will be shown in Chapter 4 of this thesis. 

Hyde and Lintern measured maximum floor accelerations of 2% g. For the relatively short duration of 
measurements such acceleration levels were said not to constitute "nuisance". However, it was concluded 
that "a persistent vibration of this nature would be decidedly uncomfortable to persons in buildings", 
indicating an awareness of the effects of vibration exposure duration on human response. 

Since the 1930s the number of papers related to various aspects of human vibration has been growing 
rapidly, particularly because of the fast development of transportation where problems due to higher level of 
vibration imposed on humans are more pronounced. As the Problem of such vibrations is generally different 

to the problem of low-level vibrations in buildings, there was a need in this project to classify the vast 
literature available to date in order to handle it cffectively. 

2.3.2 Classification of the Published Literature 

Research into vibration serviceability of concrete floors is interdisciplinary as it encompasses broad scientific 
areas such as signal analysis, human vibration, (bio)mechanics of walking, concrete structural engineering, 
experimental and analytical structural dynamics, etc. There is a lot of published literature covering one or 

more of these aspects. However, if focused on low-level vibrations of long-span floors supporting relatively 
quiet occupancies, which is the subject of this thesis, the range of pertinent literature can be reduced 
considerably. The literature surveyed may conveniently be divided into the following groups: 

Group 1: Literature mainly covering determination and modelling of dynamic forces caused by 

walking (vibration source charactcrisation). Apart from office floors, such excitation is 
important when analysing various more specialised pedestrian structures such as footbridges 

and stairs. 

Group 2: Literature covering research into dynamic properties of floors as structural systems 
(vibration path characterisation) without considering in detail the vibration source or its 

receiver's response. 



Background and Literature Reviews 19 

Group 3: Literature covering the area of the receiver's response to vibrations without considering in 
detail the vibration source or its path (vibration receiver characterisation). Typically, the role 
of the receiver is taken either by humans (Griffin, 1996) or sensitive equipment (Ungar & 
White, 1979; Shioya & Maebayashi, 1988), the former being much more publicised thari the 
latter. Publications into general human response to vibrations are pertinent to many areas 
such as defence, transportation, health and safety. For example, the review by Griffin alone 
(1996) contains more than one thousand references on human vibration. However, very 
many of these are not relevant to the problem of low-level floor vibrations in quiet building 

occupancies. Compared to other applications, human response to building vibrations is 

under-represented in this group. 

Group 4: Literature covering vibration performance of floors in relatively quiet environments where 
all three key factors, the vibration source, path and receiver, are considered together. This 
integrated (or 'packaged') approach can frequently be encountered when dealing with 
vibration serviceability of any type of floors in buildings (Wyatt, 1989; Eriksson, 1996). 
Consequently, the majority of papers which specifically cover floor vibration serviceability 
belongs to this group. 

Group 5: Literature covering vibration performance of a wider range of structures, mainly under 
dynamic loads induced by groups of people. These publications typically deal with 
footbridges (Leonard, 1996; Smith 1969; Blanchard ct al.. 1977; Campbell ct al., 1979; 

Wheeler, 1980; 1982; Tilly ct al., 1984), grandstands, gymnasia, dance floors (Allen ct al., 
1985; Rainer & Swallow, 1986; Allen 1990a; 1990b) and other types of structures where, 

generally, greater levels of vibration occur. 

Group 6: State-of-the-art reviews or proceedings of specialised conferences published from time to 

time, where literature from all the above mentioned groups is included (Steffens, 1952; 1965; 

1974; BRS, 1955; Galambos et al., 1973; BRE, 1983; Bachmann et al., 1991a; 1995a; 
NRCC, 1988; LUSE, 1993). 

The literature classified as Group 4, where all the key elements of low-level, but possibly annoying, floor 

vibrations are considered, is the most relevant to the investigation reported in this thesis. Vibration 

serviceability of lighter timber and composite stcel-concrete floors is particularly well elaborated in this 

group. However, more relevant for this investigation are heavier low-frequcncy floors made of concrete 
(Wyatt, 1989; Eriksson, 1994). Only a handful of papers, mainly published in the course of this research 

work, treat the vibration serviceability of cast in-situ reinforced and PT concrete floors. 
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2.3.3 Walking Excitation 

One of the first papers dealing with the forces caused by human walking was published by Harper (1962). 
The research described was not related to vibrations of floors but to the abrasion and slipperiness of floor 

surfaces. For these, the exact level of vertical and horizontal forces transmitted from a foot to the floor 

surface is of crucial importance. The reported force vs. time measurements involved several human subjects. 
All of the traces clearly resemble the characteristic 'two peak' forcing pattern (Figures 2.8 and 2.9) observed 
by many researchers afterwards (Bachmann et al., 1991a; 1995a). These time-varying force fluctuations are 
caused by inertial forces developed through the acceleration and deceleration of a human body which rises 
and falls during walking. As a relatively small single force plate was used, only time-varying forces from a 
single footstep were recorded. This was the main deficiency of these and other similar measurements 
(Ohlsson, 1982; Bishop et al., 1995) as no continuous walking excitation including both feet and their 
interaction was registered. Nevertheless, Harper characterised walking footprint time signatures as "broadly 

similar for all subjects" indicating that some sort of generalisation of the walking forcing function could be 

possible for the whole human population. 

This was supported by Leonard (1966) and Smith (1969) who investigated vibration serviceability of 
footbridges and reported that the walking excitation appears to be periodic with frequencies between 1.5 Hz 

and 2.3 Hz. However, in the late 1960s, the charactcrisation of such periodic excitation and its 
implementation into dynamic calculations of footbridge vibration responses was (still) quite difficult. This 

was the reason for Smith to comment: 

"Mere is no method known to the author for calculating the dynamic response of a simply supported 
beam arising from loads applied by a person walking across. " 

Galbraith and Barton (1970) were involved in the development of an intruder detection system which would 
be based on earth micro-trcmors caused by walking or running of an intruder. Forces induced by such 
activities were measured. It was found that walking and running produce markedly different forces where 
those corresponding to running were shorter in duration and greater in magnitude. Also, in running, periods 

when both feet were off the ground were clearly observable between the forcing peaks. On the other hand, in 

periods of normal walking forces induced by left and right leg overlapped which means that both legs were 

periodically on the ground (Figure 2.8). In addition to the type of movement (walking or running), the paper 

reported that the weight of a walker plays a significant role in determining the magnitude, but has less effect 

on the actual shape of the force fluctuation. Finally, the type of footwear and traversing surface were found 

to have little effect on the forces applied by human movements. 

Blanchard et al. (1977) used results from measurements of the periodic forcing function induced by walking 
to establish a procedure for checking vibration serviceability of footbridges adopted in the current UK 

standard which describes loads for highway bridges (BSI, 1978). By treating the walking forcing function 

(Figure 2.8) as periodic, and decomposing it into Fourier series components, it was found that the peak of the 
fundamental harmonic corresponds to a quarter of the weight of the walker. Blanchard ct al. proposed only 
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the fundamental harmonic to play the role of the complete timc-varying excitation due to walking. A similar 

method was used by Matsumoto ct al. (1978) who found that the pacing rates are normally distributed around 
two paces per second. It should be mentioned that the modelling procedure based on a fundamental harmonic 

only was dismissed by Ellingwood (1989) as inadequate when checking the vibration serviceability of floors. 

Ellingwood maintained that a more detailed representation which would include the heel impact and toe lift- 

off (i. e. higher harmonics) is required in the case of floors. 

Wheeler (1980; 1982) also investigated pedestrian-induccd vibrations in footbridges. After compiling the 

work of others, he gave an excellent description of the excitation caused by six different modes of human 

movements: (1) slow walk, (2) normal walk, (3) brisk walk, (4) fast walk, (5) slow jog, and (6) running. 
These forcing functions are shown in Figure 2.9. Ile speed of walking was determined to be between 
0.75 m/s (slow walk) to 1.75 m/s (fast walk). 

2.3.3.1 IwERFEcTNEss oF HumAN-INDucED ExcrrATioN 

Tilly et al. (1984) also investigated walking excitation in conjunction with the vibration serviceability of 
footbridges. It was reported that 95% of people walk normally with a pacing rate of 1.5 to 2.5 steps per 

second. Also, it was suggested that, being periodic and non-sinusoidal, walking forcing functions have 

higher harmonics in addition to the fundamental. Frequencies of these are integer multiplies of the 
fundamental walking frequency (1.5-2.5 Hz) and, in principle, have the potential to excite the fundamental or 
other vibration resonances in footbridges. However, it was also found that humans are not as perfect exciters 
as, say, machines, able to maintain the pacing frequency which excites the footbridge resonance spot-on. 
This is especially so in the case of lightly damped structures. In such structures, due to the narrowness of 
peaks around resonances in the FRIF modulus function, and due to large response amplification at resonance, 
only a slight off-resonance (or near-resonance) excitation may result in a tremendous reduction in the 

response. This important aspect was clearly confirmed by Matsumoto et al. (1978) and, to some extent, by 

Tuan and Saul (1985; Saul & Tuan, 1986). Tuan and Saul reported that movements of an individual or a 

group of people could not be precisely duplicated in repeated experiments even when a timing device was 

used. 

Rainer et al. (1988b) also reached a similar conclusion about the imperfectness of the periodic excitation 
induced by walking humans on footbridges. The sinusoidal steady-state SDOF response models of a 
footbridge, which are based on walking harmonics exciting the first mode resonance, are shown to be 

conservative. Such analytical models produced peak accelerations which were almost twice higher than the 

measured peak accelerations even though the pacing rate was deliberately timed in the footbridge 

experiments to excite the resonance. 

Ellis and Ji published in 1994 two linked papers proposing modelling of human induced dance-type loads. 

The first paper (Ji & Ellis, 1994) maintains that dance-type loads, as somewhat impulsive and periodic, may 
have many significant Fourier harmonics above the 3d harmonic, which is usually considered as the highest 



Background and Literature Reviews 22 

important loading harmonic for walking excitations. The sequel to the first paper (Ellis & Ji, 1994) attempts 
to verify experimentally that even the 6h harmonic of jumping can excite structural resonance (at 

approximately 14.4 Hz). The experimentally measured peak accelerations were about 20% g, which was 3 

times lower thaii the predicted peak accelerations assuming that the exact resonance of a SDOF dynamic 

model has been achieved. Difficulties were reported for a single human subject to adjust the jumping 

frequency so precisely that exact resonance is achieved in a simply supported beam having a low damping 

ratio of only 0.35%. Despite this, the authors concluded that higher harmonics of dance-type loads can excite 
"resonance" 

, although, a term 'ncar-resonance' instead of 'resonance' would have been, perhaps, more 

appropriate. 

2.3.3.2 RECENT ADVANCES IN DEFINING EXCITATION DUE To WALKING 

Recognising that vibration serviceability is increasingly the governing design criterion for floors, Eriksson 

(1996) proposed that it should be the owner's responsibility to specify dynamic service actions for which the 

floor should be designed. In order to facilitate such a decision, the following list of so called service action 

classes is given: 

" Class A 1: Light domestic type activity, 

" Class A2: Intermittent pedestrian traffic (e. g. office corridors); 

" Class A3: Public pedestrian traffic and light machine installation; 

" Class A4: Crowded open space or mall areas without vehicle traffic; 

" Class A5: Open space areas with vehicle traffic and pedestrians; 

" Class A6: Medium machine installations and vehicle traffic; 

" Class A7: Dance halls and gymnasia; 

Class A8: Assembly areas for concerts or sports events; 

Class A9: Heavy machine installations and vehicle traffic. 

This list is similar to the one produced by Bachmann et al. (1991a, 1995a), and, obviously, Class A2 

excitations can be identified as pertinent to the research work presented in this thesis. The proposed 

excitation corresponding to this class is "a single person walking assumed to tread in place". Eriksson also 

suggested a "return period" for walking excitation, i. e. how often a single person can be expected to traverse 

a floor and cause vibrations. In the case of offices it may be assumed to be anything between 60-3600 s. 

Excitation in other classes is typically very much different to Class A2 cmphasising that it is extremely 

important to have a clear idea about the fiinction of the floor prior to embarking on its vibration 

serviceability assessment. This stresses the role of the client and/or owner who should have the 

influence when deciding about the required level of the building performance (i. e. serviceability) in 

conjunction with the increased cost when better performance is required (ASCE, 1995; Ellingwood, 1996). 



Background and Literature Reviews 23 

Rainer and Pernica, (1986), and Pernica (1990) reported measurements of continuous time-varying vertical 
forces from a number of subsequent footsteps while walking and running. The forces were measured 
indirectly using a mid-support reaction of a two-span continuous steel truss. The amplitudes of the 
fundamental and higher harmonies of walking were found to vary considerably depending on the pacing 
rates and the length of the stride. Also, it was found that the third harmonic of walking (around 6 11z), which 
is particularly important for the low frequency floors (Wyatt, 1989), has an amplitude which is 

approximately only 10% of the weight of the walker and is four times lower than the amplitude of the first 
harmonic. 

Bachmann et al. (1991b; 1995b) also considered the walking forcing function as periodic and, as such, a 
time-domain force model based on Fourier series was proposed. The amplitudes of such Fourier components 
are either taken from or are in broad agreement with the published work of others (Tilly et al., 1984; Rainer 
& Pernica, 1986; Rainer et al., 1988b; Pernica, 1990). 

Eriksson and OhIsson (1988) and Eriksson (1993) maintain that the time-domain floor dynamic response 

calculations, such as those suggested by Rainer and Pernica (1986), Pernica (1990) and Bachmann ct al. 
(1991b; 1995b), are difficult to perform in practice if several people and several excitation harmonics are to 
be considered at once. Therefore, a new method was proposed for calculating the floor response in the 
frequency domain. Such a method is appropriate when assessing the vibration serviceability of low- 

frequency and relatively heavy concrete floors having closely spaced natural frequencies lower than 8 Hz. 

The crucial assumption in this case is that walking excitation can be presented in the frequency domain 

utilising auto-spectral density (ASD) representation of the time-domain forcing signal. The force ASD 

(McConnell, 1995) and the floor accelerance FRFs (Ewins, 1995) are then used to calculate the floor RMS 

acceleration responses which are necessary for floor vibration serviceability assessment. However, the 

authors of this, seemingly very powerful method, suggested further experimental verification of its 

performance. 

This frequency-domain approach became very popular in the 1990s as Mouring and Ellingwood (1993; 
1994) proposed such an approach for modelling crowd induced excitation on floors accommodating a large 

number of people, such as those in shopping malls. In this case an assumption is made that the structure 
responds only in the first mode of vibration which is restrictive in the case of floors having closely spaced 
modes of vibration. 

Ile theoretical background to these frequency-domain procedures is outlined in standard textbooks 
(Newland, 1993; McConnell, 1995) and will not be repeated here. However, the frequency domain 

approaches and a selection of other practically usable models for numerical simulation of the floor excitation 
due to single person walking are presented in more detail in Chapter 3 which deals with the analytical 
modelling procedures adopted in this thesis. 
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Another interesting aspect of human actions on structures is the problem of human-structure interaction. The 
key issue here is whether and to what extent the very presence of humans change the structural dynamic 

properties and the amount of vibration received. Ji and Ellis (1995) indicated that when humans are moving 
then they are acting only as dynamic forces with little influence on the structural dynamic properties. On the 

other hand, stationary people have ability to change structural mass, stiffness and/or damping, and should be 

modelled as a spring-mass-damper system attached to the main structure. Furthermore, Ellis and Ji (1997) 

axpanded on this and specified that human-structure interaction needs considering only when the human 

mass is relatively substantial (not stated exactly how much) compared to the mass of the supporting 
structure. These situations typically occur in floor and other structures under crowd loading or in relatively 
light floor structures where even a single person may change substantially their dynamic properties (Rainer 
& Pcrnica, 1981; Fochi & Gupta, 1987). Consequently, human-structure interaction appears to be 

unimportant when assessing the vibration serviceability of heavier office floors made entirely of concrete for 

which crowd loading is not normally considered (Eriksson, 1994). 

As crowd loading is not directly related to this research it suffices to say only that, in the engineering 

community, such loading has attracted a considerable amount of attention over the past decade. The reason is 

that it may become both a safety and serviceability issue when designing places of human assembly (Tuan & 

Saul, 1985; Saul & Tuan, 1986; Ebrahimpour & Sack, 1988; Ji & Ellis, 1993; Ebrahimpour & Fitts, 1996; 

Ebrahimpour & Sack, 1996; Ebrahimpour ct al., 1996; Rcid et al., 1997). Crowd loading may also be 
important in the case of footbridges and Pimentel (1997) reviewed this aspect in detail. 

2.3.4 Dynamics of Concrete Floors 

Apart from classical textbooks on statics and dynamics of plate systems (Szilard, 1974), a number of papers 

specifically cover dynamic characteristics of building floors made of concrete. They are typically related to 

subjects other than problems of human induced and perceived vibrations, such as the isolation of vibrating 

machinery. 

Burkhardt (1961) proposed a nomogram based procedure for analytical modelling and design checking of 
floors under resonance excitation from heavy machinery which they support. In this approach the whole 
floor structure had to be somehow rationalised into a drastically simplified single-span beam which was 

either simply supported, had fixed ends, or was a propped cantilever. Such dynamic modelling was common 
in the early 1960s, as the available design tools did not allow any more complex (and accurate) design 

modelling to be employed. 

Petyt and Mirza (1972) used FE modelling and performed a parametric study of natural frequencies and 

mode shapes of column-supported floor slabs (i. e. flat plates). Their work was inspired by the increasing 

need from the construction industry where solid flat slabs made of concrete were becoming popular. In the 
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case of a single floor panel, which was pin-supported at all four comers, the first five natural ftcquencies, 

experimentally measured using a small model in a laboratory, were compared with their analytically 
calculated counterparts. An excellent comparison was obtained justifying the use of the FE technique. 
However, Pctyt and Mirza, commented: 

"... in building construction, if the slab and columns are cast in situ, the joint may be regarded as rigid. 
Even in the construction of prefabricated panel systems, certain bending rigidity may be introduced if the 
joints are welded or when additional reinforcement is used and gaps are filled in situ. " 

In conjunction with this, it was demonstrated that bending stiffness of the in-situ columns may play a 
significant role in determining the slab natural ftequencies which is one of the key dynamic parameters of 
any floor structure under dynamic loading. Petyt and Mirza have also shown that, as a matter of principle, 
nodal lines of modes of vibration should not be assumed to run along the 'stiffer' column lines in the case of 
flat slabs. 

'Me importance of accurate modelling when checking the vibration performance of floors was also 
demonstrated by Heins and Yoo, (1975). They concluded that a properly restrained equivalent grillage was a 

much better mathematical representation of the floor structure than a single bcam-like element(s), typically 

advocated in the codes of practice. 

Fahy and Westcott (1978), and White and Liasjo (1982) made, at that time rare, in-situ measurements of 
point mobility FRFs using a portable shaker on a number of precast and cast in-situ concrete floors. The 

measurements were taken under severe time limitations imposed by less than enthusiastic owners and users 
of the test structures. An analysis of the limited experimental data produced large variations in damping 

measurements which forced the authors of the latter paper (White & Liasjo, 1982) to conclude that it is very 
difficult to accurately measure damping in existing building structures. The writer speculates that one of the 

reasons for this could be a damping estimation procedure based on a SDOF model which was applied on 
(seemingly) very noisy FRF data having closely spaced modes of vibration. Abe ct al. (1990) explained that 
the floor bending orthotropy, which exists in many forms of concrete slabs, creates closely spaced modes of 
vibration. 

Cactano and Cunha (1993) presented a very advanced method for estimating the vibration properties (natural 

frequencies, mode shapes and modal damping ratios) of a relatively small (6.6 msquarc, weighting 
approximately 15t) but full-scale reinforced concrete roof slab having closely spaced modes of vibration. 
This powerful method, adopted from the more advanced mechanical and aero-space engineering disciplines, 
is based on state-of-the-art modal testing technology (Ewins, 1995; Maia et al., 1997) and it consists of. 

1. FRF measurements using a manually operated instrumented sledge-hammer, 
2. MDOF vibration parameter estimation using the measured FRFs, 
3. FE modelling prior to the full-scale testing, and 
4. FE model correlation with the experimental data gathered after modal testing. 
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An excellent correlation was achieved between the first eight measured and calculated modes of vibration. 
However, to achieve this, a full 3D FE model had to be developed. Unfortunately, due to the limited scope of 
the paper, no information was given as to how successful such floor modelling had been with regard to, say, 
response calculations due to human induced dynamic loading. 

2.3.5 Human Response to Vibrations in Buildings 

Studies into human response to whole body vibrations (ISO, 1985; Griffin, 1996), which led to the 
introduction of the existing state-of-the-art vibration assessment procedures, were either laboratory or field 
based (Irwin, 1978). Although laboratory based research is frequently reported in the literature, field 
investigations are valued more as they tend to represent more accurately the possibly strong influence of the 

rcal-life environments on the human perception of vibrations (Irwin, 1978). However, field investigations are 
much more difficult to perform in practice and this appears to be the main reason for the general lack of such 
data. 

2.3.5.1 EARLY REsEARcii iNTo HumAN PERcEpnoN oF ViiBRATioNs 

One of the first laboratory studies into human vibration was carried out by Rcihcr and Mcister. In 1931 they 

published a paper (unavailable to the writer) entitled "Me Sensitiveness of the Human Body to Vibrations" 
in which they investigated the effects of sinusoidal whole-body vibrations. This researck which, according 
to the secondary sources, had a great impact on the scientific community, recommended bounds for 
"imperceptible". "just perceptible". "clearly perceptible". "annoying". "unpleasant" and "painful" vibrations 
as a function of harmonic displacements and frequency (Figure 2.10). 

Inspired by the great inconsistency in the available data on human response to vibrations, in 1944 
Postlethwaite presented an overview of the research work that had been carried out to date. He interpreted 

the then existing research data and determined a vibration perception threshold ffeel'-'no feel') of only 
0.0 1 fVs 2 (0.03% g) for frequencies lower than 10 Hz. This (probably sinusoidal peak acceleration) value was 

much lower than the values reported as "noticeable" (I% g) by Mallock at the beginning of the century, who 
did not explain what noticeable exactly meant (Hyde & Lintcrn, 1929). Obviously, the weakness of Reffier 

and Meister's and other approaches based on similar subjective ratings of vibration is that it is not clear what 
precisely the vibration quantifiers, such as "annoying" or "unpleasant". mean and what is the difference 
between them. Tbe problem of semantics in human vibration research was becoming apparent, as numerous 
authors would later observe (Guignard, 1971; Jones & Saunders, 1972; Galambos ct al., 1973; Rasmunsen, 
1982). However, Postlethwaite's vibration threshold was experimentally confirmed by Dicckmann (1958) 

who determined it at 4 CM/s 2 (0.4% g). Dieckmann also established the existence of a lumped-parameter 

model of a human body of the kind shown in Figure 2.11, but much simpler. 
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Wright & Green (1959) detected a trend towards the proliferation of various vibration perception scales 
which were applicable only to specific situations. Although numerous human vibrations studies and state-of- 
thc-art reviews existed at the time when Wright and Green compiled their report, they found them 
"incomplete and often misleading" lacking interdisciplinarity because "most shortcomings in reviews have 
been due to limited interests related to specific fields of application". With regard to civil engineering 
applications, such as vibration of bridges or floors in buildings, this means that little guidance existed as to 
how to apply the numerous vibration rating scales when assessing the performance of real-life structures at 
the design stage or after they were built. 

In the same year, Guignard and Irving (1959) recognised that whole-body human vibrations can be caused 
not only by steady-state sinusoidal and periodic, but also by transient non-periodic disturbances. Although 

transient vibration is frequently happening in real-life situations, it was stated. that the research community in 

the late 1950s "generally favoured" simplcr sinusoidal excitation when investigating human response to 

vibrations. 

2.3.5.2 PERCEPTION OF LOW-LEVEL VMRATIONS 

Waller (1969), pointed out that the occupants of high-quality buildings were much more worried about the 

very presence of low-level floor vibrations due to walking than about their actual level once they were 
perceived. For such premises a reduction of perceptible to imperceptible vibration levels was defined as the 

principal aim for the anti-vibration design of the floor. But, when building vibrations were expected and 
considered as normal, the duration to exposure starts playing an important role and should be reduced as 
much as possible. 

Guignard (1971) wrote a review paper on human perception of low4evel whole-body vibrations specifically 

aimed at building applications. He expressed a dissatisfaction with the fragmented research work in the area 
lacking co-ordination in spite of the fact that it dealt with such a complex scientific problem. This view was 

supported by Jones and Saunders (1972). Guignard was also very reserved towards the application of 
findings established, from whole-body vibration investigations using relatively intensive "pure" sinusoidal 

excitations in laboratory conditions to the field assessment of budding vibrations. Also, the importance of 

vibration perception thresholds in buildings was acknowledged. For frequencies less than 30 Hz the peak 

acceleration marking the boundary between 'feel' and 'no feel' was determined to be as low as I cm/s 2 

(0.1%g). 
Wiss and Parmelee (1974) established an empirical formula linking the floor vibration response rating R, 

the initial displacement amphtudcAO[in] of the exponentially decaying sinusoidal vibration, having 

frequency f [11z], and damping ratio ý: 

0' 265 

0 Equation 2.1 R= 5'08[ý, 
aO217 
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where five floor vibration ratings varied from R=I (imperceptible) to R=5 (severe). 

Ile formula is the product of a thorough investigation into the effects of carefully engineered damped 

transient vibrations induced on a human subject by the shaker on which the subject was standing. Tbc shaker 

cxcitation signals were simulating floor vibrations under one footfall impact. The design of the research 

clearly aimed to overcome the criticism of similar previous investigations, with regard to the type of signals 
used and the environment in which the human subjects were tested. 

It was found that there was a tendency for test subjects to rate more favourably transient vibrations which 
decreased quickly. This is in agreement with Nelson's (1974) findings. However, Aswad and Chen (1993) 

commented that raising the damping ratio ý to the power of only 0.217 x 0.265 = 0.058 d"mphasises the 
importance of damping. Also, only individual transients were used which does not reflect realistically a train 

of transient responses due to a series of footfalls induced while walking across a floor. Finally, it should be 

mentioned that Wiss and Parmelee explicitly stressed that the formula they developed was applicable only to 
the excitation signals which they used during the investigation. In other words, its application to real walking 
or heel-drop induced vibrations is not warranted. 

Cowley (1976) outlined chronologically a historical development of ISO 2631 C'Guide for Evaluation of 
Human Exposure to WholcBody Vibration") between 1964 and 1974, the latter year being when the first 

official version of the international standard was published. Although the original brief was for the guide to 

cover the cffects of "vibration exposure for industrial situations, transport vehicles and residential 
situations". the last aspect received very little attention in the 1974 edition. 

Irwin's work (1978) remedied this to some extent as it served as the basis for the revised version of ISO 

2631 published in 1985 (Wyatt, 1989; Wyatt & Dier, 1989). The paper generally covers the aspects of 
human response to motions of large structures such as buildings, off-shore platforms and bridges. As the 

main reason for people to be particularly sensitive to low-level vibrations in large static objects, Irwin singles 

out the lack of expectation. Users of large objects of infi-astructure simply do not expect them to move and, if 

the movement is perceived, then annoyance may arise. This is, probably, the reason for Wyatt (1989) to point 

out that human reactions to low-level vibrations in buildings are more psychological than physiological 

phenomena. 

Although Irwin (1978) does not specifically consider the vibration of floors, the baseline curve for general 

whole-body vertical vibrations and its weighting factors were given. Ile factors depend on the time of the 
day (or night), the type of the building usage (residential, office, workshop, ctc. ) and the type of vibration 
(continuous, intermittent or impulsive). It is worthwhile mentioning that intermittent vibrations are specified 
to occur when: 

"... a level of motion is built up and held up for a number of cycles followed by a transient decline and 
similar repetition, although the whole duration of vibration may be only a few seconds. " 
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Considering this definition, it appears that the floor vibrations caused by occasional walking should be 

classified as intermittent and the weighting of the base curves applicable to this type of vibration should be 

used (Allen & Murray, 1993). 

Irwin presented the vertical vibration 'base curve' in terms of RMS accelerations corresponding to discrete 

frequencies only. In the case of vibrations occurring at several frequencies simultaneously, it was suggested 
that'Vicy should be evaluated and assessed separately". Although not precisely defined, this probably means 

that a one-third octave rating (Griffin, 1996) procedure is applicable. Nevertheless, Griffin (1996) and the 

current relevant British Standards BS 6841 (BSI, 1987a), and BS 6472 (BSI, 1992) favour the 'weighting' 

instead of the 'rating' approach when applying the vibration limits and assessing the effects of the multi- 
frequency composed vibrations. In any case, it is suggested that the limits arc applicable only if there is no 

noise or sound associated with the vibrations. The presence of acoustic effects may significantly reduce the 

acceptable vibration magnitudes. 

An additional explanation as to as to how to use (the 1980 draft of) ISO 2631 (1985) when assessing 

vibrations in buildings is given by Griffin (1982). Particularly informative is a comment on the applicability 
of the lowest RMS acceleration limits in the base curve set at 0.05 rn/sý (0.5% g) for frequencies between 4 

and 8 Hz. Griffin characterised. this acceleration limit as "at about the same level as the threshold of human 

perception of vibrations". However, it was maintained that there was a degree of uncertainty regarding this 
limit as there had been a lack of reliable research into vibration perception thresholds. 

Furthermore, Charlier (1986) explained that, although acceptable vibrations in buildings should be below or 

only slightly above the perception thresholds, the evaluation of this threshold by experiments proved to be 

quite difficult resulting in different numerical values which indicated the same 'feel' or 'no-feel' boundary. 

Only four years ago Eriksson (1994) confirmed that there was severe lack of reliable data which would 
convert the descriptive requirements for vibration "comfortable" environments into physical values suitable 
for engineering calculations. Although, as already mentioned, certain guidelines exist (ISO, 1992; BSL 

1992), with regard to the perception of low-level floor vibrations, Eriksson maintains that these still require 

considerable development. 

An example of such a development is investigations conducted by Griffin (1982), and Parsons and Griffin 

(1988). They found that in the frequency range from 2 Hz to 100 IL an RMS acceleration of 0.1% g was an 

average perception threshold for complex multi-frequency vertical vibrations. This value is twice the 

threshold level proposed in BS 6472 (BSI, 1992) as the base curve for frequency weighted accelerations 

applicable to most sensitive environments. Also, it was suggested that an RMS acceleration of only 0.2% g 

might not be acceptable if it occurs in residential buildings. These threshold values compare favourably with 
the peak acceleration of 34 mm/s' (0.34% g) reported by Pretlove and Rainer (1991; 1995) to be "just 

perceptible". This latest peak acceleration value has been obtained by compiling data from various sources. 
Eriksson (1994) did a similar compilation of available data on RMS accelerations for offices and determined 

M/S2 p that acceptable acceleration levels are 0.02-0.06 ýMS (0.2-0.6%g), depending on the type of office 
C'spccial". "general" or "busy'). 



Background and Literature Reviews 30 

2.3.6 Parameters and Procedures Used in Modem Vibration Serviceability 
Assessment 

When assessing whole-body vibration, modem codes of practice typically require its effects to be evaluated. 
The guidelines generally offer five groups of such effects: (1) degraded comfort, (2) interference with 
activities, (3) impaired health, (4) occurrence of motion sickness, and (5) perception of low-magnitude 

vibration (Griffin, 1996). A clear distinction between the environments to which these vibration effects relate 
is essential. Degraded comfort, interference with activities, impaired health and motion sickness are cffects 

of whole-body vibration typically occurring in transportation, mechanical or industrial systems where 

vibration severity is generally greater. For example, the overall level of acceptable car vibrations, which does 

not impair the car riding comfort whatsoever, almost certainly is not going to be acceptable for vibrations of 
floors in a quiet office. This is because typical car vibrations are prolonged and way above the vibration 

perception thresholds. Nevertheless, Griffin (1996) warned that the word "perception" has sometimes been 

used too broadly in literature to describe a "degree of discomfort" and not a "threshold between feeling and 

no feeling". Therefore, it is prudent to know the context in which "perceptible" vibrations were obtained. 

2.3.6.1 AccEprABiLrry oF Low-MAGNmiDE Rom ViBRAnoNs 

Perceptible non-stop whole-body vibrations in buildings accompanied by complaints from the building 

occupants are commonly considered as unacceptable. Consequently, the absence of vibrations above the 

whole-body vibration perception thresholds for "most of the time" is acceptable (Griffin, 1996). Von Gierke 

and Brammer (1996), clarified this by saying: 

"Experience has shown that the criterion of acceptability for continuous, or intermittent, building 

vibration lies at, or only slightly above, the threshold of perception for most living spaces. " 

The modem vibration assessment guidelines, therefore, tend to acknowledge the relatively recent research 
findings. 11cy accept that perception thresholds are likely to govcm the acceptability of floors as regards 

their vibration performance. Nevertheless, floor vibration could be acceptable for levels of vibrations higher 

than the perception threshold. Perceptible vibrations which are acceptable, therefore, cover a band of human 

responses which vary from the vibration perception thresholds to certain upper vibration sensation limits. 

Many, mostly environmental, factors influence these sensation limits in a way which is extremely difficult to 

predict (ISO, 1992; Bolton, 1994; Eriksson, 1994; Griffin, 1996). 

The duration of exposure to vibration has been determined to be a very important factor. Extensive research 
(Griffin, 1996) established a simple, formula based, model for assessing the effect of duration on vibration 

sensation and, consequently, vibration acceptability. According to Griffin, there is currently a consensus in 

the scientific community that prolonged exposure to vibrations increases discomfort. This is expressed using 

the following power law describing the constant level of sensation: 

(P"T = const. EqUation 2.2 
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where, (p is the physical magnitude representing the vibrations, say accelerations, and T is the vibration 
exposure duration. For whole-body vibrations the value of n is usually 2 or 4. If the value is, say, 4, this 
means in practice that magnitudes of (p which are halved (but still perceptible), may be experienced 16 times 
longer for the equivalent overall sensation as the reference acceleration time-history. Tle greater value of n 
also cmphasises: the importance of transient vibrations having large magnitudes T during short exposure 
times T (compared to prolonged steady-state vibrations with relatively smaller magnitudes). The general 
time dependence shown in Equation 2.2 serves as the basis for formulating vibration limits related to certain 
vibration criteria. 

2.3.6.2 VIBRATION CRITERIA AND VIBRATION LWITS 

'Me human body is an incredibly complex and sensitive receiver which is self adapting and more or less 

susceptible to almost any type and level of motion, such as periodic, random or transient vibrations, which 
normally occur in nature. In addition, humans are characterised by huge inter- and intra-subject differences 
between their responses to 'nominally' the same vibrations. Inter-subjcct variability means that different 

people will react differently to the same whole-body vibration excitation. Intra-subject variability happens 

within the same person who may react differently to the same excitation under different circumstances. Age, 
fitness, prior training, type of activity, body posture, attitude and motivation arc just some of the numerous 
causes for the inter- and intra-subject variabilities. 

All this means that there may be a considerable uncertainty when assessing the effects of vibrations and, 
generally, a probabilistic approach is prudent. Hence, modem vibration assessment procedures define two 
terms: the vibration criterion and the corresponding vibration limit (Griffin, 1996). The vibration criterion is 
basically a statement which aims to describe certain vibration effects, for example 'perception of low- 

magnitude vibration'. A vibration limit tends to be a number, describing a certain physical (or non-physical) 
quantity obtained from the vibration time-domain signature. The limit is experimentally determined in such a 

way that, when vibrations reach it, there is a more or less quantifiable probability that the corresponding 

vibration criterion is also reached. Due to the enormous complexity (and importance) of the whole-body 

vibration problem, vast research efforts have been and still are being made in order to define vibration 
criteria and limits for various circumstances. 

2.3.6.3 QUAN11FICATTON OF WHOLE BODY VE3RATIONS 

In order to quantify whole-body vibration and its cffects, a relevant dynamic motion descriptor has to be 

chosen. Displacement, velocity, acceleration or 'jerk' (first derivative of acceleration) could be selected. 
Typically, accelerations are selected due to the ease of instrumentation (Griffin, 1996). In addition, body 

posture, type of vibration (periodic, random, or transient) and its frequency content, magnitudes and duration 

have to be known. The body posture may be defined using a coordinate system as shown in Figure 2.12 
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(ISO, 1985). A frequency analysis of an acceleration time history, measured or calculated over a certain 
period of time, provides all necessary information to describe the whole body vibration. 

Griffin (1996) demonstrates in considerable detail how research data collected and reported worldwide 
confirm that human response to vibrations, although fairly unpredictable, follows certain patterns. For the 
given type, frequency, magnitude and duration of excitation curves, such as the one shown in Figure 2.13, 
can be plotted. These curves are termed equal comfort contours. They usually show the change of the RMS 

of accelerations, which cause the same sensation, as a function of the frequency content of the vibrations. 
Ile accelerations are obtained (either measured or calculated) on the vibrating surface at the point of its 

contact with the body (Rasmunsen, 1982). 

The general shape of the equal comfort contours used for vibration serviceability assessment corresponds to 
the curve shown in Figure 2.13b, although Wright and Green (1959) claim that the lines are never so 
"straight". The graph shows that the human response tends to remain constant in clearly identifiable 
frequency bands if accelerations (bands I and 3), velocities (band 4), displacements (band 5), or 'jerk' (band 
2) remain constant for varying frequencies. Equal comfort contours, where acceleration is plotted as a 
fitnction of frequency (Figure 2.13b), tend to have troughs around 4-8 liz. This indicates higher human 

sensitivity to accelerations in this frequency region. The explanation of this phenomenon is simple if a 
human body is considered as a linear dynamic system made of masses, springs and damping dashpots as 
shown in Figure 2.11 (Smith et al., 1996). The linearity assumption seemingly holds for very low amplitudes 
of vibration which is the case for vibrations in buildings (Von Gierke & Brammer, 1996). Acceleration, 
having a frequency content between 4 and 8 Hz, acts as the whole-body 'base' excitation causing resonances 
of some internal organs which are easily sensed by a normal healthy human. Apart from these 'internal' 

resonances, tactile receptors under the skin of the soles of the feet, the palms of the hands and the finger tips 

play a major role in sensing the lowest levels of vibration, that are used in determining the vibration 
perception thresholds (Smith, 1969). 

As human sensitivity to vibrations is frequency dependent, the method of frequency weighting is nowadays 
employed to account for this. The weighting leaves vibration levels where the contour is low (say, between 4 

and 8 ]Hlz) unchanged and attenuates the levels at frequencies to which humans are more 'resistant'. In this 

way, vibration response is 'normalised' to the same sensation level no matter what the excitation frequency 
is. Supported by a considerable review of available research findings, Griffin (1996) maintains that there is 

now sufficient evidence to underpin the view that the weighting is always applicable no matter if the 

vibration is periodic, random, or transient. The principle of frequency weighting for assessing the perception 
of vertical vibrations is shown in Figure 2.14. Such weighted (typically acceleration) time-histories can then 
be used to determine a single value (or parameter) which characterises the vibration. Fifteen years ago, 
Rasmunsen (1982) listed as many as 14 parameters which could be compared with the given vibration limit 
in order to determine the vibration effect. Today, there are two parameters which are typically used in 

modem codes of practice, such as BS 6472 (BSI, 1992) or ISO 10137 (ISO, 1992), for assessing the amount 
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of vibration and its effects. These are the RMS acceleration, and the recently established vibration dose value 
(VDV). 

Vibrations in buildings are seldom simple sinusoids. Often, the vibration time signatures are modulat4 
transient or random, and they contain a range of frequencies, where a more or less narrow range of 
frequencies exists. After being weighted, the most common method for mapping such vibrations into a single 
numerical ('effective') value to be compared with the vibration limit is to calculate the RMS of the weighted 
acceleration time-history a,. W using the following formula: 

t2 -1/2 
f2 (týt 

aw 
RMSacceleration =" Equation 2.3 

t2 -tl 

L 

RMS acceleration is used as it is a measure of the total vibration causing distress to the human body. Greater 
RMS accelerations correspond to higher vibration magnitudes causing more annoyance. However, an 
assessment of the human distress using the RMS relationship is appropriate for, as Griffin defines them, 
"well behaved" vibrations which are steady-state long-lasting periodic or stationary random. If the vibrations 
are short lived transients, then the RMS acceleration no longer appears to be a reliable effective value 
(Griffin, 1996). 

A method, which addresses this problem and is gaining acceptance internationally, is the previously 
mentioned vibration dose value (VDV) method. This method is suitable for assessing all types of vibratory 
motion (periodic, random and transient). The VDV is a cumulative measure of the vibration transmitted to a 
human receiver during a certain period of interest T= t2 - tj, and is calculated as: 

1/4 

VDV = 
[ýaw 

Equation 2.4 

Although the VDV is, allegedly, a more reliable parameter which correlates relatively well with human 

sensation of all types of vibration, as shown in numerous relatively recent experimental studies (Griffin, 
1996), it does not have a physical meaning. Whereas units for RMS accelerations are ms-' the VDV units 
are ms 

2.3.6.4 STANDARDS FOR VIBRATION EVALUATION 

The VDV was developed during the early 1980s. Reportedly more reliable than the RMS acceleration, it 

easily found its way into the relevant vibration evaluation guidelines used in the UK such as BS 6841 (BSI, 
1987a) and BS 6472 (BSI, 1992). 
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Compared to its 1984 predecessor, BS 6472 from 1992 offers a more detailed account of the VDV approach 
reflecting what is written in BS 6841 (BSI, 1987a). BS 6841 is aimed at evaluating the whole-body 
vibrations in transportation, mechanical and industrial systems where higher levels of vibration need to be 

considered. However, it can be used to assess the perceptibility of low-magnitude vibrations which are 
important in floor vibration serviceability considerations (Griffin, 1996). 

Although the application of the VDV method has been introduced in BS 6472 (BSI, 1984) and developed 

considerably fiirther in BS 6841 (BSI, 1987a), ISO 2631-2 published in 1989 still mentions the VDV in its 
Annex B under the title "Evaluation Methods under Development". However, the latest ISO 2631-1, recently 
published in summer 1997, more firmly adopts the VDV concept. 

The applicability of the VDV concept in the assessment of building floor vibrations caused by walking has 

also been recently discussed by Eriksson (1994). He gave an extensive overview of the vibration standards 
and clarified procedures suitable for the vibration assessment of long-span floors having relatively low 

natural frequencies. As to the assessment procedures based on RMS acceleration, the lack of information in 
the codes of practice about the required averaging time T : -- t2-t, (Equation 2.3) has been singled out as the 
biggest problem. Whereas Rasmunsen (1982) stated that aIs and 60 s RMS averaging (or integration) 

period was commonly used in general human vibration studies, Eriksson proposes 10 s as more appropriate 
for the calculation of floor RMS accelerations, denoted as aRms. j(),,,. Eriksson argues for all the valuable 
experimental data from future full-scale measurements to be processed and reported using the same 
parameter every time. This is suggested in order for the wider engineering community to obtain some sort of 
'common denominator' describing floor vibration performance always in the same way. Such a commonly 
used parameter does not currently exist in the research literature on floor vibration due to the lack of a 
general strategy when reporting measurement data, making the interpretation of the past investigations 
difficult if not impossible. 

2.3.6.5 OTHER CONSIDERATIONS RELATED TO HUMAN PERCEPTION OF LOW-LEVEL VIBRATION 

Farah (1979) used lumped parameter models of humans, such as the one shown in Figure 2.11, to measure 
the "absorbed power" of vibration by the human body in order to assess the vibration serviceability of floors. 
He supported this advanced approach by stating that similar human models were extensively used in aero- 
space, aircraft and automobile industries, whereas they were lacking in the civil structural engineering sector. 
71cre is little evidence to suggest that this approach has been widely accepted although Ellis and Ji (1997) 

very recently suggested that this might be the way forward. 

Amongst the many previously mentioned factors, vibration perception also depends on whether the human 

body is stationary or moving while experiencing the vibration. Wyatt (1989) points out that, due to rising and 
falling while walking, a human body can experience accelerations as high as 3 M/S2 (30% g). This is 

perfectly acceptable even though it is several hundred times greater than the vibration perception threshold. 
This is because the nervous system of humans is capable of associating such high accelerations with walking 
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in progress and simply disregards them (Wyattý 1989). As a consequence, very small vibrations of the 

structure, across which the walking is performed, pass unnoticed by walkers as their vibration perception 
thresholds are automatically adjusted to a much higher level. This is the reason why equal contour criteria 

applicable to stationary people are not applicable to those who are moving. 

2.3.7 Integrated Approaches to Lightweight and Composite Steel-Concrete 
Floors 

Over the last 40 years numerous attempts have been made to link the three key features of floor vibration 
serviceability and to develop an integrated procedure (a 'package') for assessing the floor performance. 
Typically, these procedures tried to map the ULS philosophy to the vibration SLS assessment rendering a 
simple design formula with a 'pass' or 'fail' answer. 7liese procedures were usually validated to a greater or 
lesser extent through experience gained by applying them on one of the three main floor types: 

1. lightweight timber or steel-fi-amed floors with timber decking, 
2. composite steel-concrete or precast concrete floors, and 
3. cast in-situ floors made entirely of concrete. 

2.3.7.1 VIBRAnON SERVICEABILrIY OF LIGIrIWEIGIrF FLOORS 

Polcnsck (1970) surveyed sources of vibration acting on lightweight residential floors. A single person 

walking was determined to be the most frequent source of vibration which causes a high degree of objection. 
It is interesting to note that Atherton et al. (1976) established that the repetitive static-like deflections due to 

the sheer weight of the walker proved to be more annoying to the observers than the rapidly decaying 

transient vibrations due to mechanical impact. 

Noting that "building vibrations are a controversial matter". OhIsson (1982), in his doctoral thesis, gave a 

very detailed, educated and realistic state-of-the-art review of floor vibration performance due to human 

induced loading. He divided the floor vibration serviceability problem into two categories: 

Springiness, where the person causing vibrations fecls them as well i. e. simultaneously acts as the 
vibration source and receiver; 

0 Footfall induced vibrations, where the floor vibration source and receiver are different persons. 

OhIsson also divided floors into lightweight and heavy floors. Heavy floors are defined as those where the 

presence of a human does not alter (significantly) modal masses, natural frequencies, and modal damping 

ratios. Floors having a modal mass of more than 1000 kg in all modes of interest are classified as heavy 

floors. The modal mass is calculated using unity normalised mode shapes. In such floors, typically 

comprising a concrete slab, springiness, caused mainly by local deflection due to the weight of the walker, is 

not an issue (OhIsson, 1982). 
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Written 15 years ago, OhIsson's work is still a very useful reference for the vibration serviceability of 
lightweight timber floors which were its main subject. However, it is prudent to list some of the problems 
which the writer identified in OhIsson's research: 

" Although more representative of a real-life situation, the field tests on full-scale floors were described 

as significantly more difficult to conduct, thus resulting in less reliable experimental data collected 
(when compared with laboratory tests). 

" Damping estimation from the measured FRIs proved to be unreliable. This is probably due to the fact 
that only SDOF estimation procedures hard wired into the spectrum analyser were employed on the 
FRIF data characterised by the high modal density. 

" It appears that no analytical modelling had been performed prior to the testing. This led to 'educated 
guesses' as to the position of measurement points and sometimes to spatial aliasing (NAFEMS, 1992; 
Friswell & Mottershead, 1995), where mode shapes corresponding to the modes of interest could not 
be resolved. 

" All data analysis was, seemingly, performed after the testing and flaws in the measurements were 
identified when it was too late to repeat them. 

In spite of a considerable amount of past research effort aimed at a better understanding of the vibration 
serviceability performance of lightweight floors, this problem is still being analysed in an ever increasing 

number of recent publications. As the dynamic performance of lightweight timber or steel-timber floors is 

specific due to the floor springiness and the effects of humans on their dynamic properties, a variety of 
parameters is proposed in the literature to formulate criteria for the assessment of their vibration 
serviceability. Pharn and Yang (1993) listed three prominent ones: static deflection under a pre-specified 
point force, frequency weighted RMS transient accelerations due to footfall impacts, and the initial peak 
velocity due to an idealised force impulse. These criteria are of varying reliability, but all of them were 
developed from a combined experimental and analytical procedure. Typically, a number of full-scale 

structures were investigated and their experimentally determined performance compared with the prediction 
using more or less sophisticated analytical modelling techniques (Onysko, 1988a; 1988b; Smith & Chui, 

1988a; 1988b; Hveem, 1990, Smith & Hu, 1993, Pharn & Stark 1993, Nash; 1993, Bainbridge & Mettem, 
1997; Kraus & Murray, 1997). 

2.3.7.2 ViBRATloN SERvicEAi3iLrry oF Cowosrr*E STEEL-CoNcRETE FLooRs 

In 1958, prompted by "occasional" vibration problems, the American Steel Joist Institute commissioned a 

research team led by Professor Kenneth Lenzen at the University of Kansas, USA. The team studied the 

vibration behaviour of composite steel joist-concrete slabs. This was the beginning of more than two decades 

of research work for Professor Unzcn's group which is described in a number of papers and reports 
(Lcnzcn, 1962; 1966; 1972; Ohmart & Lenzen 1968; lxnzen & Murray, 1969; Lcnzcn ct al., 1971; Murray, 
1975; Galambos, 1988). These will be summarised here. 
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" Lenzen (1962) determined that walking vibrations are transient in nature and as such require special 
vibration rating scales. Beneficial effects of damping on the floor vibration performance were noted. 

" Unzcn (1966) proposed a modified Reiher-Meister scale for the assessment of floor transient 
vibrations. A heel-drop impact has been introduced as a 'standard'. 

" Ohmart and Lenzen (1968) established an analytical model of a heel-drop excitation in the form of a 
triangular pulse. Such excitation should be applied to simplified SDOF floor dynamic models in order 
to calculate their initial peak response and assess it in accordance with the modified Rciher-Meister 
scale. An increase in thickness of the floor concrete slab was determined to be the most efficient 
method for reducing the peak responses due to heel-drop and improving the overall floor vibration 
performance. 

Lenzen and Murray (1969) used the impact excitation and amplitude decay method to measure 
damping on 20 full-scale steel-concrete floors. The estimated damping ratios varied between 3.8% and 
15.9%, the average value being 7.9%. These, and other similarly obtained damping values were 
dismissed later as unreliable by Wyatt (1985), Ohlsson (1988a) and Eriksson (1994), due to 
inappropriate measurement techniques. Similar problems with damping measurements can be seen in 
the papers by Ixnzen et al. (197 1), Lenzen (1972) and Murray (1975). 

In the mid-1970s researchers from Canada were working on new floor vibration serviceability guidelines in 

the Canadian steel design code published in 1974 (CSA Standard S 16.1-1974 "Steel Structures for Buildings 

- Limit States Design'). Ile guidelines are based on Lenzen's heel-drop methodology. 

D. L. Men (1974a; 1974b) published a private communication with his namesake D. E. Allen of the NRCC 

Division of Building Research who investigated results of field vibration tests performed by others on a total 

of 34 floors. D. E. Allen came up with the threshold of annoyance criteria as a function of acceleration and 
floor damping. Interestingly, the procedure outlined for assessing the floor vibration serviceability at the 
design stage was based on a heel-drop test and a SDOF model of a single T beam, which had already been 
dismissed as over-conservative by Lenzen and Murray (1969). 

D. L. Allen and Swallow (1975) stressed the importance of the higher modes of floor vibration which 
frequently exist in composite steel-concrete floors. The two authors noted that the higher modes of vibration 
were "always present" creating "multiple ftcquencies" which made any damping estimation from hcel-drop 

measurements very difficult. Despite this, 12 years later Pernica (1987) again used the heel-drop excitation to 

measure damping from various non-structural elements (de-mountable full-height partitioning walls, 
ceilings, carpets and tiling) in contact with a composite floor with closely spaced modes of vibration. Some 

curious results were produced which Pernica could not explain. 

With regard to the treatment of non-structural elements it is interesting to mention the opinion of Ohlsson 

(1988b) who recognised that non-structural components such as false floors or temporary partitions may 
have a significant positive impact on the vibration properties of floors. However, OhIsson also maintained 
that an assessment of the vibration serviceability of floors should not depend upon such elements which may 

or may not be existent as the floor usage changes. Instead, a reliable vibration serviceability design method 
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should rely upon the cffccts of the "well defined quantities, such as the floor [modal] mass, that arc possible 
both to calculate and to measure". 

D. L Allen and Swallow (1975) also reported that an error up to 100% regularly occurred between the 

measured and analytically calculated peak acceleration amplitudes induced by a heel-drop. The analytical 
models again made use of simplified SDOF systems representing complex three-dimensional floor 

structures. 
Allen and Rainer (1975; 1976) described in detail the development of the interim recommendations which 

appeared as Appendix G in the 1974 Canadian steel design code already mentioned. It was explained that the 

code considers two types of floor vibration: continuous vibration and walking induced vibration. The criteria 
proposed for floor evaluation are shown in Figure 2.15. 

In this figure, the peak acceleration amplitudes corresponding to floor damping ratios of 3%, 6% and 12% 

arc caused by a heel-drop which could be either measured or calculated. If it is measured, Allen and Rainer 

suggested the removal, by filtering, of all frequency components higher than the lowest natural frequency. 
Although to some extent paradoxical, it should be stressed that the acceleration peaks, measured from normal 

walking, should not be used for assessing walking vibrations using the graphs corresponding to 31/o, 6%, and 
12% damping in Figure 2.15. 

As Hatfield (1992) outlined, the CSA criteria were 'calibrated' to work with acceleration peaks 

corresponding only to the hecl-drop tests, and the actual floor subjective rating (acceptable' or 'not 

acccptable') was done when a single person was traversing the same floor. Therefore, if reliability of the 
CSA scale is to be verified, the subjective assessment of real floor vibrations should be based on the 

pcrccption of floor vibrations caused by normal walking, and not by heel-drops. The reason for this appcars: 
to be that the criteria uscd in the Canadian code (CSA, 1989) had to be equally applicable to the rating of 

already built floors as well as in the design of non-existent future floors where only mathematical models 

could exist. The heel-drop rating of floors was proposed in order to simplify the design checking procedure. 
The triangular forcing ffinction from a heel-drop is much easier to treat analytically, compared to the 

modelling of walking where the excitation changes in space and in time. 

Although the heel-drop test has remained in the Canadian steel-design code for more than two decades, in as 

early as 198 1, Murray dismissed it as unreliable. Using the assessment procedures based after: 

modified Reihcr and Meister scale (Lenzen, 1966; Murray, 1975), 

2. Appendix G of the Canadian steel design code (Allen & Rainer, 1975; 1976), 

3. ISO 2631 provisions available in early 1980s, and 
4. Wiss and Parmelee's work (1974). 

Murray tried to determine analytically the vibration serviceability of five real floors by applying all four 

procedures to each structure. 
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The result was disastrous. A total inconsistency was observed as floors analytically assessed as unacceptable 

were actually rated as absolutely acceptable by their users, and, vice-versa, floors analytically assessed as 

acceptable failed subjective tests. A similar conclusion was reached by Ellingwood and Tallin (1984) whose 

private correspondence with numerous practising engineers revealed that floors that failed the hecl-drop test 
in the design stage (but were anyway built) proved to be quite acceptable after they were constructed. 

Expressing grave concern about this situation and denouncing practically all methods available in the early 
1980s for vibration serviceability assessment of composite steel-concrete floors, including his own (Murray, 
1975), Murray (198 1) proposed a new simple design criterion. In order to be acceptable, a floor had to have 
damping ratio ý which satisfied the following empirical condition: 

ý ý: 35AOf + 2.5 Equation 2.5 

where: AO [in] is the initial amplitude from a heel-drop impact and f [Hzj is the first natural frequency of 
the floor. However, the damping ratio ý [1/ol was to be measured from amplitude decays after a hcel-drop, 
disregarding the numerous problems with such measurements already reported (D. L. Allen & Swallow, 
1975). Also, it remained unclear if AO was to be established ftom filtered or unfiltered response 
measurements when assessing an existing floor structure. 

After a few years of receiving feedback from industry about the performance of his formula (Equation 2.5), 
Murray (1985; 1991) stressed that the formula had proved itself but is applicable only to stecl-concrete 
composite floors where the concrete slab is cast in situ. Also, he warned that the assumptions which are 
considered as conservative in ULS calculations for static loading, are typically not conservative in vibration 
serviceability assessments using Equation 2.5. For example, neglecting composite action is conservative in 

ULS analysis, but it reduces the natural frequency f and the product Aof, making less demand on the 

required damping ratio ý. Also, it is 'safe' to assume the full design load in strength calculations, but this 

assumption increases the floor mass and reduces natural frequency f, again making less demand on the 

required damping. 

Murray's criterion in Equation 2.5 was established from a statistical analysis of the lowest natural 
frequencies, peak displacement amplitudes due to hcel-drops and damping ratios measured on more than 90 

composite stecl-concrcte floors. This simple one-formula criterion is therefore empirical. However, Whale 

(1983) expressed reservations towards the ability of similar simplified mathematical models to represent 

rcal-life floor dynamic behaviour and called for more work on the improvement of such models. Regarding 

modelling, Chadha and Allen (1972) stated that simplifications of the boundary conditions of steel-concrete 
composite floors into either pinned or fully fixed may introduce "potentially large effors". In addition, 
Wilson and Heidebrccht (1976) called for more experimental work on MI-scale composite steel-concrete 
floor structures in order to improve their modelling, particularly regarding the assumption of damping 

values. 

Wyatt and Dier (1989) introduced a concept of low-frequency and high-frcqucncy floors into the official SCI 

guidelines (Wyatt, 1989) for checking the vibration SLS of composite steel-concrete floors. This frequency 
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division is important in order to establish a proper walking loading and floor response calculation model. 'I'lle 

core of the method assumes that walking excitation has, not only strong low-frequency components, but also 
impulsive (i. e. higher-frequency) components as well (OhIsson, 1988a). These impulses correspond to heel 

strikes (Figure 2.16). T'herefore, if the floor is low-frequency having a first mode of vibration which is less 

than approximately 7 Hz, the low-frequency loading components may create a strong "resonant" vibration 

response. On the other hand, higher frequency floors are more responsive to the impulsive components of 

walking. In this case, the floor response is a string of damped responses to impulse-like excitation which tend 

to die out between two heel strikes, depending on the natural frequency and amount of damping. 

Apart from this division into low- and high-frequency floors other main features of the Wyatt's method for 

assessing the vibration serviceability of composite steel-concrcte floors are as follows: 

The scales for assessing floor vibration response due to walking are taken from the British standard BS 
6472 (BSI, 1984). Interestingly, this was done despite Wyatt's claims that BS 6472 is more 
appropriate for assessing the effects of externally generated vibrations. 

Simplified SDOF floor models were used to calculate peak accelerations corresponding to a steady 
state (low-frequency floors) or transient case (high-frequency floors). Although walking excitations 
were characterised as "closely periodic". the conservative steady-state case was assumed where low- 
frequency floor resonance is excited exactly by an appropriate harmonic of walking disregarding the 
possibility of its imperfectness. The peak accelerations for both steady-state and transient cases were 
converted into the corresponding RMS accelerations as required in BS 6472 (BSI, 1984). However, 
this might be particularly conservative in the case of high-frequency floors where the initial peak 
acceleration reduces significantly during vibration which beneficial short duration is not taken into 

account. 

The floor natural frequency is considered to be the key parameter governing its classification (low- or 
high-frequency). However, it appears that models for its calculation are mainly based on grossly 
simplified 2D bcams which may have several spans and are either pin- or fixed-cnd supported. 

Wyatt and Dier (1989) concede that more accurate frequency and response calculations are possible by 

using computer packages mainly based on the FE method. However, they effectively discouraged such 
an exercise due to "basic uncertainties" in the FE modelling of the of composite floors in terms of their 

continuity, support conditions and the amount of composite action in the steel-concrete cross-sections. 

In order to justify the proposed method, Wyatt (1989) presented a back analysis of 14 floors in already 
existing buildings in which a subjective vibration serviceability rating had proven to be satisfactory. 
The back-analysis also showed that all floors had satisfactory vibration performance. Consequently, 
Wyatt's method seems to perform much better than the four methods previously mentioned, which had 
failed a similar test set by Murray (1981). However, it also appears that no experimental vibration 
measurements on the 14 full-scale floors were made (Zaman & Boswell, 1996c) in order to compare 
the actual level of floor vibrations due to a single person walking with the predicted values. Only 

subjective ratings were available. Without this verification, the method, assessed by Wyatt himself as 
"conservative" might prove to be actually over-conservative, which is clearly not satisfactory. 
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Osbome and Ellis (1990) indirectly confirmed the last concern by comparing the result of Wyatt's method 
with the subjective rating of the floor vibration determined from experiments on a full-scale structure. The 
full-scale floor was dynamically tested and the lowest natural frequency of approximately 5.5 Hz 
accompanied by a very low modal damping ratio of only ý= 1% were determined. Despite this, the floor 

vibrations due to walking were rated as acceptable by its occupants. However, the SCI method for low- 
frequency floors with ý=I% damping would have rated this floor as unacceptable for an office 
environment. This observation is particularly important as Osborne and Ellis (1990) stated that damping 

values as low as 1% of critical damping may be expected in composite stecl-concrete floors although such 
values are several times lower than those reported in the literature in 1960s and 1970s. In order to simplify 
the calculations, the floor peak acceleration response is assumed by Wyatt (1989) to be inversely 

proportional to damping for low-frequency floors. Consequently, the use of lower and seemingly more 
realistic damping values may have detrimental effects on the vibration performance of the composite floors 

checked in accordance with the current SO guide during design. 

Following Hatfield's (1992) detailed review of the available methods for assessing the vibration 
serviceability of composite steel-concrete floors, Allen and Murray (1993; Murray & Allen, 1993) made a 
similar, but more critical, overview of the design procedures for such structures under walking excitation. 
These included composite steel-concrete floors and footbridges. Wyatt's (1989) concept of low- and high- 
frequency structures has been accepted, but different frequency boundaries were introduced as follows: 

For structures where f, :59 Hz , the continuous vibration responses due to resonance caused by low- 
frequency walking hannonics govern the design 

For structures where 9 Hz: 9 f, :5 18 IH[z, the impulsive responses due to hecl-strikes while walking 
govern the design 

For structures where f, ý: IS Hz, the static deflection due to the weight of the walker (I W vertical 
point force) governs the design. 

Obviously, Allen and Murray consider the 4h harmonic of walking to be as capable as the first three 
harmonics of exciting floor resonance. Rainer ct al. (1988b) maintained this view as well. Hence, the 
increase of the low-frcquency cut-off from 7 Hz (Wyatt, 1989) to 9 liz. There is, however, little experimental 
research published to support this analytical modelling feature. 

In the case of low-frequency floors the paper aims to replace the heavily criticiscd hcel-drop testing (CSA, 
1989) by a procedure developed in accordance with ISO 10137 (ISO, 1992) but with a number of 
simplifications. Neglecting the imperfectness of walking excitation, floor resonance under one of the first 
four walking harmonics is assumed. Similar to Wyatt's (1989) approach, a beam-like SDOF floor model is 

recommended once again to calculate the acceleration peak response which should then be compared with 
the assumed/given vibration limits. From a condition of having peak accelerations lower d= the ISO 10137 
limits, Allen and Murray (1993) developed the following formula for the calculation of the lowest allowable 
floor natural frequency f,, [ Hz]: 
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f,, 2: 2.861n(-E 
ýWF) 

Equation 2.6 

where: K [kN] is a factor depending on the permissible acceleration limits which, in the case of offices, may 
be taken to be K= 54kN, W is "the total weight supported by the beam". and ý is the viscous damping 

ratio for the first mode of vibration. 

'Me key parameter in this expression is the floor (modal) mass participating in the first mode of vibration 
(expressed in terms of W), and the two authors called for additional research work which would help to 

estimate it more accurately. Uncertain modelling of key floor elements (support conditions, continuity, 
lateral stiffness, etc. ) was singled out as the biggest problem in the accurate estimation of the floor modal 

properties. 

Although Allen and Murray (1993) developed their new proposal (Equation 2.6) from simplified SDOF 

modelling, Murray, interestingly, started advocating computer analysis based on more realistic and complex 
MDOF models formulated through an FE method (Morley & Murray, 1993). Such models can account for 

all of the excited modes of vibration when checking floor vibration serviceability under walking excitation. 
A justification for this recommendation, which also indicates a shift in attitude toward more advanced (and 

accurate) floor modelling, was the increased availability and affordability of commercially available 

powerful FE computer packages in the 1990s. Therefore, Morley and Murray started considering dynamic 

FE analysis as a "practical computational method". a term which was in the past reserved only for simple 
hand calculations based on simplified SDOF modelling. The need for such methods of more advanced 

analysis was recently proved by Ellis ct al. (1993). Their tests on three full-scale composite steel-concrete 
floors showed that the dominant modes of vibration caused by walking may be the 2 nd or even the 3d mode, 
provided that they are closely spaced to the fundamental mode. 

Nevertheless, Zaman and Boswell (1996c), have recently focused on the ability of relatively simplified 

modelling to predict only the first mode of floor vibration. They measured frequencies of only the 

fundamental modes of vibration of three fiill-scale composite stecl-concrete floors in the Large Building 

Testing Facility (LBTF) based in Cardington, UK. The frequencies were compared with the results of 

dynamic FE analyses of the floors. The analyses were, however, performed by representing the whole floor 

by a single panel bound by four columns. The four columns were modelled as pin-supports and it was 

concluded that such relatively simple modelling is capable of predicting the fundamental floor natural 
frequency quite accurately. No attempts were made to calculate the floor responses. It should be mentioned 

that considerable difficulties were experienced while extracting damping from experimental measurements 

performed on one of the floors which clearly had closely spaced modes of vibration, as indicated by a 
beating cffect visible in heel-drop acceleration time signatures. 

Zaman & Boswell (1996d) also reviewed modem vibration serviceability criteria for composite steel- 

concrete floors. Ile four criteria considered were those proposed by Allan and Murray (1993), Murray 

(1981), Wyatt (1989) and the CSA (1989). Experimental results collected on six full-scale floors were based 
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on peak accelerations measured after a heel-drop. During the measurements very high peak accelerations 
reaching 9.2% g were reported and three out of six already built floors were rated as unacceptable according 
to the CSA (1989) scale. It was concluded that the four criteria "do not always lead to consistent results". 
IIowcvcr, it appears that no filtering of the acceleration signals has been performed prior to assessing the 

rcýported peak accelerations. As the way forward, and in order to avoid dealing with the floor damping, which 
is traditionally an uncertain parameter, Zaman and Boswell suggested eliminating the problem of floor 

resonance due to walking simply by shifting its natural frequency above 9 Hz, the low-frequency limit 

proposed by Allen & Murray (1993). A simple FE model representing just one panel of a floor (Zaman & 

Boswell, 1996c), may be used to reliably achieve such a frequency tuning design goal and reduce the floor 

vibrations. 

Active control is another very advanced method for reducing floor vibrations. The method, utilising an 
electrodynamic shaker and a control feedback circuit, was recently piloted on a small laboratory based floor 
(Hanagan et al., 1996; Hanagan & Murray, 1997). Vibrations caused by normal walking were very 
successfully reduced by almost 10 times. However, extremely high cost, maintenance and reliability issues 

prevent wider use of active control at the moment. 

2.3.8 Integrated Approaches to Vibration ServiceabilitY of Composite and In- 
Situ Concrete Floors 

A decade ago, Tilly (1986) reported that concrete was gradually replacing steel in even more demanding 

applications and concluded that: 

"Engineering development of concrete structures has reached the stage where dynamic behaviour could 
be critical to design. " 

However, as early as 1961, Janney and Wiss made an attempt to relate a problematic vibration performance 

of an existing concrete floor to its excitation due to walking and to rate its measured vibration levels. A 

precast concrete floor had been experiencing "noticeable vibration" produced by walking across it when it 

was not loaded. When the same floor was loaded, the vibrations ceased to be noticeable. Although Janney 

and Wiss used the inappropriate original Rciher and Meister scale to rate the problematic vibrations as 
"annoying". this is one of the first attempts known to the writer to deal with the vibration serviceability of 
floors made entirely of concrete. It also illustrates the positive effect of the increased mass on the floor 

vibration performance, which was confirmed later by Rainer et al. (1988a). 

In the 1970s the renowned ACI Comniittee 435 prepared and disseminated two reports related to SLS of 
deflections and vibrations in concrete structures: (1) the SP-43 publication tided "Deflections of Concrete 

Structures" in 1974, and the SP-60 Publication tided "Vibrations of Concrete Structures" in 1979. 
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2.3.8.1 ACI SP-60 PUBLICATION, 1979 
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Sabins (1979) introduced the ACI SP-60 publication as being aimed at helping designers cope with the fairly 

new challenges over which the American concrete design code ACI 318 had no provisions whatsoever. 

Warwaruk (1979) contributed to the publication by presenting a detailed historical development of static 
deflection requirements in various building codes and their relationship with vibrations. He commented that 

static deflections or span-to-depth ratios did not appear to be a reliable parameter for controlling vibration 
serviceability of concrete floors and concluded: 

"More experimentation and study is necessary to clearly delineate the critical parameters and limitations 
for satisfactory [vibration serviceability] performance. " 

Allen et al. (1979) were invited to propose in the ACI SP-60 publication the vibration serviceability criteria 
applicable to both precast and in-situ concrete floors. Introducing the problem when dealing with the latter 

type of floor construction, they wrote: 

"Because of its relatively large mass and inherent stiffness to short-term load, cast-in-place construction 
generally is not prone to unsatisfactory vibration for normal human occupancy. 'Me trend toward longer 

spans, less damping and thinner sections could result in problems if special care is not taken in design. " 

In the proposal, Allen et al. applied the logic used in composite floors and formulated assessment criteria 
based upon the heel-drop test (Allen & Rainer, 1975; 1976). It was suggested that the approximate peak 

accelerations should be calculated from the SDOF model of the floor using the following formula: 

ao ; ts 0.9.2nfl Equation 2.7 
In 

where ao is the peak acceleration of an equivalent SDOF system [m/s2l, f is the floor natural frequency 

[Hzl, I [kg. m/sl is the impulse of the triangular heel-drop forcing function, and m [kgl is the mass of the 

equivalent SDOF system representing a real-life concrete floor structure. 

Also presented were two groups of human response criteria developed by the late 1970s for checking 

vibration performance of composite steel-concrete floors: (1) for "quiet" occupancies, such as offices, 

residences and schools, and (2) for "active" occupancies, such as walkways, bridges, car parks, and general 

working areas. The criteria were clearly stemming from the previously mentioned Canadian steel design 

code (CSA Standard S16.1-1974 "Steel Structures for Buildings - Limit States Design") which was by then 

available. Regarding the applicability of the CSA criteria to concrete floors, it is worthwhile mentioning 
again that Murray (1981) strongly emphasised that subjective vibration serviceability criteria obtained from 

full-scale testing of composite steel-concrete floors arc not applicable to concrete or timber floors as: 

"... other systems may cause completely different psychological responses because of long_time 

conditioning or expected feel. " 
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Tbc two key parameters required for the calculation of ao are the natural frequency f and the SDOF mass 
in (Equation 2.7). As has previously been seen, in the case of composite stecl-concrcte floors, a wealth of 
combined experimental and analytical research, extending over two decades in the 1960s and 1970s, existed 
to support recommendations as to what to do in order to establish as reliable as possible values of f and in 
when designing a floor. It appears that nothing similarly comprehensive existed in the case of in-situ 

concrete floors, so Allen et al. (1979) tried to produce experimental evidence by testing three full-scale 

concrete floors which were cast in-place together with the columns. 

Following the established routine for composite stcel-concrefe floors, the floor was represented as an SDOF 

model. Peak accelerations obtained using these models were compared with the measured responses due to 
hccl-drops from which the frequencies corresponding to higher modes of vibration were filtered out. The 

authors admitted that the modelling of the in-situ floors proved to be difficult. Firstly, it appears that by 

assuming pin-supports and neglecting the floor continuity over several panels, the calculated natural 
frequencies were underestimated and an error of the order of about 50% occurred. Secondly, when 
determining the modal mass m, it was assumed that it corresponds to the tributary area established from 

static considerations of the in-situ T beam. No evidence to support these assumptions either experimentally 
or analytically was produced. In addition, Allen et al. suggested ftirther modelling simplifications as to the 
floor boundary conditions which were ultimately aimed at using a simply supported beam to represent the 

continous concrete floor structure. 

The authors obviously had a difficult task to develop a procedure suitable for hand calculations, for checking 
the vibration serviceability of a floor type about which little was known. It appears that certain unwarranted 
assumptions and recommendations were made and an oversimplified procedure, based more on engineering 
intuition than on hard scientific evidence, was created. Large discrepancies between experiments and 
measurements indicate that the direct mapping of the hcel-drop procedure, which was underperforming even 
when applied to composite stecl-concrete floors for which it was developed, is not likely to be a suitable 
solution for in-situ concrete floors. In the case of in-situ concrete floors such an oversimplification may be 

desirable by practitioners'. but could lead to an unreliable checking procedure. This view has been fiwffier 

underpinned by Pernica and Allen (1982) who could not develop a reliable SDOF model of a concrete floor 

which would cope successfully with the closely spaced modes of vibration observed in the measurements. 
The effect of concrete floor continuity over several bays on the SDOF (modal) mass in (Equation 2.7) was 
left undetermined. 

2.3.8.2 ADDITIONAL LUERATURE ON VIBRATiON SERVICEABILrrY OF CONCRETE FIDORS PUBLISDED 

IN ME 1980S 

Becker (1980) also made use of heel-drop testing, but only in the case of floors having a natural frequency 

greater than 10 Hz. In the case of floors having a lower natural frequency, the displacement responses to both 
heel-drops and walking had to be calculated separately and assessed. This method, obviously, made a clear 
distinction between low- and high-frequency floors and recognised the important differences in their 
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behaviour under normal human induced loading. Closed form solutions for SDOF floor models were used, 
with a significantly simplified continuous walking forcing function represented as a train of triangles. 

Huggins and Barber (1982) made an interesting survey by asking 400 Canadian consulting engineers to 
report problems with floor serviceability including excessive vibrations. Although the strictest confidence 
was guaranteed, only 70 replies were received. Of those, 17 addressed problems with vibration serviceability 
of various types of floor construction. One "prestressed solid slab" and one in-situ reinforced concrete slab 
were reported to have unsatisfactory vibration performance, but no fiirther details were given. It was 
concluded that a relatively poor response to the important questionnaire was a result of the difficulties to sift 
through old technical records, and of a reluctance to disclose confidential information which could lead to 
damage claims. 

Although requirements for the floor vibration serviceability frequently appeared in the 1980s in numerous 
national codes of practice, the concrete design guidelines were giving little practical guidance as to how to 

perform the design checks. This situation has not been improved even nowadays when, for example, the 

contemporary British (BSI, 1985) and European (CEB, 1991) concrete design codes require vibration 
serviceability in buildings, but suggest the designer should seek specialist literature. Mickleborough and 
Gilbert (1986) gave a pmctical illustration of this unsatisfactory situation created by the 1986 draft of the 
Australian concrete structures design code. The new code specified that the concrete structural serviceability 
should not be negatively affected by vibrations from machinery, vehicular or pedestrian traffic. As no 
explanation whatsoever was given regarding what effects are considered to be adverse and how the design 

checks should be performed, Mickleborough and Gilbert commented: 

"... designers in general ignore vibration in most slabs and hope that provided the slab static response to 
load is acceptable, then its dynamic response will be also. " 

As has already been mentioned, for longer spans this assumption in unlikely to hold (Warwaruk, 1979). In 

order to produce at least some vibration analysis tools for the designers of concrete floors, Mickleborough 

and Gilbert simplified the problem considerably by assuming that concrete floors will have satisfactory 

vibration serviceability if their natural frequency is greater thati 5 Hz. No references were given or scientific 

evidence produced to confirm that the 5 Hz frequency tuning assumption has ever been verified in the case 

of in-situ concrete floors under walking excitation. In another attempt to determine the initial thickness of 

post-tensioned slabs which would satisfy all serviceability requirements, Gilbert (1989) mentioned the 
importance of the floor vibration serviceability, but did not take it into account when developing a formula 

for initial floor thickness. 

Cantieni and Pretlove (1986a) stressed that the civil engineering sector was used to simplified analytical 

models when dealing with dynamic problems. Amongst other reasons, this was a result of the lack of 

experimental work carried out on large-scale as-built civil engineering structures aimed at producing more 

reliable dynamic models. In addition, the same authors (Cantieni & Pretlove, 1986b) were not aware that any 
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building loading code was covering dynamic loads pertinent to vibration serviceability problems in the same 
way that static load was treated. 

Bachmann and Ammarm (1987) considered human-induced vibrations to be the governing design criterion 
for floors in office buildings. In order to tackle the vibration serviceability problem at the design stage, 

simpler frequency tuning and more complex response calculation methods were suggested. Nevertheless, 

Bachmann and Ammann (1987), and also Rainer et al. (1988a), pointed out that the latter method is more 

suitable for checking the vibration serviceability of heavier floors in offices. This method is based on the 

calculation of a vibration response due to walking which could be assumed to be treading in place at the 

point which would produce greatest response. The practical calculation recommended was to tune the pacing 
frequency so that one of its harmonics 'hit' the calculated floor resonance. Then the complete periodic 

excitation or just a single higher harmonic should be assumed to excite the structure and the steady-state 

response to such excitation can be calculated. 

Such responses should then be compared with some pre-selected vibration acceptance criteria. After trying to 

apply a few criteria from the relevant national and international codes of practice for assessing the vibration 

serviceability to several case studies, Bachmann & Amman (1987) and Cantieni (1988) concluded that 

considerable scatter in the floor rating existed. However, BS 6472 (BSI, 1984) was recommended for 

checking the vibration serviceability of office buildings as it seemed to be the most appropriate. In addition, 
Bachmann and Ammann also derived their own simple vibration limiting values which were termed "overall 

acceptance levels". These, in the case of offices, were allowed to go as high as 2% g. This unusually high 

allowable peak acceleration was assessed to be more practicable than the "more sophisticated" approaches 

which existed in, say, BS 6472 (BSI, 1984). Three years later, Allen (1990a) recommended a much reduced 

peak acceleration limit for offices and residences of only up to 0.4-0.7% g, whilst Caverson (1992) 

determined that the 2% g peak acceleration limit is too relaxed for in-situ concrete floors used in offices. 

Finally, amongst 22 case studies presented by Bachmann and Ammann (1987), a vibration serviceability 

problem caused by gymnastic exercises on a floor placed at the top of a high rise building was particularly 
interesting as it appears that the floor and the building were made of in-situ concrete. The problem was that 

vibrations during exercises on this highest floor were felt down through the top quarter of the building. 

Although the floor was estimated to have a natural frequency at about 10 Hz (presumably assuming some 

sort of ideal pin-supported or fixed boundary conditions), its very long support columns actually acted as 

relatively soft vertical springs. As such, they reduced the floor natural frequency to only 4.4 Hz, which is 

right in the range of the 2 nd harmonic of the human-induced excitation. The columns also served as the 

'transmitters' of annoying vibrations to the floors below the gym. I, t was concluded that this phenomenon, 

also reported by Rosenthal and Itskovitch (1988) and Allen (1990a), "needs further investigation". This is 

particularly so because Allen (1990a) concluded that concrete columns supporting concrete floors actually 

increase the flexibility of the floor system thus reducing its natural frequency. 

In 1988, the NRCC Institute for Research in Construction organised a symposium on general serviceability 

of buildings (NRCC, 1988). A large proportion of the papers was devoted to the vibration SLS problem. Of 
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particular interest amongst them is the work of Bachmann (1988) who presented another case study of an in- 

situ cast ribbed concrete floor spanning 15m. Although it was stated that slender columns provided "viftually 

no rotational restraint" to the floor structure, little evidence was given to support that this view has been 

cxpcrimentaIly or analytically verified. 

2.3.8.3 ViBRATToN SERvicEABiLrry oF CowosrrE CoNcRETE FLooRs 

Vibration performance of concrete floors made of either classically reinforced or prestressed precast concrete 
elements has attracted considerable attention in the 1990s. The main advantages of precast over cast in-situ 

concrete floors are: absence of formwork and props, shorter construction times, smoother soffit, high 

mechanical and durability performance, and, particularly important for this investigation, longer spans and 
lower weight (FIP, 1994). 

Aswad and Chen (1993; Chen & Aswad, 1994) analytically investigated vibration performance of precast 
building floors made of double-T precast beams. The work was based on FE modelling of a number of 
precast floors in precast concrete buildings. The floors were assumed to be pin-supported although no 
experimental work has been done to validate this modelling assumption. The FE modelling was, 
nevertheless, used to calculate and assess the floor vibration response in the time domain. The following 
three forcing functions were used to simulate normal walking numerically: 

I. a single heel-drop in conjunction with the Murray's (198 1) rating (Equation 2.5), 

2. multiple heel-drops as proposed byTolaymat(1988a; 1988b), and 

3. time domain representation of the single-person walking excitation assumed to be periodic and 
represented by the first three harmonics having amplitudes of 350N, 140N and 70N, respectively. Ilic 

calculated acceleration response was compared with the ISO 2631-2 (ISO, 1989) thresholds. 

The way Aswad and Chen applied each of the three methods deserves comment. Firstly, Murray's method 
(Equation 2.5), was used although it was developed for composite steel-concrete and not composite concrete 
structures. Secondly, Tolaymat's method neglects higher modes of vibration and repeated heel-drops are not 
a very realistic form of excitation in normal residential or office enviroxuncnts where single person walking 
should be the governing design consideration. Also, the method was not experimentally verified using data 
from concrete floors. Finally, when applying the third method, the authors assumed only a single pacing 
frequency of 2 Hz which produced relevant higher harmonics at 4 Hz and 6 Hz. However, none of these 
three frequencies were close to any of the calculated natural frequencies of the low-frcquency precast floor 

configurations investigated. Having neither resonant nor near-resonant conditions simulated, calculation of 
both peak and RMS accelerations showed little dependence on floor damping. This is not surprising and the 

parametric studies presented of the cffect of damping, when such off-resonant human induced excitation is 

applied, seem to be unnecessary. 
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Low-frcquency composite concrete floors were investigated by Eriksson (1994). Particularly important parts 

of this impressive work, pertinent to the vibration serviceability of office floors, have already been frequently 

referred to in this thesis. T'herefore, only a critical review of the main features and problems which merit 
fiirthcr investigation will be outlined here. 

Eriksson experimentally investigated seven full-scale floors, five of which were composite concrete whilst 
the remaining two were composite stcel-concrete construction. Precast concrete elements were employed in 

all cases. Advanced modal testing technology based on input-output FRF measurements was used to 
determine modal properties of the floors. However, only four of the tested floors were analytically modelled 

using FE analysis, based on floor grillage analogy, in order to compare the measured with analytical results. 
This indicates that analytical modelling was not always a constitutive part of experimental testing. This lack 

of preparation prior to the tests may have contributed to the complete failure of one of the field tests. 

Ile FRF measurements enabled the existence of closely spaced modes in practically all floors to be 

determined. It was concluded that higher modes of vibration might easily be excited by normal walking and 

that their modal damping and mass play a significant role in determining the level of the acceleration 

response of the floor to such excitation. Nevertheless, only the SODF method was used to determine these 

two important modal parameters from experimental measurements which lead to their inaccurate estimates. 

Although columns were included in some of the grillage FE models developed, their modelling was based on 

the assumption that they were rigidly connected to the slab but pin-supported at their other ends. However, in 

some other cases columns were modelled only as pin-supports with no rotational stiffhess for no apparent 

reason. Considering that the author admitted that the agreement between the FE analysis and the modal 

testing results for almost all precast composite concrete floors had not been "as good as desired". it is clear 

that there remained a degree of uncertainty as to how to treat columns in analytical models of concrete floors. 

2.3.8.5 VD3RATION SERVICEABILrrY OF IN-SITU CONCRETE FLOORS 

Apart from the Concrete Society (1994) Technical Report 43 already mentioned, there is a limited number of 

recent publications which have tried to throw more light on dynamic performance of long-span in-situ cast 

concrete floors, which are investigated in this thesis. 

Ouchiyama and Yajima. (1993) loaded until destruction a full-scale concrete slab which was cast in situ and 

post-tensioncd with unbonded tendons. Failure occurred in shear and it appears that columns were 
developing bending resistance right up to failure. In addition, vibration experiments on another full-scale 

post-tensioned floor showed that edge beams and non-structural walls substantially increased its fundamental 

frequency (i. e. the stiffness). 

In a series of three papers Zaman and Boswell tried to link field test results with FE modelling of the floors 

tested. The aim was to develop a method to tackle the vibration serviceability of in-situ PT floors. Firstly, 
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assuming that only the fundamental mode affects the human perception of vibration, Zaman and Boswell 
(1995) developed FE models and calibrated them to match only the fundamental frequencies measured on six 
full-scale floors. 'ne rationale of this approach was to develop a reliable but simple FE modelling method 
which, by changing its parameters, would ensure that the floor's fundamental frequency exceeded 6 Hz in 

order to preserve the floor vibration serviceability under walking-induced vibrations. As this frequency 

tuning approach does not require response calculations, no attempt was made to use 'calibrated' FE models, 
comprising a limited number of panels, to simulate the actual floor vibration response. In order to tune the 
fundamental mode of the FE model and keep it as simple as possible, columns were modelled as fixed 

supports allowing no translation and rotation. In the second paper, Zaman and Boswell (1996a) expanded on 
this frequency tuning approach by developing a formula, suitable for hand calculations, which was based on 
static deflections. However, it was concluded that FE modelling provides the most reliable method for 

cstimating the floor fundamental frequency. The third paper (Zaman & Boswell, 1996b) reported 
fundamental frequencies and peak accelerations to heel-drops measured on 20 already built full-scale PT 

concrete floors. The floors were rated as "acceptable" or 'ýunacccptable" and the following formula, similar 
to the Murray's (198 1) criterion (Equation 2.5) was developed: 

ý 2! 209AOf -I Equation 2.8 

where ý, AO and f are the same parameters having the same units as in Equation 2.5. The graphical 
representation of this criterion is shown in Figure 2.17 and requires a comment. The figure clearly shows that 
more than half of 20 floors tested had "unacceptable" vibration performance which is surprising considering 
tmditionally very good past vibration serviceability behaviour of PT floors (Khan & Williams, 1995). Zaman 

and Boswell (1996b), nevertheless, did not discuss this potentially very worrying observation. 

2.3.8.6 INMALISATION OF THE RESEARCH REPoRTED IN n ]IS TIIESIS 

Fast developments in experimental testing and numerical analysis techniques gave a major boost to research 
into the vibration serviceability of concrete floors in the 1990s. This was mainly through measurements of 
floor FRFs, more sophisticated vibration parameter estimation and the utilisation of FE modelling. 

The basis of the research reported in this thesis was a pilot project initiated at Bristol and Oxford universities 
in 1991 under the joint supervision of Professor Peter Waldron and Dr Martin Williams. The results of this 

study were subsequently reported in Caverson's MSc dissertation (1992), and published ftirther by Waldron 

ct al. (1993), Williams ct al. (1993), Caverson ct al. (1994), Williams and Waldron (1994) and Khan and 
Williams (1995). 

The main aim of this pilot investigation was to gather experimental data on as-built vibration properties and 
the performance of a range of long-span concrete floors in order to compare them with predictions from 

simplified analytical models. In total, 13, mainly cast in-situ, PT floors of various configurations were tested 
in full field conditions. Without going into further details, a critical summary of this pilot study, which is 
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highly relevant to the investigation reported in this thesis, and in which the writer actively participated, will 
be outlined here. 

During the field investigations two groups of tests were employed. Firstly, an instrumented sledge hammer 

was used to measure the FRFs corresponding to vertical floor vibrations. These served to extract the 

structure's modal properties. Secondly, responses due to human excitation such as heel-drop, walking, 
running and jumping were measured. Results from these two groups of experiments were then used to rate 
the floors' vibration in accordance with a number of guidelines including the modified Reiher and Meister 
(Lcnzen, 1966), Wiss and Parmalee (1974), Appendix G of the Canadian steel design code (CSA, 1989), ISO 
2631-2 (ISO, 1989) and BS 6472 (BSI, 1984). 

An attempt was then made to mathematically model the floors investigated, estimate their fundamental 
frequency and compare the calculated frequencies with the measured results. Simplified analytical modelling 
was done using the following methods: 
1. the equivalent bcam method (Allen ct al., 1979), 
2. the (draft) Concrete Society (1994) method, 
3. the equivalent plate method (Williams & Waldron, 1994), and 
4. finite element modelling of a limited number of floor bays (Williams et al., 1993). 

Three main conclusions were reached. Firstly, all in-situ concrete floors developed a two-way response of a 

nature which is difficult to estimate using any of the simplified procedures. Secondly, the measured 
fundamental frequencies were always greater than those calculated using the first two analytical methods. 
Finally, the application of the various vibration assessment guidelines previously introduced to both 

measured and calculated results led to inconsistent floor vibration serviceability assessment. The poor 

performance of all simplified procedures led Williams and Waldron (1994) to conclude: 

"While some improvements may be possible, it is unlikely that hand-calculation methods will ever be 

useful as more than order-of-magnitude checks. In order to have confidence in the behaviour of slender 
floors, a more accurate approach is needed. In the fidure, therefore, it may be necessary to use a 
computational method such as finite-element analysis as a part of the design approach. " 

Although the jilot project produced plenty of reliable scientific evidence about the behaviour of long-span 

concrete floors cast in-situ, the writer has identified, with some hindsight, a number of problems in the study. 
These are as follows: 

The FRF measurements were made on a relatively limited number of points without using available 
aids aimed at improving the quality of the measurements. For example, the more sophisticated 
analytical (FE) modelling could have been used to help the field testing and the selection of suitable 
measurement points. Also, experimental hardware limitations prevented the use of various signal 
processing aids, such as exponential windowing, which could have improved the quality of FRF 

measurements where an instrumented sledge hammer served as the exciter. 

A method based on a SDOF model was used to estimate damping when closely spaced modes of floor 

vibration occurred, resulting in great scatter and lack of confidence in the measured damping values. 
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The presence of closely spaced modes of vibration was generally neglected both in the parameter 
estimation and in response calculations. 

Mode-shapes were manually extracted by visually inspecting the peaks and phase shifts in the 

measured FRFs. This gives little confidence in the calculated ordinates considering the closely spaced 
modes of vibration frequently visible in the measured FRFs. 

Heel-drop response measurements were done without filtering out the contribution of the higher 

modes of vibration which resulted in higher peak acceleration values reported. 

Most of these dcficiencies were identified during the pilot study and arose as a result of the limited time- 

scales under which the project operated. Nevertheless, the lessons learned by actively participating in this 

study helped the writer to formulate a research strategy which would address these and other problems 
identified through the background reviews presented earlier in order to produce reliable research output. 

2.4 Further Considerations and Conclusions 

Ilie background reviews have demonstrated that the problem of vibration serviceability of PT floors in office 
buildings is complex and interdisciplinary in nature. Current state-of-the-art suggests that it is prudent to 

rationalise it into three key components comprising the charactcrisation of: (1) the floor vibration sources, 
(2) the floor structural dynamic properties, and (3) the receiver's response. Of these, the last is, from an 
engineering point of view, probably the most complex when humans are specified as the vibration receivers. 

However, human response to floor vibrations has attracted considerable research in the past. Although 

fragmented, these research cfforts have led to the conclusion that the threshold in perception between 'feel' 

and 'no feel' of floor vibrations could govern floor vibration serviceability. This is particularly important for 

relatively quiet environments, such as high-quality offices, because human vibration perception thresholds 

tend to reduce in such cases. Also, floor vibrations may be perceptible, but, in order to be acceptable, they 

must be of a very low4evel - just above the perception thresholds. Procedures, based on frequency weighting 

of the floor acceleration responses, now exist to assess the probability of adverse comments regarding such 
low-level vibration. These procedures are not perfect and they do require fiirther research and development. 

However, they do exist and are now accepted in the UK (BSI, 1992) and internationally (ISO, 1992; ISO, 

1997). Increasingly, they are used in the contemporary design of office floors. 

The fact that minute vertical floor vibrations may cause problems in high-quality environments raises the 

problem of low-level vibrations induced by the floor occupants when walking across it. By its very nature, 

such excitation is complex and it is difficult to isolate the floor from it. In these circumstances, excitations 

caused only by a single person walking could be excessive. Therefore, numerous researchers have proposed 

a single person walking to be the governing loading case when checking the vibration SLS of office floors. 

Two methods generally exist to do this. 



Background and Literature Reviews 53 

The first is to perform 'frequency tuning' and increase the floor natural frequency above a certain pre- 
defmcd level. The second method is to calculate the floor dynamic response to the nearly periodic walking 
excitation and assess the calculated response in accordance with the existing guidelines. It is important to 

stress here that it is the floor's actual vibration response, and not its natural frequency, which governs its 

vibration serviceability in the case of quiet occupancies and low-level vibrations. However, the high- 

frequency tuning method was popular in the past as analytical calculation of actual floor responses was 
difficult. 

This is particularly important in the case of long-span in-situ concrete floors which, if post-tcnsioncd, are, at 
the moment, very competitive when used in office developments. In these cases, the majority of the literature 

surveyed considers the high-frequency tuning method as obsolete as it is likely to produce uneconomical 
design. Therefore, the calculation of actual responses appears to be to be the way forward. Full FE analyses 

are nowadays becoming an affordable tool for such exercises. 

Unfortunately, for the particular case of in-situ concrete PT floors, this exercise appears to be difficult to 

perform. Scarce information as to how to numerically model the floor as a dynamic system and its excitation 
is conflicting. 17here is a lack of experimental work on this particular type of structure meaning that the 

implementation of the modelling procedures for vibration SLS checks, which were developed for other 

construction types of floors, has not been verified. 

In the case of in-situ concrete floors, particularly problematic are the modelling of the distribution of floor 

mass and (lateral) stiffness, floor boundary conditions, and near periodic excitation due to single-person 

walking. 

2.4.1 Mass and Stiffhess Distribution 

Although there is a trend towards increasing slenderness leading to the general reduction in weight of PT 

floors, it should be stressed that they still tend to be relatively heavy compared with other types of floor 

construction. For example, the writer conducted a survey of the self weights of 30 long-span PT floors, for 

which geometric properties were reported by Fintel and Ghosh (1982), and Matthew and Bennett (1990), and 
20 composite stccl-concrete floors (Lcnzen & Murray, 1969), used in office buildings. The outcome of the 

survey was that PT floors are on average more than twice as heavy as their composite steel-concrete 
counterparts, 596 kgIm 2 compared with 257 kg/M2. 

This is particularly important regarding floor vibration behaviour if the effects of continuity and increased 

floor lateral stiffness, both of which having a potential to engage larger floor area in vibrations, are taken into 

account. However, increased floor mass and lateral stiffness, and the effects of continuity over several floor 

panels are frequently neglected in vibration SLS calculations. 
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2.4.2 Boundary Conditions 

Although the in-situ cast concrete columns affect the floor boundary conditions and may have considerable 
cffcct on the floor natural frequencies, the current recommendations as to how to model them are conflicting. 
7be range of options offered in the published literature is wide: from treating them as simple pin- to fully 
fixed-supports. The first option is, however, utilised in practice more frequently due to the simplifications it 
offcrs, but it may result in a reduction in natural frequency and unsatisfactory vibration performance when 
full %-alking response calculations are performed. On the other hand, the same floor modelled with fully 
fixed supports may become high-frequency and satisfy the vibration SLS response requirements. This 
Sýýuation is, obviously, not satisfactory from a designer's point of view and requires clarification. 

2.4.3 Near Periodic Walking Excitation 

It appears that some scientific evidence exists to suggest that a single person tends to produce imperfect, near 
pcriodic, excitation while walking across the floor. Also, floor vibration responses due to a single person 
U21king across it tend to be short-lived transients (Bachmann & Ammann, 1987). Nevertheless, when 
calculating the floor response these two facts are neglected. Instead, a common assumption found in the 
litcraturc is that pure resonance conditions under walking excitation are achieved in the case of low- 
frcqucncy floors meaning that steady-state vibration levels are reached. Typically, this is assumed because it 
is conservative and it simplifies the calculations. However, the framework set by ISO 10137 (ISO, 1992) 
considers the research developments in the characterisation of all three key floor vibration serviceability 
pazwnctcrs (vibration source, path and receiver) as equally important. Therefore, although there is a great 
scatter and uncertainty about the actual assessment of human response to vibrations, this should not serve as 
a justification for the lack of accuracy and (over)simpfification in the characterisation of the other two key 

Parameters: walking excitation and floor dynamic modelling, as has sometimes been suggested in the 
litcrature. 

It should be stated here that, whereas conservative simplifications are often desirable in engineering 
calculations, they must be justifiable. This means that there must be evidence that the simplifications are not 
CVCrCOnsCrvativC. It appears that such evidence does not exist in the case of the resonance assumed in low- 
frequency PT floors under footfall loading. As a consequence, the resonance assumption may well prove to 
be ovcrconscrvative. There are two possible reasons for this. 

Firstly, the time for the resonant vibrations to build-up is ncglected. This time could be considerably 
increased in the case of lower floor modal damping (Clough & Penzien, 1993). Such lower damping of 
concrete floors has been frequently reported in the 1990s using measurement techniques more reliable than 
amplitude decay after a heel-drop which is now widcly recognised as being unreliable. Considering that 

v%ulking across a floor is, in essence, a transient phenomenon having a limited duration, it may well be that 
there is not sufficient time for vibrations to build up to a full resonant response. 
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Socondly, the likely inability of humans to keep the pacing rate strictly constant at the resonance frequency 

of a floor with relatively low damping has frequently been neglected. In this case, even if the steady state 
response is achieved, a small variation in the excitation frequency may lead to a large reduction in the 
c0culated response due to the greater narrowness of the floor frequency response. 

With regard to the walking excitation models, there is also a lack of information as to the performance of the 

rocently formulated frequency-domain models used to simulate a single person walking. 

2.5 Research Aims 

The %witer's thesis is that inconsistent and widely varying current practice for modelling boundary 

conditions, mass, stiffness, damping and walking excitation are the likely reason why procedures developed 

for checking the vibration SLS of in-situ cast concrete floors perform poorly. This is ftirthcr compounded by 

the lack of modal and dynamic response experimental data pertinent to this type of floor. Consequently, the 

aims of this research are: 

1. to link the numerical modelling and full scale modal testing of a number of prototype floors and, if 

possible, establish more reliable modelling guidelines, based on the FE method, which would be 

applicable for checking the vibration serviceability of in-situ concrete floors, 

2. to investigate vibration behaviour of relatively heavy and low-damped in-situ concrete floors under 
, Aalking loading in order to rate the performance of some of the current, widely used walking excitation 
models, and 

3. to investigate the background and performance of the procedure for vibration serviceability checking of 
in-situ cast post-tensioncd concrete floors currently recommended by the Concrete Society (1994) in 

order to pinpoint the likely reasons for its shortcomings. 
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3 Analytical Modelling 

3.1 Introduction 

714 main aim of structural analysis is prediction of the structural response to the applied actions. These 
response predictions are then used to design the structure so that it performs as required. Typically, the 
rcsimsc predictions are based on the creation and solution of mathematical models. This is known as 
mathematical, or analytical, modelling. The aim of the modelling is to produce simulations of real behaviour 
abich arc sufficiently accurate but also as simple as possible (Meyer, 1987). 

IA itb regard to mathematical modelling in dynamics, a distinction between two groups of problems should 
&Wy be made: wave propagation problems and structural dynamics problems (Cook et al., 1989). Having 
dxir lo%%, cst natural frequencies of vibration similar to the dominant frequencies of the prescribed excitation, 
the problem of floor vibration serviceability, as defined in this thesis, can be classified as the latter. 

7hC process of mathematical modelling starts with making certain assumptions. Typically, in civil 
cqginccring these assumptions are based on previous experience and intuitive understanding of the expected 
Physical behaviour which is to be modelled. When there is a lack of such knowledge, structural prototype 
testing is a recommended way forward. Meyer (1987) gave an excellent overview of the role of prototype 
testing in mathematical modelling, especially when FE modelling is used. This philosophy has been used to 
&-vclop the link between the experiments and modelling in this research project. 

Mv principles and methods of general structural dynamic analysis are described in detail in many excellent 
classical textbooks, such as those written by Clough and Penzien (1993) and Meirovitch (1986), and will not 
be repeated here in great detail. In particular, the FE method, one of the most popular numerical methods for 

SUUcUuaI dynamic analysis, is nowadays based on a broad scientific consensus. As a consequence, this is a 
mature technology implemented in much commercially available analysis software. However, it is 
interesting to note that the practical application of dynamic FE modelling, aimed at predicting dynamic 
behaviour of rcal-life structures, is considered as both science and art (Craig, 1981; Meyer, 1987; Clough & 
Penzien, 1993). This is because the quality of the solution, which is not unique, frequently depends not only 
cc the pure theoretical background but also on the skill, experience and 'feel' of the modellcr. Meyer (1987), 

nevertheless, notes that: 

"Me art of modelling has been undervalued [in the research community) as it is often considered as an 
activity which does not offer anything new. " 

Pxdy because of this attitude, the problem of floor vibration serviceability assessment through detailed 
d)namic response calculations using FE analysis is currently "not carried out routinely" due to a "number of 
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uncatainties", as observed by Rainer et al. (1995). This is compounded by the fact that dynamic analysis 
using FE has many options, the selection of which depends on the type of problem in hand (NAFEMS, 
1992b). The identified problems in modelling the floor boundary conditions, mass and stiffness distribution 

aW by %alking induced excitation make the selection of an appropriate dynamic analysis option difficult. 

7bercforc, the aim of this chapter is to outline the main FE modelling assumptions and analysis procedures 
dc=od to be appropriate for carrying out dynamic analyses of in-situ cast concrete floors when checking 
Ebcir vibration serviceability. 

3.2 Fundamentals 

Stus, damping and stiffhess are the key dynamic properties of any real structure which are, by their very 
=urc, distributed. The description of the dynamic behaviour of such a system is difficult as it requires 
kno% ledge of the movement of an infinite number of points on the structure. 

Ncvctthclcss, by suitably discretising a distributed system into elements of a finite size (finite elements), 
%hich are connected at a limited number of points (nodes) the problem can be simplified considerably. The 
focus of the analysis is now reduced to a consideration of the movement of a finite number of nodal points in 

the direction of the prescribed DOFs at each node. 

31.1 Equations of Motion 

During the discretisation, mass, damping and stiffness properties are lumped at each of N pre-selected DOFs. 
Mic problem of complex analysis of a distributed parameter system is now simplified to the analysis of a 
hunped parameter MDOF system. By carefully selecting the location of nodal points and DOFs which are of 
inwcst, the movement of the whole structure can be defined in sufficient detail at each instant of time by a 
displacement vector jx(t)). The elements of (x(t)) are unknown functions xi(t) (i=l,..., N) describing the 

movctncnt of each DOF as a function of time. 

71w limiting MDOF case is a SDOF system where only one DOF is considered to be sufficient to describe 
dx movement of the whole distributed system. Ewins (1995), however, maintains that "... very few practical 
structures could realistically be modelled by a SDOF system". in addition, the literature review in Chapter 2 

c1carly demonstrated that this modelling practice in the case of cast in-situ concrete floors is likely to be 

unsuitable due to the appearance of closely spaced modes of vibration and difficulties in lumping mass, 
stiffness and damping properties to a single DOE 
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Afkr applying the prescribed time-varying loads (f (0) 
1 as well as the equilibrium, compatibility and stress- 

strain conditions (NAFEMS, 1992a) to all DOFs, the following well known matrix equation can be obtained: 
[M](R(t)) + [C](ic(t))+ [KNx(t)) 

= (f (t)) Equation 3.1 

7he vector Jx(t)) is the unknown in this matrix equation. Various methods for the development of this 

mitzix equation, fundamental in the dynamic analysis of damped MDOF systems, are given elsewhere 
(Clough & Penzien, 1993; Cook ct al., 1989; Petyt, 1990). The FE method implemented through 

comincrcially available FE codes is, however, the most common (NAFEMS, 1992b). The key assumptions 

=dc in the development of this matrix equation are that a linear time invariant dynamic system is being 

analysed. This leads to mass [M], damping [C] and stiffhess [K] matrices being time independent. The 

superposition principle and Maxwell's reciprocity theorem, therefore, apply. These assumptions are 
justifiable in the case of heavy concrete floors under low level human induced excitation where stress levels 

=minute (Wyatt, 1989; Eriksson, 1994). 

Mauk equation 3.1 can be understood as a statement that equilibrium of inertial If, (t)), damping (fD 

, 
(t)) and external forces If(t)), acting in the direction of each clastic (or stifffiess, or restoring) forces {fF 

DOF, is satisfied at each instant of time t (NAFEMS, 1992b; Bathe, 1996): 

(fl (0) + ý. (0) + ýE (0) 
= 

ý(O) Equation 3.2 

t% hcrc 

(f, (0) = IM P (0) Equation 3.3 

IfD (0) 
= 

IC NL (0) Equation 3.4 

IfE (0) 4K]fx(t)). Equation 3.5 

For N DOFs, matrix equation 3.1 comprises N second order ordinary linear differential equations, known as 
the equations of motion. Normally, these are coupled which means that at least one unknown displacement 
function from vector (x(t)) and/or its derivatives feature in more than one differential equation. Whereas the 
formulation of mass and stifffiess matrices [M] and [K] is based on the summation of physical properties of 
the individual discretised elements, the damping matrix [C] cannot be formulated in the same way. 
Ncvcrthcless, in the case of a wide range of civil engineering structures, including floors, it is convenient to 

assume that the damping is viscous meaning that the damping force vector If,, (t)) is directly proportional to 

the vclocity vector (A(t)) (Equation 3.4). As will shortly be seen, this almost certainly does not represent the 

adual damping mechanism which physically dissipates vibration energy from the real floor structural 
s)stcnL I lowevcr, it is a good modelling approximation and is very useful from a mathematical point of view 
as it simplifics the solution of the equations of motion. 
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31.2 Solution of Equations of Motion 

Vast efforts were made in the past devising methods to solve equations of motion formulated by the FE 

axtbodL Generally speaking, the existing methods can be divided into two groups: (1) mode superposition 
(or modal solution), and (2) direct (or step-by-step) time integration methods. 

Of greatest interest in this investigation is the linear dynamic response of floors engaging only a limited 

==bcr of the lowest modes of vibration. In addition, relatively long excitation and response time historics, 

lasting typically more fl= 50 periods of the lowest mode of vibration, will have to be produced. Considering 

thme two requirements and NAFEMS (1992b) recommendations, mode superposition has been selected as 
dw principal and more efficient solution method. 

311.1 MODE SUPERPOSITION SOLUTION 

Without going into the details of the development of the mode superposition method, only the key ideas, 

terminology and formulas, used extensively in the thesis, will be introduced here. Much more detailed 

accounts of these aspects are given elsewhere (Clough & Penzien, 1993; Meirovitch, 1980). The notation 

used follows as closely as possible the one adopted by the DTA (Ewins, 1995). 

7be mode superposition solution for the unknown vector jx(t)) in Equation 3.4 can be assumed as: 

jx(t)) = [T]fq(t)) Equation 3.6 

%here: [T] is a modal matrix and ý(t)) is termed a generalised coordinate vector. In general, for a discrete 

S)st= with N DOFs, the modal matrix [T] is comprised of N eigcn vectors (xv), (r-- 1, ---, N). Each of these, 

paircd with one of up to N distinct eigenvalues co,, is a solution of the following undamped eigenvalue 
problem: 

ýK]- (02[MV)= 
(0) Equation 3.7 

,A hcre VZ) is a vector of unknown time-independent displacement amplitudes. Hence: 

2 [MI )= (0) Equation 3.8 ýK]-cor 
W Ir 

7be time-independent modal vectors (W), have orthogonality properties enabling the modal matrix [T] to 
'diagonalise' matrices [M] and [K], as follows: 

1ýpy1m11T1=[\Mr\1 

[TY[K][T]=[\kj 

Equation 3.9 

Equation 3.10 

Beimi orthogonal, the modal vectors (xV), are linearly independent and form a basis in N-dimensional space. 47 
This means that any other N-dimensional vector from this space, such as the vector of unknown 
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displ=mcnts (x(t)), can be expressed as a linear combination of time-independent modal vectors. This is 
&c basis of an expansion theorem (Meirovitch, 1980), which can be stated as: 

jx(t)) fxy), q, (t) Equation 3.11 
r=l 

. 
Fzmtion 3.11 is a coordinate transfonnation linking vectors (x(t)) and Jq(t)), and is, in fact, just another I- 
, A2y of rcprescnting Equation 3.6. 

The main reason for introducing the above coordinate transformation is that it is able to de-couple the 

cquations of motion. This is done by pre-multiplying Equation 3.1 by [TY and by replacing vectors of 
tmknown displacements, velocities and accelerations by appropriate terms calculated from Equation 3.6. Ile 

rmjlt is the following set of differential equations: 

(t))+ [IFY[C][T]ý, (t))+ [k, 
ýRq, 

(t))= [Tyff(t)) Equation 3.12 

In order to de-couple the equations fully, the matrix product [%FY [C] [T] should be a diagonal matrix 
['c, 

\ 
kading to N independent linear differential equations: 

m, 4, (t)+c,, 4, (t)+k,, q, (t) = P, (t) Equation 3.13 

vAhcrc 
N 

P, W=2: xvjfj W Equation 3.14 
J--l 

is dcrined as a generalised load for mode r or, simply, the rh modal force. Equation 3.13 corresponds to a 
SDOF system and, in the case of an undercritically-damped system, its solution can be represented as 

(Clough & Penzicn, 1993): 

q1 (t) (t) + q1f (t) 

i4hcrc 

qf. bwmcrl& 
Ccý`, t[q, (O)cos(o3,, t)+ 

4r (0)+ q, (OX, w, 
sin(co. t)] 

00 rd 

and 
t 

rforced 
Wf Pr (Tý-r 4Dd (t-'r) Sn 

(Cord (t 
- -c))dT 

MrCord 
0 

Equation 3.15 

Equation 3.16 

Equation 3.17 

In the case of homogeneous initial conditions when q, (0) =0 and 4, (0) = 0, the transient response 

q,, &ý 
(t) vanishes and the complete modal response q, (t) corresponds to the forced vibration response 

q, A. w 
(t). In the case of more complex modal forces P, (t), commercial FE packages usually solve Equation 
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3.13 numerically by direct integration which is much easier for a SDOF system than for an MDOF system 
(Equation 3.1). 

%Icn all N gencralised coordinates q,, (t) are known, the unknown displacement vector (x(t)) can be 
ObMincd by the superposition of modal responses q,, (t) using either Equation 3.6 or Equation 3.11. 

3111 
, DE-COUPLING oF EQuATioNs oF MoTioN 

Obviously, the key condition for de-coupling and, therefore, for simplifying the original set of equations of 
motion is that the matrix product [TY[C][T] is a diagonal matrix Jýcj. Typically, commercial FE 
packages allow this 'diagonalisation' of the matrix [C] to be done in one of two ways: (1) explicitly, by 
Specifying damping coefficients c,, (or ý, ) directly for each mode of vibration in Equation 3.13, or (2) 
implicitly, by assuming that the damping matrix can be expressed as the following linear combination. of 
mass and stiffness matrices: 

Equation 3.18 

%hcre a and P are pre-determined constants. Ile former approach corresponds to a modal damping model, 
aW the latter to a proportional damping model where 

c, =am, +pk, Equation 3.19 

Tbe name for the latter damping model comes from its assumed proportionality to mass and stiffness. This 
model is also known as the Rayleigh damping model. 

31.3 Analysis Software Selection 

Apart from being used in the calculation of the transient dynamic response in the time domain (Equation 
3.1). the mode superposition techniques can also be used for frequency domain calculations which are often 
roquired in some methods for checking floor vibration serviceability. The mode superposition methods, 
employed for the frequency domain calculations using FE analysis, are described in detail by Petyt (1990). 

Naturally, the commercially available FE package to be used in this investigation had to have mode 
superposition analysis options capable of performing both types of forced response analyses: transient time 
domain and harmonic frequency domain analyses. In addition, the software had to posses utilities, such as 
extensivc graphical, pre- and post-processing capabilities, as recommended by NAFEMS (1992a; 1992b), in 

order to perform quality assured numerical modelling. Also, a very important and rather specific requirement 
%= an casy link between the FE analysis and the software used in the experimental work, as outlined in 
Chapter 4. Having in mind all these requirements, as well as the financial constraints for this project, a 
decision, was made to opt for the widely used ANSYS FE code. 
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3.3 FE Modelling of Concrete Floors 

As previously stated, there is a lack of knowledge regarding the modelling of boundary conditions, and 
walking excitation when checking vibration serviceability of in-situ concrete floors. In the case of 
prestressed concrete floors, further attention is required regarding issues such as the effects of prestressing 
xJ cracks on the floor vibration performance. In addition to this, the modelling of damping could well be 

particularly problematic since it is not well understood, but may be of paramount importance in controlling 
floor response in resonant or near-resonant conditions, as is the case in low-frequency floors. Finally, the FE 

modelling of the floor's orthotropic behaviour requires careful consideration. Modelling assumptions having 

a bearing on these issues wdl be discussed in this section. 

3.3.1 Selection of Finite Elements 

For FE modelling of the floors investigated in this thesis, the following types of ANSYS finite elements 
(ANSYS, 1995c) were used: 

Lincar elastic beam (or bar) elements denoted as BEAM4 and BEAM44 (Figure 3.1 a). Both elements 
arc uniaxial 3D elements with six degrees of freedom at each node. BEAM44 has a node offset 
capability which makes it suitable for modelling slab beams which are relatively narrow and deep. 
BEAM4 elements were mainly used for modelling the columns. 

SIIELL63 (Figure 3.2), was the main type of ANSYS shell elements used. It is a 4-noded element with 
six degrees of freedom at each node allowing both bending and membrane action. SHELL63 elements 
were used in the modelling of wide and shallow beams, typical in post-tensioned floors (Figures 2.2 

and 2.3). They were used for modelling both isotropic and orthotropic behaviour of the flat plates 
(Figure 2.4) and beam-and-slab floor systems (Figure 2.3). Having six degrees of freedom at each 
node, all beam and shell elements used are fully compatible and suitable for analysis of 3D structures. 

Spring damper (COMBIN14) and lumped mass (MASS21) elements were also used as additional elements in 

%2rious parametric investigations. Whilst MASS21 (Figure 3. Ic) is a single node element with all six degrees 

of freedom, COMBIN14 is a 2-node element which may have stiffhess corresponding to either three 

U=Iations (linear spring) or three rotations (rotational spring) at each node, depending on the option 

scleacd 

A morc detailed description of all elements is given in the ANSYS User's Manual (ANSYS, 1995c) and will 
not be repeated here. 
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3-31 Modelling of Stiffness 

Rcsolution of some of the uncertainties in the modelling of in-situ cast columns and walls, and of orthotropic 
propcrtics of floors with wide and shallow beams is one of the objectives of this work. However, modelling 
of the cffccts of Prestressing in concrete elements, including floors, seems to be another issue where a 

numbcr of authors have expressed different opinions. 

331.1 GEOMETRIC ST]FF7NESS AND EFFECTS OF PRESTRESSING 

Somc authors, such as Maguire (1984) and Eriksson (1994), maintain that prestressing, as a compressive 
axizad load, has the ability to reduce natural frequencies. This is because of the second order effects which 
rcducc the clastic stiffness and which, ultimately, can cause buckling (Figure 3.3a). Indeed, Clough and 
Pcnzien (1993), for example, showed that compressive axial force reduces the elastic stiffhess [K] of a 
structural system via the so called geometric stiffness matrix [KL 

, as shown in the following equation: 
[MRK(t))+ [Cli(t)) + qK] 

- 
[Kb Xx(t)) = (f (t)) Equation 3.20 

Mic rcsulting reduced stiffness is called the cffective stiffhess [KI 

[KL = [K]- [KL Equation 3.21 

However, it is important to note here that this phenomenon cannot be a result of axial forces from internal 

pn=cssing. Internally prestressed structures, including floors, where the prestressing tendons have an 
intimate contact with the surrounding concrete cannot buckle as the tendon profile follows faithUly the 
deformed shape of the prestressed element (Figure 3.3b). Therefore, no additional eccentricity can be created 
due to the deformation, that is - there are no second order effects. This is a specific property of internally 

prcstrcssed concrete elements well documented in the classical work of Leonhardt (1962), and confirmed by 

I furst (198 8), and Khan and Williams (1995). 

7berefore, the writer concluded that the second order effects due to prestressing should not be taken into 

account A hen analysing dynamic properties of internally prestressed concrete floors. 

3321 MODULUS OF EIASTTcrry FOR CONCRETE IN DYNANHC CALCULATTONS 

M)c d)mamic modulus of elasticity of concrete Ec is a traditionally uncertain parameter in dynamic FE 
., dyn 

analysis. Some attempts to quantify it will be outlined here. 

Maguirc (1984) compiled information from five sources to determine Ec, 
cbm 

for a concrete having a 

compressive strength of 35.8 MPa. The values obtained varied between 36.5 GPa and 39.2 GPa. The selected 

%21uc for FE modelling was E,,, ), =38GPa. It is interesting to note that Wyatt (1989) independently 

rccommcnds the same value for a normal weight concrete when checking the vibration serviceability of 

coinpositc stecl-concrete floors. Other proposals for the dynamic modulus of elasticity, found in the literature 
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Patinent to the dynamic performance of floors, typically recommend the increase of the static modulus by 
10-25% (Bachmann & Amman, 1987; Eriksson, 1994; Amman & Nussbaumer, 199 1; Maguire, 1995). 

A draft of the Lloyd's Register structural assessment guidelines (Maguire, 1995) contains a very practical 
discussion as to the values of Young's modulus of elasticity to be used in dynamic calculations. Firstly, it 

%as observed that E,, dyn depends on the stress-strain regime under short term loading such as wind or traffic. 
I b%ing this in mind, it was pointed out that the dynamic modulus obtained from dynamic testing of full-scale 

Structures seems to be more appropriate than the modulus obtained from static testing (inappropriate strain 
Me) or from ultrasonic pulse velocity testing (inappropriate strain level). However, it has been noted that 

Cxpcrimental data from full-scale testing are scarce. "Merefore, Edy, will be treated as an uncertain 
modelling parameter and an attempt will be made to determine it more reliably through a comprehensive 
full-scale testing programme which has been scheduled to accompany all FE modelling exercises in this 
investigation. 

3.31.3 UPPER AND LOWER BOUND ANALYSES 

7be modelling of the cracks in concrete slabs is another aspect where no firm guidelines exist. Meyer and 
Will (1987) suggested that gross concrete cross sections should be assumed in the FE models of both 

CLusically reinforced and prestressed concrete structures. However, cracks, if they occur, may reduce the 
floor stiffness considerably (Grace & Kennedy, 1990). Therefore, the writer concluded that it is prudent not 
to nqlcct the possibility for cracking, especially in the case of classically reinforced floors. 

D)namic modulus of elasticity and cracking, together with the boundary conditions, are examples of 

unccrtain parameters which may have significant effect on the floor's stiffhess. Recognising the problem, it 

has been suggested to adopt both upper and lower bound stiffnesses in FE dynamic analyses (Meyer & Will, 

1997; NAFEMS, 1992a; Spcnce & Kenchington, 1993). Meyer and Will justified this by saying: 

'Even though bounding of the stiffhess does not guarantee bounds on the response, the resulting ranges of 

atpected upper and lower bound response values are likely to be more meaningful than single values. " 

3-3.3 
, 

Modelling of Mass 

Ulien modelling the mass of a relatively heavy and rigid item placed or attached to the floor (e. g. 

machincry), manual lumping using a point mass finite element, such as MASS21 in ANSYS, is 

recommended. However, a mass originating from the self weight of flexible structures, such as concrete 

sbibs, should be modelled as distributed through the finite elements used to represent the elements with such 
homogeneously distributed mass (Ridlon & Meyer, 1987). This is done by assigning mass to each finite 

clcmcnt, usually through its material density. The density parameter can be varied to accommodate, if 
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appropriate, the relatively small (non-structural) and distributed mass of the imposed load (NAFEMS, 
1992a). 

UIcn checking the vibration serviceability of concrete floors caution is necessary in specifying the mass 
corresponding to such imposed (live) gravity load. This is because, in general, two types of dynamic FE 

=I)scs may be performed: 

" FE analysis at the design stage when no real-life structure exists. In this case only 10-25% of the 
assumed imposed gravity loads, as given in the design codes (Murray, 1975; Wyatt, 1989), should be 

converted into equivalent mass, and 

" FE analyses aimed at simulating the measured dynamic behaviour of an existing floor structure. In this 
case the imposed loading which physically existed during the testing should be estimated as accurately 
as possible and converted into the equivalent mass in the FE model. 

The ýinitc element representation of mass can be either lumped or consistent. Theoretically speaking, both 

methods arc suitable for vibration analysis of concrete floors. However, the consistent mass method tends to 
be more expensive and unnecessary when only the lowest modes of vibration are excited (NAFEMS, 1992a), 

as is the case of low-frequency floors under human-induced excitation. Therefore, the lumped mass model, 

%hae the mass is associated only to the translational degrees of freedom and where the mass matrix is 

diagonal, will be used whenever possible. 

3.3.4 Damping Modelling 

All real vibrating structures lose the kinetic and potential energies which are stored in them. Any method of 
dispcrsing vibration energy in a vibrating system is generically termed damping. In the case of low- 

frcqucncy floors, damping has the potential to reduce significantly the resonant or near-resonant response 
duc to -Aalking excitation. On the other hand, in high-frequency floors, it increases the decay rate in the case 

of irce-vibration response between subsequent footsteps. In both cases the effects of damping are beneficial 

and it is prudent to model it as accurately as possible. 

Unfortunately, the actual physical phenomena and mechanisms which cause damping are not well 

understood (NAFEMS, 1992a; Spence & Kenchington, 1993). Damping tends to be a result of an 

cagagcment of several energy dissipating mechanisms within the structure, the individual contributions of 

%hich are extremely difficult to assess. Consequently, the modelling of damping is not as exact as the 

modelling of mass or stifffiess. However, NAFEMS literature (NAFEMS, 1992a; NAFEMS, 1992b; Spence 

&' Kcnchington, 1993) provides excellent state-of-the-art guidelines on the treatment of damping when 

conducting a dynamic FE analysis. Only the most important aspects, often overlooked in the literature on 

vibration serviceability of floors, will be summarised here. 
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3.3.4.1 RESONANCE CONSIDERATIONS 

Although an order of magnitude lower than the inertia and stiffness forces, the damping force tends to be 
imponant when a structure vibrates at resonance. This is because at resonance the inertia forces ff, (t)) cancel 
stiffness forces (f. (t)) and the only force which remains to oppose the external excitation (f (t)) is the 
damping force (fD(t)) (see Equation 3.2), as discussed in more detail by NAFEMS (1992b). At near- 
rcsonancc conditions, this is approximately satisfied. However, it is to be expected that the importance of the 
damping force diminishes, in comparison to the stiffness and inertia forces, as the response becomes more 
rm-rcsonant. 

3.3.41 PHYSICAL SOURCES OF DAWING 

Men considering damping, a clear distinction should be made between sources to which damping can 
physically be attributed, and the mathematical models used to simulate them. 

Lxp structures, such as floors, lose vibration energy in two principal ways: (1) through 'dissipation' within 

die boundaries of the structure, and (2) through 'dispersion' of vibration energy which is propagated away 

from the structure (Ungar, 1988). Wyatt (1989) calls the second type of damping "lateral dispersion" 

%hercas OhIsson (1988b) uses the term "geometrical damping". 

As every floor is uniquely connected to the rest of the structure, the 'dispersion' part of damping is 

dependent upon the precise form of this connection and cannot be gencralised easily. More general and 

useful for future designs is knowledge of energy-dissipation damping (Ohlsson, 1988b), uncoupled from the 

'dispersion' part. Unfortunately, one of the most difficult problems related to gaining such knowledge is the 

Mca urcmcnt of energy 'dissipation' only. Any practically achievable damping measurement on a real floor 

structure. which is a part of a larger building, will measure damping as a compound effiect of 'dispersion' and 

'dissipation' with no practical means of distinguishing between them, as noted by Ungar (1988). Such 

damping, Ungar called the "effective damping". 

In the case of floors, 'dissipation' loss can be attributed to two causes: loss in the body of the material and 

kxs at discontinuities and connections. According to Spence and Kenchington (1993), the word "structural 

damping" is used to describe the combined effects of these 'dissipation' losses because, again, it is difficult 

to separate them. Interface friction and mechanical hysteresis are typical examples of structural damping 

dcfmcd in this way. However, older literature (Maguire, 1984) considers structural damping as representing 

only the loss at connections. From the above examples, it is obvious that there is trend towards proliferation 

of terminology in structural dynamics (NAFEMS, 1992a). This trend is particularly problematic in the case 

of damping where numerous different prefixes to the word 'damping' are used in an inconsistent way. 
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3.3.4.3 ANALYTicAL MoDELs OF DANTING IN THE MODE SUPERPOSMON METHOD 

Gcnerally speaking, analytical models of damping used in the mode superposition method tend not to 
rcprcscnt the exact physical source of vibration energy loss. Instead, they are mathematically convenient 
nprcsentations of damping as a global structural property. The already introduced modal and proportional 
(or Rayleigh) damping approaches represent the two most commonly used models suitable for dynamic FE 

analysis'of floors. Of these two, the former has more physical meaning than the latter as it can be measured 
by cxpcrimental modal testing. In addition, the vast majority of experimentally measured floor damping 

nlucs were (meant to be) modal damping. Furthermore, the anticipated outcome of the full-scale modal 
9csting of floors in this research are the modal damping values estimated from MDOF parameter estimation 
Procodurcs (Spence & Kcnchington, 1993) for each experimentally identified mode. Therefore, it is prudent 
to adopt FE models having damping based on the modal damping ratios, as such models are able to simulate 
dirMlY the measured floor dynamic behaviour. 

3-3.5, Floor Excitation Modelling 

As specified in Chapters I and 2, a single person walking is the governing loading case (when checking the 

vilration serviceability of relatively quiet office floors) which is going to be examined in this thesis. If an FE 

analysis is used to predict the floor dynamic response, in order to fully utilise the power of the FE method 
aW time invested in the development of the FE model, it is prudcnt to adopt walking excitation models 
%hich arc as dctailcd and as realistic as possible. 

In gcncral, two such models exist: the time domain, and the frequency domain models (Mouring & 
Ellingwood, 1994). An excellent overview of these models is given by Eriksson (1994). 

3-3.5.1 SINGLE PERSON WALKING EXCUATTON: T)ME DOMAIN MODELS 

Time domain models are developed assuming that walking is a perfectly periodic activity which can be 

modelled as the sum of a number of discrete Fourier components. The ftequency of a fundamental harmonic 

corresponds to the pacing rate whereas the frequencies of higher harmonics are integer multiplies of the 
fundamental frequency. Recently, Bachmann et al. (1991b; 1995b) collated the somewhat varying data from 
the literature and proposed that the vertical load FP (t) due to a single person walking be expressed as: 

Fp(t) =G +(xG sin(27cft) 

+a2Gsin(4irf, t-T2) Equation 3.22 

+a3Gsin(6xf, t-T3j 

, Ahcrc G is the weight of the person (usually assumed to be between 70ON and SOON ), ctiG is the loading 

amplitude corresponding to the iý harmonic (i = 1,2,3), f. is the pacing rate (between 2.0 Ilz and 2.4 Hz), 
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mid ff, and y3 are the phase angles of the second and third harmonics. The amplitude coefficients and phase 
angles for the first and higher harmonics are given in Table 3.1. 

Table 3.1: Amplitude coefficients and phase angles to be used in Equation 3.22. 
Frequency a a2 T2 CC3 T3 

[degrees] [degreesl 
2.0 H1z 0.4 0.1 90 0.1 90 
2.4 1 lz 0.5 0.1 90 0.1 90 

%%Icn using the values from Table 3.1 to calculate a,, a linear interpolation between 0.4 and 0.5 is to be 
assumed. This corresponds to pacing rates between 2.0 Hz and 2.4 Hz. A large scatter exists in 
apcrimcntally determined phase angles T2 and T3 (Bachmann & Ammann, 1987). In order to obtain an 
"upper bound solution", Rainer et al. (1995) suggest selecting a single harmonic from Equation 3.22 to excite 
the Mady-statc resonance of an applicable mode of floor vibration. Such calculated responses should then be 
compared with the applicable vibration assessment criteria. This procedure has been classified by Rainer ct 
al. as "more advanced design rules". 

Alternatively, the complete force FP (t), as defined in Equation 3.22, can be taken into account assuming that 
the AnAarncntal or higher floor resonance is excited exactly by one of its harmonics. When using all 
harmonics it is interesting to note that Bachmann and Ammann (1987) suggested varying the phase angles 
T2 and y, in order to obtain "the most unfavourable combination of the different harmonics". However, 
dwy failed to mention that this phase adjustment is meaningful only if a transient analysis is required. Phase 
angles do not affect the RMS response if a steady-state vibration is assumed in the vibration serviceability 
calcuMons. Some examples showing how the variations of y2 and (p3 change FP (t) are given in Figure 3.4. 

ISO 10137 (ISO, 1992) and Rainer et al. (1988b) propose different coefficients and applicable frequency 
ranges compared to those presented in Table 3.1. However, Rainer and Pernica (1986) also propose the 4'h 
harmonic amplitude to be included in the calculations as and when necessary. ne "dynamic load factor", 
that is the Fourier coefficient, recommended for the 4h harmonic is a4 ý 0.05. 

Wil]ford (1997) adopted a similar calculation strategy, which assumes pure resonance conditions excited by 

ow of the first three harmonics of walking. However, he suggested the lower bound of a normal pacing 
frequency to be reduced from 2.0 Hz to 1.2 IH[z. Frequency ranges, corresponding to the higher harmonics, 
had to be adjusted accordingly, as shown in Table 3.2. 

Table 3.2: Harmonic amplitudes proposed by Willford (1997). 

Rarmonic [i Frequency 
[Hzl 

aiG 
[NJ 

1 1.2-2.4 240 
2 2.4-4.8 96 
3 4.8-7.2 48 
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3.3.5.2 SINGLE PERSON WALKING ExcrrATION: FREQUENCY DOMAIN MODELS 

By considcring walking as a perfectly periodic activity, an assumption is made that the excitation energy is 

concentrated only at discrete frequencies corresponding to the fundamental and a number of higher 
hannonics of walking. This is a deterministic model of the walking excitation. 

I b%-cvcr, by indirectly measuring the continuous excitation due to a single person walking, Eriksson (1994) 

sho%cd that there is a spread of excitation energy around frequencies which nominally correspond to the 

pacing rate and its integer multiplies (Figure 3.5). Even when the pacing rate was strictly controlled by a 

nxtronome, a spread of energy occurred indicating that the walking excitation is a sort of narrow-band 

random phenomenon. In this case the walking force can be represented in terms of its auto-spectral density 

(ASD) denoted as Sr (co). This force ASD can be used to calculate the acceleration response ASD using the 
follming well known equation (McConnell, 1995): 

Sm (CO) = 
IA(CO12Sff (CO ) Equation 3.23 

InmAucing an acceleration auto-correlation function as: 

+Y2 
R. (r) = lim f a(tý(t +, rýt Equation 3.24 

it is obvious that when T=0: 

+Y2 

R. (0) = lim fa 2 (týt Equation 3.25 
T-+-D 

_Y2 

acarly, R. (0) is a mean square value of a(t) averaged over a period T, that is: 

2 Equation 3.26 R. (0) = aRNM 

On the other hand, using the Wiener-Khintchin transform pair (McConnell, 1995): 

R.. (T) = -L"DS. 
(w) C"'dco Equation 3.27 

27r 
I" 

w 

S,. (co)= fR. (T)e""dT Equation 3.28 

-co 

and puffing -r =0 in Equation 3.27 one obtains: 

(0) . 4"0 
Equation 3.29 

27c 
f S- (4(o 

Considering equations 3.23,3.26 and 3.29, the RMS acceleration can be calculated as: 
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aRw ýJA(cof Sff (caýw Equation 3.30 

Eqtuiaiion 3.30 is a means of taking into account the spread of excitation energy in Sff (ca) around the pacing 
firqucncy to. = 2nf. and its positive integer multiples (Figure 3.5) when calculating the RMS acceleration. 

ExiUson (1994) introduced a number of simplifications in order to make the use of Equation 3.3 0 more user 
hicAy. For the "one person walking" loading case, he cautiously suggested that the excitation power 

CDOWned within the width of ASD peaks (Figure 3.5) could be modelled by an equivalent single harmonic 

fLxw FRw assumed to excite pure resonance. The amplitude values of FRw are selected in such a way so 
dW the steady-state resonant acceleration response due to FRx4s has the same RMS value as the response due 

to Sjr(w). When doing this, the energy spread around only one peak (Figure 3.5) in Sff (ca)has been 

Considcred when estimating amplitudes of FRms as a function of frequency. Ilesc amplitudes are given in 

TabIc 33. 

Table 3.3: Equivalent RMS force representing a single person walking (Eriksson, 1994). 
Excitation frequency f interval FRw 

IIIIZI [N] 
0-2.5 220 

2.5-10.0 180(1/f) 

Eriksson suggested that the harmonic force FRms should be tuned to excite the resonance of the "weakest 

mode" of the structure and should be treated as stationary, that is treading in place, preferably at an antinode 
of the appropriate mode shape. Eriksson neglected the possible effects of closely spaced modes of vibration 
noting that "... this effect is not assumed to be sufficiently common to be considered". This statement is quite 
qucstionabic in the case of concrete floors where even Eriksson (1994) himself frequently reported close 
modes of vibration which were experimentally identified. In addition, experimental validation of this 
frcqucncy domain walking model presented in his thesis is not conclusive as human subjects were not trying 

to cxcite spot-on resonances of the floors they were walking on. Clearly, there is a scope for such a 
s2lidation to be performed in this research work. 

3.33.3 SPEED OF WALKING 

7bc above mentioned assumption, that the human induced loading due to walking does not move and is 

applied at the worst possible point, is very popular as it simplifies calculations and can commonly be found 
in literature. Bachmann and Ammann (1987) explain this stating: 

"ne relatively slow forward speed has hardly any effect on the vertical excitation of the structure as 
investigations have confmned. ( ... ) If one were to consider the effect that the forward speed of a single 
%alking or running person has on a forced vibration, the response would be transient with smaller 
amplitudes, since the steady state is not reached before the person leaves the structure". 
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It is important to note here that the references which were used by Bachmann and Ammann to support this 

sicw were related to footbridges and not to massive concrete floors. Nevertheless, modelling of a moving 
kad due to walking is difficult, but is justifiable if an FE analysis is used. Smith (1988) described the 
appkation of a time varying force travelling with a constant speed across a continuos beam. The forward 

specd dcpcnds on the pacing frequency and the stride length and this complex relationship is given in Figure 
3.6 (Bachmann & Ammann, 1987). These will be taken into account when modelling the moving excitation 
due to mulking. With regard to this it is interesting to note that Wyatt (1989) maintains that the normal 
padng rate is predominantly 1.6 liz (and not 2.0 Hz) in offices. 

fi=Hy, it should be stressed that a similar frequency domain approach has been adopted by Mouring; and 
Ellingwood (1994; 1996) when investigating the cffects of crowd loading on busy floors, as found in 
Aoppins malls. 'Me two authors, however, introduced a number of simplifications including the assumption 
tha Lbe floor responds in single mode only. Although the ABAQUS FE code was used in the investigation, 

00 study was presented to justify this assumption. Models for walking excitation caused by groups of people, 
uhkh %-crc recently developed by Mouring and Ellingwood are, nevertheless, more appropriate for crowd 
IWding and will not be used in this work. 

3.4 FE Modelling Feasibility Studies 

FE mod', analysis aimed at calculating the undamped natural frequencies and mode shapes is the backbone 

of the mode superposition technique. A poor analytical modal model, which does not correspond to its 

Mcasured counterpart, is almost certainly going to produce inaccurate response calculations. Such poor 

analytical results could well be a consequence of errors in modelling the mass and overall stiffness 
propcrücs. 

Iber6orc, two feasibility studies were carried out in order to gain experience in floor modelling and check 
the Performance of ANSYS FE code when calculating the natural frequencies and mode shapes of concrete 
floom. The calculated results were validated against the experimental results obtained by Caverson (1992) 

hom modal testing of two prototype floors. Structural details of these floors and results of these two 
fcasibility studies were published at an early stage of this research (Pavic et al., 1994; 1995a; 1995b) and will 

not be repeated here. Only the main findings are stated below. 

3.4.1 
- 

Wycombe Entertainment Centre Car Park (Pavic et al., 1994) 

7he first structure is an in-situ cast post-tensioned floor built in Ifigh Wycombe with a2 10 mm thick slab 

forming a typical panel 12.05 m long and 7.3 m wide. Statically, it is a one-way acting system (of the kind 
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shoun in Figure 2.3) between a series of parallel band beams which are 665 mm wide and 650 min deep 
(inclusive of slab thickness). Both full-scale modal testing and FE modelling showed that the band beams 

pro%idc considerably less restraint to a floor panel thari is commonly assumed. It was somewhat surprising to 

see that the first mode of vibration was clearly bending the slab in the longer 12.05 m (along the band beams) 

, in9cad of the shorter 7.3 in direction (between the band beams). This clearly shows that one-way static load 
bearing action in the shorter direction is not happening in the fundamental mode of vibration. Khan and 
Ulilliams (1995) reported this particular work and its conclusion in their recently published textbook on the 
daign of PT floors. 

In order to match the measured frequencies more closely, the wide and shallow band beams had to be 

modclied by SHELL63 instead of BEAM44 elements. The slab FE models utilising BEAM44 elements were 
considcrably less stiff. Also, the non-structural facade wall 'supporting' the edge of the slab had to be 

modclied as a line support (by means of series of pin-supports), otherwise significant differences between the 

calculated and measured fundamental frequencies would have occurred. Interestingly, the slab edge and the 

%all %-crc in reality only connected by means of a 'soft joint', typically used in the design of PT floors in 

Ordcr to allow floor movements without damaging the wall. Such a joint was not designed to bear any static 
loading, but it appears that it 'worked' as a support for low-level vibration excitation. Clearly, boundary 

conditions applicable to static analysis seem to be inappropriate for vibration serviceability analysis of this 
floor. W)-att (1989) noted that similar behaviour should be expected in the case of composite steel-concrete 
floors. 

The above conclusions were made by qualitatively comparing the first five measured and calculated 
fricqucricics and mode shapes corresponding only to a single bay. Unfortunately, the quality of Caverson's 
(1992) experimental data did not allow more detailed comparison of mode shapes and natural frequencies. 

3.4.2 Trigonos Phase V Car Park, Swindon (Pavic et al., 1995a; 1995b) 

M)e second prototype floor investigated was the top floor of a multi-storey car park in Swindon. The 

structure is not cast in-situ but comprises a series of precast pre-tensioned double-T concrete elements 

spanning 16.3m. These are simply supported by the main precast pre-tensioned inverted-T elements, which is 

normal Practice in pre-cast construction. 

I'bis time, relatively narrow and deep double-T ribs were successfully modelled with BEAM44 elements 

, Ahcrcas SIIELL63 was used for the flange. Very reasonable results were obtained for the first six modes of 

vibration although the quality of experimental data again hampered a more detailed study. Lower values for 

d)mamic modulus of elasticity were assumed for SHELL63 elements in order to accommodate less stiff RC 

topping and asphalt layers poured over the double-T flange. However, columns were modelled as pin- 

supports and this caused an apparent lack of stiffness in the FE model which was to some extent 

compensated for by using relatively large values of dynamic moduli of elasticity (42 GPa for SHELL63 and 
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49 GPa for BEAM44). With hindsight, a better balance between more realistic (i. e. stiff) boundary 

con"ons and lower moduli of elasticity would have been preferable in this modelling exercise. 

11mvvcr, the main aim of both exercises was to help the writer to gain expertise in dynamic testing and 
confidcnee in applying the above proposed FE modelling guidelines. It appears that this aim has been 
achieved at least with regard to the basic undamped free vibration FE analysis of floors. 
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Experimental Work: Preparations 

4.1 Introduction 

So far, this work has demonstrated that the current state of engineering knowledge is not sufficient to enable 
the vibration serviceability problem of long-span concrete floors under low-level human induced excitation 
to be mathematically modelled with sufficient confidence. The limited number of existing experimental 
results clearly requires further experimental vibration measurements on cast in-situ long-span concrete floors 
in order to improve the basic understanding and analytical modelling of the floor vibration phenomenon. 

7b=fore, as stated in Chapter 1, the design of this research project requires that the floor vibration 
Smiccability problem be tackled from both analytical (i. e. numerical) and experimental points of view. This 
&W approach is common in vibration engineering (Ewins, 1995). 

This chapter is devoted exclusively to the preparations for the experimental part of the research. These 

preparations account for a considerable portion of the total research time because no experimental facilities 
suitable for this kind of work were available when the research commenced. 

From a practical point of view, the DTA recommendations (DTA, 1993a; 1993b; 1993c) published during 
the course of this research have been very useful. These are state-of-the-art guidelines on best practice to 
provide -quality assured results for all experimental structural dynamics applications. However, the 
experimental procedures recommended by the DTA are aimed more towards dynamic testing situations in 

mechanical and aerospace engineering disciplines. These typically involve smaller structures which are 
tested under laboratory conditions. 

Experimental investigations of floor vibration serviceability problems, however, are best performed on real 
full-scale floors in service, as scheduled in this work. This requirement introduces problems specific to the 
cxcitation of large structures and the measurement of their low4evcI responses in their natural environments, 
t)pically under severe time constraints. Therefore, while following the various DTA guidelines, their 
applicability to specific civil engineering dynamic testing situations encountered in this research project has 
been critically assessed. 

In addition, when conducting dynamic testing, careful planning and preparation are required. The DTA 
(1993c) splits the preparation for dynamic testing into two distinct activities: (1) the selection of items of 
equipment to be used, and (2) the establishment of test procedures to be followed. Therefore, the aim of this 
chapter is to describe the necessary groundwork undertaken to commission the appropriate hardware and 
soft%%= testing facilities taking into account the various project constraints. The descriptions of the testing 
procedures adopted are given in Chapter 5 for each individual test as the exact experimentation steps varied 
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sligWy from test to test, depending on the in-situ conditions and on the available instrumentation, which was 
cmsurWy developing and improving throughout the research. 

4.2 Selection of Vibration Measurement System: General 
Considerations 

AW=gh no attempt is made here to master and detail the instrumentation electronics, some considerable 

=ntion has been paid to the selection of appropriate fiLcilities and development of the various measurement 

System components having regard for the specific problems associated with the dynamic testing of large 

scale civil engineering structures. 

Tk initial factor which governs the selection of test facilities is the type of vibration measurements that are 

to be made. Generally speaking, there are four such types of engineering measurement which are currently 

paformcd (Scrridge & Licht, 1987). These are: 

I. Vibration endurance and shock testiniz or environmental vibration testin . Typically used in mechanical, 

acrospace, electronic or electrical engineering, this determines endurance of a component to the vibration 

cnvironment which is likely to be encountered in service; 
2. Machine health monitoring and fault diapnosis. This is the measurement of an actual vibration level on a 

running machine in operation which may be used to give a warning of possible machine malfunction; 
I Human vibration measurement. This is the measurement of vibrations to which human beings are 

exposed. The measured vibration levels are then related to human comfort and health criteria using 

%2rious national or international standards; and 
4. Structural dMmic testing. Using the dynamic excitations and responses, or responses only, measured at 

, v-arious points on the existing structure, its key dynamic properties, such as natural frequencies, mode 

shapes and damping, can be experimentally determined. Terms such as modal testing or experimental 

modal analysis are frequently used in literature to describe this activity. 
71is research involves the last two types of vibration measurements. Whilst human vibration measurement 

comprises an assessment of vibration levels by analysing only a single measurement channel, the 

experimental modal analysis requires in principle simultaneous analysis of at least two channels (Ewins, 

1995). Therefore, the decision to select equipment capable of doing both single- and simultaneous dual- 

dwmcl signal analysis was made. 
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4.2.1 Components of Measurement System 

O%-cr the last half century, the development of vibration measurement instrumentation has had three distinct 

pLiscs (Buzdugan et al., 1986). Firstly various mechanical devices were used. These were superseded by 

amloguc electrical instruments, utilised to produce, measure and analyse continuous electrical signals from 

%, ibration tests. Finally, the typical vibration measurement systems in use today are based on developments in 
Wid state electronics and digital signal processing. 

Normafly, human vibration measurements and structural dynamic testing require various electronic 
instruments to be selected and linked to form the instrumentation system. In principle, this system can be 

rationalised into six parts performing: (1) sensing, (2) conversion, (3) transmission, (4) storage, (5) analysis, 

and (6) display tasks (Figure 4.1). However, because of modem advances in instrumentation, system 
c1cmcnts integrating two or more of the six functions are now commercially available. 

For cxarnplc, the first measuring step is the transformation of a measured mechanical quantity (a measurand), 

such as force or acceleration, into a corresponding electrical signal. This is termed sensing which is 

pcrformcd by a scnsor. The raw signal from a sensor is usually not suitable for transmission, storage or 

analysis and its conversion into a more suitable electrical form is required (Broch, 1984; Serridge & Licht, 

1987; Change, 1995; Dally et al., 1993). The signal sensing and conversion elements may be incorporated in 

a single device called a transducer (Dally et al., 1993; Usher & Keating, 1990). The output of this is an 

c1ccuical signal directly proportional to the mechanical quantity measured which can then be transmitted and 

rccorded on a mass storage device (e. g. analogue tape recorder) in order to be analysed at later date. 

Alternatively, signals can be analysed immediately and displayed on a readout device. 

Another example of the integration of several elements within the modem vibration measurement system is 

the digital spectrum analyser. In the past different types of dynamic measurements, such as single-channel 

, kibration level measurements or dual-channel structural dynamic testing, normally required slightly different 

instrumentation systems (Keast, 1967). This is not the case any longer. When equipped with a suitable 
internal memory, spectrum analysers can perform storage, analysis and display tasks of measurand data 

converted into digital form, utilising both single- and dual-channel signal analysis procedures. This removes 

the inconvenience of physically setting up different measurement chains for single- and dual-channel 

analyses. It is very important to use such opportunities when commissioning field testing equipment as it is 

advantageous to make it as integrated as possible. A lesser number of items reduces the time required to set- 

up the equipment and for possible trouble-shooting on site. These two practical aspects are crucial for 

nicecssful field testing time management. 
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41.2 Properties of the Measurement System 

Elcarical signals obtained from dynamic testing and passed through the various elements of the 

mcasurcment chain must contain all the required information on structural vibration levels and dynamic 

properties. Ibercforc, it is essential to assemble a measurement system which can produce, transmit and 
anal)-se signals with as little distortion as possible. Ile level of signal distortion is governed by the 

properties of the components of the measurement system, of which the most important are: operating 
frcqucncy range, linearity, dynamic range and sensitivity. The same properties may be defined for the chain 
as aAholc, treating it as a linear system which maps input xi (t) to the output x,, (t), as shown in Figure 4.2. 

It is of paramount importance to be aware of these characteristics because they define limits of the 

mcisurcmcnt system. Vibration measurements producing signals outside these limits are bound to be 

woncous. However, certain types of vibration measurements produce signals having more or less common 
dwactcristics. For example, vibration testing of ffill-scale civil engineering structures typically produces a 
low-lcvcl structural dynamic response having a low-frequency content. T'herefore, when commissioning a 
mcasurcment system for recording and analysing such vibrations it is important to have a good 
undcrstanding of their likely level and ftequency content, so as to match these to the measurement system 
characteristics (Shock and Vibration Measurement Thghgology, undated). 

411.1 OPERATING FREQUENCY RANGE 

7be instrumentation chain shown in Figure 4.1 can be represented as a 'black box' system (Figure 4.2). As 

suted above, sensing, conversion, transmission, storage and analysis functional blocks act together and 
jointly modify an input xi(t) creating the output signal x. (t). Each element of the measurement chain 

modifics the signal via its own input/output characteristic defincd by the clement's frequency response 

properties (Kcast, 1967; Beckwith et al., 1995). The measurement system frequency response characteristic 
(Figure 4.3) has magnitude and phase spectra showing how the frequency components of the input signal are 

aftcred. Flat parts of the magnitude and phase spectra define the operating frequency range of the whole 
instrumentation system. If an attempt is made to measure an x, (t) having frequency components outside this 

'U* range, they will be distorted in amplitude or phase or in both. It is, therefore, essential to ensure that 

cach and every clement of the measurement system has frequency response characteristics which do not 
distort input signals in the frequency range of interest. 

4221 MEASUREMENT SYSTEM LWEARITY 

7be ultimate goal for each element and the whole of the measurement chain is to produce an output signal 

x. (t), Ahich is proportional to the input xi(t). That way a simple linear relationship can be established 
between instantaneous input and output values of the measurand. Knowing this relationship as well as the 

S)U= output x, (t), typically given in Volts, it is possible to determine the system mechanical input xi (t). 
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lb%-cvcr, this simple measurement principle is valid only as long as amplitudes of the input signal do not 
mcced certain limit, i. e. as long as the equipment is operating in the linear range (Figure 4.4). 

%Ica the amplitudes of the input signal are higher than the linear range limit, then the measurement system 
is " to be overloaded (or saturated) and the output signal is obviously distorted producing erroneous end 
rcsults (Figure 4.4). This particular distortion of a measurement signal is called signal clipping. It is therefore 
important to make measurements in such a way that the measurement system is not overloaded. As to the 
h=rity, when setting up a new measurement system, it is worthwhile considering the maximum values of 
the time-varying mechanical quantities which are likely to occur in practice. When this has been established, 
lk instrumentation chain components can be selected in such a way that the possible highest values of the 

mmurand are still in the linear range. 

421.3 
, 
MEAsuREmENT SysTEm DYNAmc RANGE 

If a single harmonic input signal is passed through the measurement chain, its measurable amplitude must 
always be within certain bounds. The lower amplitude bound is determined by the level of the inevitable 

clectrical noise present in the measurement system or transducer - the noise floor (Buzdugan et al., 1987; 
Kcast, 1967; Shock and Vibration Measurement TechnolM, undated) as Mustrated in Figure 4.5a. 

7be upper amplitude bound is determined by the permissible amount of signal distortion (termed harmonic 
distortion) due to clipping, as discussed above. These two values, the lower and the upper amplitude bounds, 

dcflnc tlýc so-called system dynamic or operating range for a given frequency (Figure 4.5b). When these 

%2]ucs are plotted against frequency, a typical area describing measurable harmonic amplitudes can be 

constructed (Figure 4.5c). 

411.4 OTHER PROPERTIES OF MEASUREMENT SYSTEM AND ITS COMPONENTS 

Apart from the system linearity, frequency and dynamic range, Buzdugan et al. (1987), Smith (1989) and 

Beckwith et al. (1995) discuss other characteristics of the measurement system and its components such as: 

Sensitivity, instability (or consistency, or repeatability), and resolution (or discrimination). 

Of these, the sensitivity is particularly important. It represents the mtio of electrical output to mechanical 

input to the transducer or to the whole measurement system. Therefore, the sensitivity may be defined for 

both transducers (transducer sensitivity) and the measurement system (system sensitivity). 

Endcvco (Shock and Vibration Measurement Technolog 
, undated) short course notes specify that the 

transducer sensitivity is: 

"... probably the most important single characteristic of any transducer: does it have an appropriate 

sensitivity for the level to be measured? " 
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4.3 Modal Testing and FE Model Correlation 

Of the two vibration testing activities scheduled for this work: (1) human vibration measurements, and (2) 

wuchual testing, the lattcr is generally more complex and demanding, especially regarding its use in civil 
engineering applications. Therefore, it is described below in more detail. 

4.3.1 Interdisciplinarity 

Although, as its name suggests, modal testing may be perceived to be purely an experimental technique, 
All=ang and Brown (1993) maintain that it has a strong interdisciplinary character linking areas such as 
signal conditioning from electrical engineering, theory of mechanics and vibrations (including FE modelling) 
from structural engineering and parameter estimation from applied mathematics. Ilerefore, modal testing is 

M only cxpcrimental, but is an analytical activity as well. 

Modern approaches to experimental modal analysis include analytical, usually FE, modelling of the structure 
to be tested and a vibration parameter estimation phase as indispensable elements of the modal testing 

activity. For example, FE modelling prior to testing is prudent in order to establish the best position for 

transducers in order to avoid the so called 'spatial aliasing' of measured mode shapes (Friswell & 

Moamhead, 1995; NAFEMS, 1992b), and to have estimates of natural frequencies and mode shapes of the 

test structure to help the test setup (DTA, 1993b; 1993c). Hence, Ewins (1995) stresses that the subject of 

modal testing requires a "thorough integration" of. (1) the theoretical basis of vibration, (2) the accurate 

mca urcmcnt of vibration, and (3) realistic and detailed data analysis. 

7his is probably the reason why modal testing, used nowadays as a standard design tool in aerospace and 
mechanical engineering industries, is typically performed by two groups of specialists: experimentalists and 
analysts, who join their expertise covering the various phases of modal testing. The first group is usually 
concerned only with experimental data collection and analysis, whilst the second group correlate these 

results with (independent) mathematical modelling usually using FE analysis. In order for testing to succeed 
%hcn conducted in this way, the two groups of modal testing personnel must communicate with each other 
aW carefully co-ordinate their activities (DTA, 1993b). 

In this research prqjectý however, the test preparation, field data collection, their analysis and correlation with 
the FE modelling all were performed by the writer. However, by the very nature of the modal testing 
t=hniqucs selected and used (instrumented hammer excitation, to be described later), the writer had to be 
hclpcd by the member(s) of the field testing crew when physically gathering experimental data. 
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43.2 Concepts Employed 

Exccllent introductory overviews of the concepts of modal testing are given by Ramsey, (1975; 1976), Ewins 

(1975; 1976a; 1976b; 1979; 1995), DTA (1993b; 1993c), Dossing (1988a; 1988b), Allemang and Brown 

(1993), and many others. According to these, experimental modal analysis exploits the fact that an analytical 

modcl used to simulate structural linear dynamic behaviour, can typically be formulated in one of the 
follouing three ways (Ewins, 1995; DTA 1993c): 

0 As a spatial model, where the dynamic behaviour of the structure is described by its mass, stiffness 
and damping properties; 

As a modal model, where the dynamic behaviour of the structure is given in terms of its modal 
parameters; and 

As a response model which is typically represented by a set of frequency response functions which can 
be used to describe the structural responses to known excitations. 

7hcorctically, knowledge of any of these three models allows for the establishment of the other two as long 

as the structure remains linear (DTA, 1993c). In addition, when any of these models is known, the structural 
rcsponse to a given excitation can be obtained. Therefore, Ewins (1979; 1995) defines two routes to vibration 
analysis: (1) the theoretical route; and (2) the experimental route (Figure 4.6). 

43.2.1 M MORETICAL VS. EXPERMIENTAL V113RATTON ANALYSIS ROUTES 

Following the theoretical route, the structure is firstly described as a spatial model by assuming its mass, 

stiffncss-and damping properties. A modal model can then be extracted by means of theoretical modal 

analysis achieved by mathematical eigenvalue/cigenvector extraction. Finally, a response model is obtained 
from the modal model typically utilising the mode superposition method. FE analysis is nowadays usually 
employed when following this route to vibration analysis, as outlined in Chapter 3. 

Following the experimental route, the structure itself must exist so that the response model can be established 
from cxpcrimental measurements of structural excitations and responses. in order to establish the necessary 

set of FRFs describing the response model, a Fourier transform is typically applied to the pairs of 

simultaneously measured structural excitations and responses. Experimentally measured FRFs are then used 
to cstablish a modal model of the test structure by fitting assumed mathematical models into them. This 

procedure is called vibration parameter estimation or, simply, parameter estimation. Finally, a spatial model 

can again be constructed from the established modal model, by means of system identification (Ewins, 
1979). 

Figure 4.6 shows that the modal model falls between the spatial and the response model. It is relatively easy 

obtainable following both the analytical and the experimental routes. Therefore, this is the point where the 

assumed analytical spatial FE models are usually verified against the estimated experimentally determined 

modal properties. The two modal models developed for the same structure following the theoretical and 
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cxpcrimcntal routes arc typically compared by correlating their modal properties. However, theoretically and 
cxpcrimentally obtained structural response models could be compared also by examining their 
cmTmponding pairs of FRFs. 

7k main aim of the experimental part of this research is the confirmation of existing mathematical models 
and the possible establishment of more realistic ones for the analysis of the vibration serviceability 
Phmomenon of long-span cast in-situ concrete floors. Hence, the main thrust of the modal testing work 
prcscnted here has been directed towards the establishment of the floor modal models from full-scale modal 
tcsting and their correlation with the corresponding FE models. 

4311 GENERAL LwAR DYNAmc SysTEm: INPuT/OurpuT CoNcEprs 

Ile analysis of a general constant parameter linear dynamic system is usually concerned with finding the 

System output (i. e. response) x(t) to a known input (i. e. excitation) f (t) (Figure 4.7). If an arbitrary 

excitation f(t) is applied as an input, the system transforms it producing the corresponding output x(t). This 

Uansformation is mathematically predictable and is governed by the constant properties of the so-called 

system descriptor (Dossing, 1988a). 

la the time domain, this input/output relationship can be established using the system descriptor termed the 
impuLse response ffinction (IRF). In the frequency domain inputs and outputs are related via the well known 
descriptor called the FRF. The Fourier transform pair F and F-' typically serves as a link between the time 
and the fircquency domains (Figure 4.7). 

%41= compared with the time-domain counterparts, the frequency domain model for the input/output 

arW)sis is very cfficient (Dossing, 1988a). If the system properties are known, its FRF H(oD) is also known. 

For cxample, a harmonic input of frequency (o to a linear system characteriscd by H(co) will have a 
harmonic output of the same frequency (Figure 4.9). More generally, for a given input spectrum F(co), the 

output spectrum can be calculated by simply multiplying the two known functions of frequency F(co) and 
ji(w): 

X(p)) = H(p)) - F(p)) Equation 4.1 

7bis is why a set of frequency response fiinctions is in fact the response model of a linear system which 
Cnablcs the output response to a given input to be calculated. By establishing the input/output relationship in 

this %%-ay and by inverse transforming the X(w), an involved calculation of a convolution integral obtaining 
the response x(t) to the excitation f(t) in the time-domain is avoided. 

More importantly, Equation 4.1 can be also written as: 

x(OD) Equation 4.2 FPCD) 
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indicating that the frequency response function H((o), if not known, can be measured. This can be done by 

simultaneously gauging the system excitation f(t) and its response x(t), and by calculating their spectral 
propcrfies utilising principles of dynamic signal analysis. 

4.3.3 Signal Analysis 

For the purpose of practical signal analysis of vibration measurements, excitation and response signals in the 
instr=cntation system can be divided conveniently into two main groups: deterministic, which may be 
6hcr periodic or transient; and random (McConnell, 1978; 1995). This classification is shown in Figure 4.8. 
For the interpretation of signal analysis results, it is of paramount importance to know which of the signal 
t)pcs has been analysed. Signal temporal parameters typically measured are: temporal mean, temporal mean 
Square, temporal root mean square, temporal auto-correlation and temporal cross-coffelation. Similarly, 

Signal spectral parameters usually measured are frequency spectra as well as auto- and cross-spectral 
densities. Mathematical manipulations using these measurable signal parameters lead to all the experimental 
mults required in this research, such as floor vibration levels (single-channel analysis) or frequency 

rcsponse functions (dual-channel analysis). 

Nov%2days, practical signal analysis is almost invariably conducted using signal digitisation and discrete 

Fourier transforms (DFT) of which most popular is the fast Fourier transform (FFr) method (Brigham, 1974; 

Rxidall, 1987a; McConnell, 1995). Signal analysis is a separate scientific and engineering subject discussed 
in many standard textbooks and research papers and will not be covered here in greater detail. Nevertheless, 

mastcring of its core principles and terminology is one of the requirements for conducting quality assured 
dynamic testing (Ewins, 1995; DTA, 1993c; Allemang & Brown, 1993). 

4.3.4 Vibration Parameter Estimation 

4.3.4.1 NoN-PARAhmnucAND PARAwTRic MoDELs 

In modal testing, digital signal processing leads to the so called non-parametric model of the structure, 
because it is "represented in terms of measured data" (DTA, 1993c). The non-parametric model is, in fact, 

the structural response model obtained by perfonning the following data gathering steps: (1) generation of 

analogue time histories by the measurement transducers, (2) digital sampling of measured timc-histories, (3) 

calculation of the spectral properties of the digital signals, and (4) production of a set of discrete FRFs. 

Usually, modem spectrum analysers used for this kind of input-output signal analysis produce frequency 

rcsponse functions each of which is defined by hundreds if not thousands of complex data points. Therefore, 
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the digital signal processing stage of the modal testing typically produces non-parametric models of the test 
gnxh= defmcd by a large amount of numerical data. 

Generally, %hen modelling the large volume of test results from a structure, some kind of data reduction is 

rq&cd. Ile outcome of this data reduction is a limited set of numbers which is capable of representing the 
bA of the numerical measured data. These numbers are called parameters and the new model they represent 
h called a parametric model. The procedure for extracting the parametric model from its non-parametric 
counterpart is termed parameter estimation. 

h the case of modal testing such a parametric model is, in fact, the modal model. As already mentioned, the 

procedure for its extraction from experimental measurements is logically termed vibration parameter 
on. 

43.4.2 711E OBJECTIVE OF V113RATION PARANMTER ESTMATION 

Being the experimental response model of a given structure, a set of measured FRFs contains all the 
infonnation required for the establishment of a modal model. This 'modal information carrier' ability of 
FRFs %ill be briefly demonstrated here. It establishes the basis for the majority of the sophisticated MDOF 

vibration parameter estimation procedures. Ilese prbccdures had to be employed in this project due to 

specifics in the dynamic behaviour of concrete floors, such as high modal density. Detailed development of 
the concepts presented here are given elsewhere (Maia ct al., 1997; DTA, 1993b; 1993c; Ewins, 1995) 

It can be demonstrated (Ewins, 1995) that the receptance FRF aik(co) is a fimction of constant modal 

parameters, by developing the following expression: 
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SimilarlY, if instead of viscous damping (ý, ), hysteretic (or structural) damping model (Ild is assumed, the 

prcvious equation changes into: 
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Expressions for the mobility Yjk(p)) and accelerance Aik (p)) FRFs can be easily obtained as: 
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Yjk ((a) 
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. Emmlions 4.44.7 show that, no matter whether the FRFs are obtained from the displacement, velocity or 'I- 
a=lcration structural responses, they all contain information about all the relevant modal properties of the 
NIDOF stncture: the natural frequencies o), the mode shapes (xV)r and the modal damping ratios ý, or loss 
faam ? 1,, depending on which damping model is assumed in the mathematical model (Ewins, 1995). Any 

one of the three forms of FRF equation may, therefore, serve as a basis for the theoretical model representing 
the measured FRFs if the unknown constant parameters: o),, JxV), and ý, (or %) are determined so that 
th= is a good fit of the theoretical FRF curves into the corresponding measured ones. Therefore, 
dacrmination of the modal parameters for a number of modes of vibration by curve-fitting set of measured 
FRFs is the objective of the parameter estimation phase of modal testing. Richardson (1984) refers to this 
parameter estimation process as - curve fitting. 

43.4.3 PARAmETER EsTimATioN: GENERAL CoNsiDERATioNs 

7be majority of parameter estimation procedures used in practice today are based on the analysis of 
fiqucncy response functions in the frequency domain (DTA, 1993c). DTA recommends the general 
procedure which should be followed when undertaking curve fitting. The parameter estimation basic steps 
arr. 

StCP 1: Graphical presentation and inspection of the measured data; 

Stcp 2: Selection of a suitable mathematical model, such as those given in Equations 4.3-4.7 

applicable for frequency domain analysis, considered to be capable of representing the 

vibration properties of the structure tested to a sufficient degree of accuracy; and 

Step 3; Estimation of the vibration parameters required to produce the minimum difference between 

the mathematical FRIF model selected above and the measured FRF data. 

7be ability to inspect graphically the measured data prior to the parameter estimation is important in order to 

assure the quality of the curve fitting. T'he DTA (1993b) fiuffier stresses: 

'Mcre is sometimes a danger of manipulating data into parametric models without first checking the non- 
parametric model. The experienced test engineer knows the correct form that time histories, frequency 

spectra and FRFs take and can spot a non-conforming example. Consequently, it is important to look at 
visual displays of data as they are manipulated through their various stages. " 

licnce a decision has been made to commission experimental analysis facilities which would allow the 

graphical inspection of the measured data prior to the parameter estimation. Also, due to the nature of field 
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modal testing in civil engineering, this qualitative data inspection should be possible 'in-situ. This is because 

Poor 'raw' experimental data quality preventing successful parameter estimation usually results in 
i=vcnicnt repetition of the whole field trip which, sometimes, may be impossible. Also, in this particular 
rcscarch project, the in-situ estimated natural frequencies and mode shapes were required prior to performing 
the %21king response measurements, as explained in Chapter 5. 

Ita fiquency 
' 
domain parameter estimation approach is to be followed, then a decision to analyse only one 

or a number of FRFs simultaneously has to be made fairly early in the analysis. Even if only one FRF is to be 

anal)scd two options generally exist: (1) to assume and extract only one mode at time from it, adopting an 
SDOF mathematical model, or (2) to assume and extract several modes simultaneously using an MDOF 

Vproack 

On the other hand, the simultaneous analysis of all measured FRFs can be done in two different ways, 
dq>mding on whether the FRFs were collected using: (1) a Single-Input, Multiple-Output (SIMO) or (2) a 
Whiple-Input, Multiple-Output (MIMO) approach. In the SIMO approach, a single column or row of the 
FRF matrix is measured at a time. On the other hand, in the MIMO approach several rows or columns of the 
FRF matrix are measured simultaneously. 

7bc options for general parameter estimation are further compounded by specific algorithms within each 

option. Even the simplest SDOF parameter estimation method can be done employing at least three different 

fiequcricy-domain procedures such as: (1) half-power (or peak-picking), (2) circle fit, and (3) line-fit 

Mcthods. 

Expcrimental modal analysis software packages capable of handling vast amount of numerical data, and 
having powerful graphical interfaces producing still and animated graphical output, are nowadays typically 

used for parameter estimation. Moreover, modem computer curve-fitters usually provide a multitude of 

vibration parameter estimation methods. All of them should lead to the same result to within an acceptable 

crror and, not surprisingly, DTA (1993c) insists on using at least two curve fitting methods in order to 

produce quality assured estimates. 

%411ilst some SDOF parameter estimation algorithms, such as the 'half-powcr method' are simple to 

Undcrstand and use, they have limitations especially with regard to the analysis of FRFs from structures 
having closely-spaced modcs. Some other curve-fit methods, which are essentially hybrids between the 

SDOF and MDOF methods (such as the circle-fit with the capacity to subtract the effect of modes already 
identified), perform better (Maia ct al., 1997). Finally, MDOF parameter estimation procedures capable of 

simultaneously identifying more than one mode can cope with this problem much better. Therefore, the 

capability for applying these more advanced procedures should be considered as a prerequisite for the 

parameter estimation software which is to be used in experimental modal analysis of concrete floors. 

Intcrcstingly, as shown in the literature review (Chapter 2), the vast majority of full-scale experimental 
d)marnic tests performed on floors, reported in the literature, were based on variations of SDOF parameter 
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.. on procedures which performed poorly introducing large errors in the estimated modal parameters, 
puticularly in damping ratios. 

Numerical procedures used in these most sophisticated methods stem from applied mathematics and Ewins 
(1995) states that: 

"it is seldom necessary (and is often impossible) for the modal analyst to have an intimate knowledge of 
the detailed working of the numerical processes but it is important that he is aware of the assumptions 
%hich have been made, and of the limitations and implications. " 

Bearing in mind the limited research time scales and the objectives of using modal testing only as a research 
tool in this thesis, the writer has adopted this 'black box' approach, but has a sound understanding of the 

Underlying principles employed. 

43.5 FE Model Coffelation 

Validation of theoretical models against experimental data is usually a goal in many engineering disciplines. 

Likcv%isc, uncertainties in numerical modelling of the vibration serviceability phenomenon in long-span 

courde floors required the validation of a number of analytical FE models in order to gain more confidence 
in their performance. A procedure termed analytical or FE model correlation (DTA, 1993c) is used when 

%21idating assumed structural dynamic models against their experimental counterparts. 

With regard to the terminology employed, it is worthwhile mentioning that Ewins (1995) and DTA (1993c) 

rocognisc the comparison and correlation of theoretical and experimental structural dynamic properties as 

No significantly different activities. Whilst the comparison is a qualitative process of simply observing 

similarities and differences between two sets of data, the correlation is a more complex activity. The 

correlation involves combining the two sets of data aimed at quantifying the differences between them and 

the sources causing these differences. 

In this thesis, the correlation of analytical and experimental modal models will be performed by: (1) 

Vaphically comparing their natural frequencies and mode shapes, and (2) numerically comparing their mode 

shapes using the modal assurance criterion (MAC) and the coordinate modal assurance criterion (COMAC). 

Mien procedures are described in more detail by Ewins (1995) and Maia et al. (1997) and are incorporated, 

sometimes as a separate module, in commercially available software used for fiirther processing of modal 

testing data. Therefore, the decision to use an integrated software having both parameter estimation and 

model correlation capabilities was made. 

Finally, the differences between the experiments and analysis established using FE model correlation may be 

cossected in the analytical/FE model either manually by trial and error, or by employing a whole set of 

s)ucmatic and programmable procedures. Both methods are generically termed FE model updating. Friswell 

and Mottershead (1995) introduced FE model updating as the "technology of the 90s". In this research, due 
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to time and budgetary constraints, only a limited manual correction of FE models has been performed. 
Ncvcrthclcss, automatic FE model updating could have an important application in civil engineering 
structuml dynamics problems, but it is beyond the scope of this thesis. 

4.4 Modal Testing in Civil Engineering 

11c DTA (1993b, 1993c) insists on formulating the aims of modal testing very early in the testing process as 
a prc-condition for good quality results. Clarification of the aims for full-scale modal testing in civil 
caginecring is important because, although based on the same theoretical principles as for mechanical and 
a=spacc engineering, significant differences exist. These inevitably arise from the dissimilar design 

proccsscs of mcchanical/acrospace and civil engineering structures (Pavic & Waldron, 1996b). 

4.4.1 Mechanical/Aerospace vs. Civil Engineering Applications 

In the mechanical/aerospace industries: (1) mass production of identical structures and components is 

common; (2) design and manufacturing tolerances and safety margins are relatively small; (3) uncertainties 
as to the material properties are greatly reduced; and (4) design and manufacturing processes are more 
carefully monitored. Consequently, the preparation of expensive tools for mass production, costly structural 
prototyping and prototype modal testing, aiming at fine structural modifications and improvements to the 
design, are standard practice. This is where experimental modal analysis plays a significant role. 

On the other hand, the nature of civil engineering structures, their size, purpose, constituent materials, cost, 

design and construction methods are such that much higher tolerances and structural safety factors must 

usually be adopted. Moreover, prototyping as part of the design process in civil engineering is rarely an 

option due to its prohibitively high cost. Therefore, modal testing of large as-built civil engineering 

Structures is hardly ever used as a toot in the structural design process. Instead, it is more of a research tool 

for gaining knowledge and experience of the actual behaviour of existing full-scale structures which could be 

used in their assessment, or in the future for similar generic designs (Severn et al., 1988). 

Maguire (1984) demonstrated this approach when investigating the dynamic behaviour of elevated piled 
tanks which were found to vibrate "in a translational fashion about the tops of their pile caps". This dynamic 

action, which could overstress the supporting elements during earthquakes had not commonly been 

anticipated in the design of such structures. Conclusions like this are, obviously, extremely valuable for the 
futurc design and dynamic modelling of similar structures. 
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%Ica discussing applications of experimental results from dynamic testing of full-scale civil engineering 
much=, Reese and Kawahara (1993) clearly support this role of full-scale experimental modal analysis 
9xins: 

'10ost civil engineering structures are unique. Testing these types of typically large structures presents 
challenges to the engineers and technicians because it is not possible to first build and test a prototype. 
Each structure is generally one-of-a-kind, although there may be a number of common similar 
components. Testing these structures can be usefiil in advancing the state of the art of analysis and design 
for an entire class of structures. " 

Scv, cm ct al. (1988), Maguire (1984), and Reese and Kawahara (1993) are three examples which illustrate 

tlýc Scncral philosophy commonly behind full-scale dynamic testing in civil engineering. Their opinions 
9=gly underpin the idea, advocated in this thesis as well, of conducting modal testing in order to gather 
new knowledge about the actual as-built dynamic behaviour of long-span cast-in-situ concrete floors. 

4.5 Commissioning of Experimental Facilities 

DTA (19930 wams that: 

"Ibe task of equipment selection is a key to successful modal testing - in fact, any testing - and yet it 

often receives little or insufficient consideration. Much time and effort may be spent at a later date trying 
to correct errors introduced by the incorrect choice of instrumentation. " 

- 
hforcoycr, McConnell (1995) states that vibration measurement instruments could be the "Achilles' heel" of 
the vibration testing process. This is especially so in relatively less common measurement situations such as 
the prototype dynamic testing in civil engineering. 

4.5.1 Dual-Channel input-Output Modal Testing System 

A scheme of a generic modal testing system, being in fact a dual-channel measurement chain, is shown in 
F-qure 4.10. Apart from the curve-fitting stage towards the end, each of these two channels clearly 
corresponds to the single instrumentation chain shown in Figure 4.1. Typically, a sensor capable of 
mca it ng force, mounted on a suitable mechanical exciter, is at the beginning of the input measurement 
Chain. 'Me output measurement chain starts with a displacement, velocity or acceleration sensor. A multi- 
channel tape recorder is commonly used as the (analogue) input/output mass data storage device. A dual- 

channel FFT spectrum analyser usually plays both the dual-channel analysis and display roles although the 
analysis block of the scheme could contain a PC instead of the analyser. The last curve-fitting step may also 
be performed either in the spectrum analyser or in the PC. Nevertheless, modal testing systems where both a 
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qx=m analyser (for dual-channel analysis and display) and a PC (for curve fitting) are used are also 
common (Heylen et al., 1997). 

4.5.2 Modal Testing Standardisation Requirements 

The availability of high quality modal testing data, systematically gathered, processed, reported and stored, 
ob%iously assists in reducing uncertainties in the FE modelling being based on the correlation with 
OTeriments. Severn ct al. (1988) suggested the setting-up of a global database which would contain results 
from U-scalc experimental dynamic tests of civil engineering structures performed throughout the world. 
7his is, however, a tremendous task and a vision which may only be achieved in the next century. 

One of the reasons why this idea of a global database is currently impractical is that dynamic tests of full 

Sc2JC structures have not been performed and reported in a unified manner. This makes the subsequent 
CXtraction of data and their interpretation by different users very difficult if not impossible. This diversity of 
1crminology and practices in structural dynamic testing has already been observed in the even more 
developed area of modal testing of mechanical and aerospace structures, where it is more critical. 
R=ognising this problem, the UK Department of Trade and Industry launched the DTA in 1990. The DTAs 
bricf was, and still is, to "promote harmonisation and standardisation of dynamic testing" (DTA, 1996) 

across various engineering disciplines including civil engineering. 

In this thesis an attempt has been made to, whenever possible, use notation and terminology, and test-out the 

rccently introduced general DTA testing recommendations. This is done by applying them to the 

aWrimental modal analysis of prototype concrete floors, considered to be a rather specialised modal testing 

application. 

In order to help decide on the aims and objectives of modal testing, critical for obtaining high quality results, 
DTA (1993b; 1993c) introduces five categories, so called "levels", of modal testing: 

Lcvcl 0: This is the simplest level of modal testing, comprising only an estimation of natural 
frequencies and damping ratios. No mode shape calculation is required. An example of this 

category used in floor dynamics is the well known heel-droP test, sometimes used to estimate 
the first natural frequency (CSA, 1989; Ellis, 1992); 

Lcvcl 1: Estimation of natural frequencies, damping ratios and the general qualitative form of the 

mode shapes. Caverson (1992) and Pernica (1987) demonstrated the use of this level of 

modal testing to investigate floor vibrations; 

Lcvcl 2: Measurement of all modal parameters in a sufficiently accurate manner to enable mode 

shapes to be computer animated. Although it does not require normalisation of mode shapes, 
the computer animation is a very powerful tool for comparing measured and calculated mode 

shapes (ICATS, 1995; 1997; Ewins, 1995; Dossing, 1988b). This level of modal testing 
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requires numerous and fairly precise measurements producing a set of FRFs which are 
typicafly required in order to extract modal parameters and use them to visualise the 
measured modes of vibration. An animation option may be built in the modal analysis 
facility which is usually either a higher class spectrum analyser or a PC; 

Ln-cl 3: Measurement of a modal model of the structure including normalised mode shapes. As for 
the Level 2 testing, thorough checks of data quality during measurements are needed since 
the modal model should be of sufficient quality to enable FE model correlation; and 

Lcvcl 4: Ifighest quality measurements of the modal model are required for direct use in response 
prediction and modification assessment typically employed in the mechanical and aerospace 
engineering disciplines. 

7be Level 0 test, although the least time consuming, does not offer sufficient information to satisfy the 
rcscarch needs for establishing more reliable analytical models. Moreover, as outlined in Chapter 2, major 
misintcrprctations of the hcel-drop results were caused by inappropriate floor damping parameter estimation 
procodurcs used mainly during the 1960s and 1970s by researchers in the North America. The DTA Levels I 
and 2 of modal testing are also not suitable as they do not produce normalised mode shapes which are 
roquired for reliable FE model correlation using modal test data. Therefore, a decision to set-up experimental 
aW anal)tical facilities capable of achieving Level 3 modal testing quality has been made. 

4.5.3 Special Requirements and Constraints 

Apart from the general technical requirements, such as the quality of data achievable from modal testing, the 
ncw dynamic testing facilities had to satisfy a number of important special requirements and constraints 
rdatcd to the specifics of this project. 

Firmly, the total project budget was obviously a major factor influencing the strategy for this research in 

sencrA and the selection of the facilities and their development in particular. For example, the limited 
human resources available governed the decision to set up the testing system from readily available 
components. Therefore, a decision to opt for commercially available modal testing facilities (hardware and 
softwarc) was made. 

Men performing field modal testing of a full-scale floor structure, the timing is of paramount importance. 
Tbc %%Titces experience gained during the preparatory phase of this project was that contractors and building 

cmum, if not properly compensated, were prepared to allow only very limited access time to the structure. 
By their very nature, the testing activities disturb normal use of the floor, either during construction or during 

cvcryday scrvicc. Unfortunately, the research project budgetary constraints did not allow for compensation 
or hire of the structures tested. This created a conflict with the need to adopt high quality, but more time 
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Consuming, modal testing procedures in order to satisfy the DTA Level 3 requirements, which had to be 

resolved. 

I larsh field testing conditions and the availability of limited manpower on site were anticipated requiring the 
equipment to be rugged, portable and easily (dis)mountable. 

7k requirement for alternative battery-powered equipment was set in order to provide the flexibility to test 

structures where a 240V supply was either not available or not allowed. 

Rapid advances in digital electronics, computer technology and instrumentation in general over the last five 

)=rs (Ileylen ct al., 1997) ruled in favour of facilities allowing easy future upgrades. 

In addition, modal testing facilities, allowing full 'in-situ' experimental modal and FE analyses, were 
required to meet the DTA (1993b, 1993c) quality assurance criteria for performing various checks and trial 

analyses on-site prior to full experimental FRF data acquisition. 

Some instrumentation chains used in dynamic measurement and testing comprise sensors requiring special 
low-noise cables which are expensive. Whilst the cost of such transmission systems maybe acceptable in 
laboratory conditions, where the connection lines are short, instrumentation of large civil engineering 
structures, especially floors, may require tens if not hundreds of metres of such cables. This would make the 

use of systems utilising expensive low-noisc cabling unacceptable and therefore the logical requirement for 

cheap but low-noise long transmission lines was set. 

E3cmcnts of the modal testing instrumentation chain may develop faults. This is a fact of life reported by 

reno%mcd experts in the field, such as Maguire (1984) and Farrar et al. (1994), and has also been the writer's 
frequent experience, as is reported in Chapter 5. '17herefore a requirement for cfficient trouble-shooting 

requiring a minimum number of components in the measurement chain was set. Moreover, when doing field 

testing away from base, a fault in a relatively cheap but not replaceable item, such as the transducer power 

source or the micro-dot cable connector commonly used with accelerometers, is very frustrating and could 
lead to abandonment of the whole experiment. The cost of such a decision is an order of magnitude higher 

than the cost of the failed part. Following Maguire's (1984) advice, the requirement to purchase affordable 
key spare parts was also set. 

Finally, the writer decided not to rely on the technical advice provided by the equipment suppliers. 
Ibcrcforc, a condition for equipment pre-purchase trials was set. This was done because the prospective 

suppliers often had very limited knowledge as to the application of their products to the DTA Level 3 modal 
testing of full-scale concrete floors which is a fairly rare experimental exercise. This requirement was met by 

cidicr borrowing various equipment items from other institutions prior to their purchase or by requesting at 
least a two-weck trial period from the prospective suppliers. 
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43.4 General Selection from Multitude of Options 

104 

An extensive review of manufacturers producing various components of the general modal testing system 
his been published by the SEM (1989). An inspection of this Guide revealed that vibration exciters, such as 
hammcrs and shakers, could be purchased from at least 17 manufacturers; 41 companies were producing 
sibmtion response transducers; instrumentation tape recorders were available from at least 6 suppliers; whilst 
18 different manufacturers were offering FFT spectrum analysers. Moreover, in general, each manufacturer 
pro6ced a wide range of options. For example, Endevco produces 48 different types of piezoelectric 

accclerometcrs and Bruel & Kjaer produces 21 various acceleration pick-ups. A similar multitude of options 

u2s offered by all manufacturers for each and every component in the modal measurement chain. This large 

numbcr of commercially available system components made the task of selection very difficult. 

Nevertheless, the number of options reduced considerably when the abovc-mcntioned general and special 
prqcct requirements and constraints were introduced. For example, only seven manufacturers were able to 

moct the portability condition for the FFT spectrum analyser, whilst Endevco Corporation produced only a 
handful of accelerometers suitable for this civil engineering type of vibration measurement. 

Fiaally, it should be noted that the selection process did not follow the sequence of the elements in the 

mcasurcmcnt chain i. e. first choosing exciters and motion transducers, then signal transmission cables, then 
data stomge, and, finally, data analysis facilities. Although the sclcction of each key element of the 

nxasurcment chain is, foe the sake of clarity, presented here in this order, these elements should not be 

prioritised and should always be considered as a part of the whole measurement system. 

4.6 Vibration Excitation Devices 

M)c first practical step following the requirements for achieving the DTA Level 3 quality in modal testing is 

the production of a set of FRFs for the floor structure tested. For this first step to be made, the structure has 

to be rcpcatedly excited and both its excitation and response simultaneously measured and further processed. 

bitercstingly, in a recently published review of dynamic full-scale testing in civil engineering, Ellis (1992) 

Stat that the data obtained from the dynamic fidl-scale tests can be used to "check the accuracy of 

mathematical models", which is one of the aims of this thesis. However, he does not advocate strongly the 
input-output dual-channel approach based on gathering and analysing simultaneously a set of FRFs when 

talidating structural FE analytical models. He mentions that this method is extensively used in modal testing 

of cars and aircraft and is often combined with complex finite element analysis, but he concludes that these 
wchniques "still have little application within buildings". 
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So, Ellis accepts the checking of analytical models against experiments as an important reason for 

Cmducting prototype dynamic testing. But, as further analysis of his paper reveals, he practically advocates 
c=si rcment of modal properties of full-scale structures using a dual-channel analysis of their dynamic 

responses only. This is usually done with one 'reference', and one 'traveller' response transducer. In this 
2pproach, it should be noted, the establishment of the full response model of the structure by experiment 
ftrc 4.6) is omitted, and the modal model is estimated directly and not always accurately. For years this 
procedure has been and still is common in dynamic testing of large civil engineering structures because of 
the practical difficulties associated with measuring FRFs on such structures. Nevertheless, response 
measurements alone do not produce a proper structural response model (i. e. a set of complex FRFs) as 
indicated in Figure 4.6. Having no measured FRFs, these 'response only' techniques are to some extent easier 
to perform in practice, but they are not particularly suitable for the detection of closely spaced modes of 
s-ibration (Ewins, 1995) which typically occur in long-span concrete floors (Eriksson, 1994; Pavic et al., 
1995a; 1995b; Pavic and Waldron, 1996a). 

Therefore, in order to detect the closely spaced modes, a theoretically more sound and appropriate dynamic 

tcsting procedure has been employed in this research work. It is based on measuring the structural response 
model (i. c. FRFs) from which the vibration parameters are estimated, following the DTA recommended 
aq)ffimental route (Figure 4.6). As Ellis states, this procedure is a standard in the more advanced modal 
ksting applications found in mechanical and aerospace engineering, but is not widely used in the 

cmstruction industry which, according to Maguire (DTA, 1996) "has a fairly conservative reputation" with 
rcgard to the use of prototype dynamic testing technology. 'Merefore, this research has yet another purpose - 
to provide new case studies assessing the performance of the combined dynamic FE modelling and the 
advanced (FRF based) modal testing in civil engineering. 

In order to succeed, the provision of a sufficient and measurable excitation of large floor structures weighing 
hundreds of tonnes has obviously been a matter requiring serious consideration. This problem strongly 
influcnecs the selection of an excitation method in dual-channel input-output modal testing, which, in turn, 

govcrns the choice of key components and procedures which the testing facilities have to be able to 

acoommodate. 

4.6.1 Excitation Method Selection 

An excellent overview of controlled excitation techniques for FRF measurements was published in 1977 by 

Bro%%n et'al. The survey, prepared for the US Society of Automotive Engineers, firstly observes that the 

number of possible excitation techniques for FRFs has been "greatly increased" by the advent of the digital 

spectrum analyscr. It then classifies the possible excitation signals into four categories: (1) random, (2) 

pcriodic, (3) transicnt, and (4) operating. Dismissing the operating excitation on the basis that "input forces 

are very difficult to measure", Brown et al. list advantages and disadvantages of various excitation functions 
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cmparing them on the basis of simplicity, testing time, cost and accuracy. The requirements for greater 
siýlicity, shorter experimentation time and lower testing costs on one side, and greater accuracy on the 

other =, obviously, contradictory. Therefore, a compromise is usually required when selecting the method 
of modal testing excitation. Recognising the unbeatable performance of broadband excitations for speed of 
testing, Brown et a]. concluded that "either pure random, periodic random or impact testing is the best. " 
7bcrcforc, a criterion for broadband excitation allowing fast field modal testing had been set. 

Gcncrally speaking, the testing techniques where the structural excitation is not measured could not be used 
as they do not produce FRFs. This reduces the available excitation methods to only two practical options. 

The first is an instrumented large shaker which, attached to the floor, produces measurable floor excitation in 

sme of the periodic, random or transient forms described by Brown ct al. (1977). The second option is a 
Sufficicntly large instrumented impactor of the kind used in civil engineering applications by Maguire 
(1994), Brownjohn (1988), Cavcrson (1992), Eriksson (1994), Caetano and Cunha (1993), Agardh (1991, 
1994), Bono ct al. (1996), Raghavcndrachar and Aktan (1992), and Green and Cebon (1993). 

14 this research the cheaper instrumented impact exciter was used. This choice was mainly governed by the 
hmited research budget. Nevertheless, the broadband excitation criterion has been met by the selection of 
tWs cxcitcr. 

4.6.2 Selection of Dytran 5803A Instrumented Impact Hammer 

With regard to the impulsive excitation device, two options existed: to develop in-house our own exciter 
such as the one made and used by Agardh (1994) or Eriksson (1994), or to buy a large hand held 
instrumented sledge hammer offered off-the-shelf by numerous manufacturers (SEK 1989). 

7bc already stated requirement for minimum development work governed a preference to be given to a 

manufiwturcd hand-held instrumented sledge hammer for pre-purchase trials. Dytran UK allowed a two- 

i4ock trial period for their largest model 5803A impactor suitable for floor testing (Dytran, 1995). After 

Successful trials carried out along the recently published guidelines (ISO 7626-5,1994; DTA, 1993b; 1993c) 

a decision to commission this particular exciter was made. 

A detailed description of the hammer is given in the manufacturer's documentation (Dytran, 1992; 1995; 
Qpmfing Guide Model 5803A instrumented Impulse Hammer Twelve Pound Sledge, undated) and will not 
be - repeated here. However, some practical aspects of the hammer operation will be described here as they 

strongly influenced its selection. 
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4.6.3 Signal Conditioning Electronics 

7k D)tran model 5803A impact hammer is usually called 'instrumented' because it has a piezoelectric force 
saLsor mounted in its 12-pound (5.4 kg) head which is made of cast iron. 

Generally speaking, electrical sensors used in modem vibration engineering typically comprise two 'sensing' 
devices or'stages. The first device is a detector which usually transforms the mechanical measurand (force, 

acceleration, velocity, etc. ) into some form of time varying motion. Tle second stage converts this motion, 
%hich is often a displacement, into a more suitable time-varying electrical signal. In the case of the hammer 

piezoelectric force ccll, the first-stage detector is a very stiff SDOF spring-mass system built-in the hammer 
head %hich 'senses' the applied impact force as the dynamic displacement of the mass. This mass 
&pLiccmcnt is acting upon the stiff spring made of piezoelectric material and produces stress within it, 

%hich generates an electrical charge proportional to the stress. The basic role of the secondary 'sensing' 
device is, therefore, to 'collect' this electrical charge and produce an electrical signal which is analogous to 
dx applied external force. 

The electrical signal produced in this way is of a very low power and its size can further be reduced by the 

cffccts of the cables and other electronic components in the measurement chain. In order to prevent this 
happening, so called signal pre-amplifiers are used (Smith et al., 1996). For the sake of consistency it should 
be mentioned here that Ewins (1995) and a few other authors use the term 'ampliflee instead of 'pre- 

amplifice to describe the same device. The purpose of (pre-)amplifiers is to convert the weak electrical signal 
into a form which is more suitable for passing along the measurement chain. These arc elements performing 
the conversion step in the typical vibration measurement chain shown in Figure 4.1. 

A word of extreme caution is necessary here because there are two types of pre-amplifiers typically used 

%fth piezoelectric sensors to achieve this: the voltage pre-ainplifier and the charge pre-amplifier (Ewins, 

1995; Smith at al, 1996). The two essentially differ in the way they convert the weak signal from the sensor. 
II)c voltage pre-amplifier does this in such a way that the sensitivity of the overall measurement system 
dq>cnds on the length and characteristics of the transmission cable. In other words, different cables produce 
different sensitivities which is unacceptable for field vibration measurements of the kind scheduled in this 

rescarch. Fortunately, the charge pre-amplifier converts the weak piezoelectric charge into a usable electrical 

signal which is practically independent of the transmission cable properties and a hammer having this 

prcamplificr is a suitable choice. 

%lien checking which of the two types of pre-amplifier should be used with a particular piezoelectric sensor 
(in this case a force sensor, but it may be an accelerometer as will be seen later), the terminology is again 

rather confusing because different manufacturers use different names as trademarks for essentially the same 

thing, This amplifies the common problem of unclear terminology in vibration engineering as is fully 

recogniscd by the DTA (1993a) stating that: 

* 
... users and suppliers call their equipment by variety of names, depending on the background of the 

organisation and current fashion. " 
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For cx=plc, Dytran's equivalent of the pre-amplifier capable of driving long cables is called the LIVM 

S)stcm %hich stands for the Low Impedance Voltage Mode system. Other similarly ambiguous abbreviations 
%hich may be found in the technical literature representing basically the same type of pre-amplifier 
wrangemcnt are ICP, IEPE, ISOTRON, etc. The inconsistent terminology typically found in the technical 
SM manufacturers' literature makes the selection of the equipment more complex and may easily lead to 
mistakes. The writer found the equipment prc-purchase trials a very useful safeguard against such effors. 

11c weak signals generated by piezoelectric force sensors should be passed through the charge pre-amplifier 
as soon as possible. Maguire (1984) used force (and acceleration) piezoelectric transducers having separate 
Prc-amplificr boxes which had to be remotely placed close to the transducers and, therefore, required special 
protection from dust, moisture, etc. The pre-amplifiers were occasionally developing faults and, presumably, 
'Acre inconvenient to carry around. They were also, to some extent, less safe under site conditions because it 

appears that they utilised 240V mains power. 

Fnxn today's perspective such systems could be characterised as cumbersome. Rapid developments in micro 
electronics have enabled the charge pre-amplifiers to be designed as miniature integrated electronic circuits, 
usually battery powered, which can be built into sealed piezoelectric transducer casings. Such built-in charge 
prc-amplififfs are very convenient for field testing as they do not require carrying separate prc-amplificr 
boxes around which may slow down the testing. Serridge and Licht (1987) and Randall (1996) use the term 
'line-drive pre-amplifier" instead of the built-in (or in-built) charge pre-amplifier. 

The Dytran model 5803A hammer features the LIVM built-in electronics. Therefore, it (nominally) satisfies 
die criteria for transmitting electrical signals generated by the force sensor along very long and inexpensive 

cables with very little distortion, and for easy site handling. 

4.7 Vibration Response Transducers 

In order to measure vibrations of concrete floors due to various excitations, it is necessary first to decide 

%hich time varying motion is to be measured. 

Two basic types of motion exist: linear motion and angular motion. Although possible, angular motion is 

notoriously difficult to measure (Ewins, 1995) and the scope of this research did not require it. Hence, one of 

the three time-varying linear motion parameters, displacement, velocity or acceleration, had to be selected 
together with an appropriate transducer. 



Experimental Work: Preparations 109 

4.7.1 Relative vs. Absolute Transducers 

Mlailed overviews of the types and principles of operation of vibrometers (for measurement of time varying 
velocity or displacement) and accelerometers are given in numerous standard texts (Buzdugan et al., 1987; 
Bcckwith ct al., 1995; Chu et al., 1996, Dally ct al., 1996; McConnell, 1995; Usher & Keating, 1990) and 
uill not be repeated here. However, the process of selecting a transducer suitable for vibration measurement 
in this research will be outlined. 

All linear motion transducers can be conveniently divided into two groups (Usher & Keating, 1990; Chu ct 
al., 1996) depending on whether or not they need a reference point: (1) relative (or fixed-reference) 

tmasduccrs and (2) absolute (or mass-spring) transducers. 

As its name suggests, a relative transducer measures relative linear motion between two points. If one of 
dwsc two points has a known movement (preferably no movement at all) then the unknown movement of the 

other point can be deduced. The point at which movement is known is termed the reference point. On the 

o(hcr hand, an absolute motion transducer does not require the reference point. It measures absolute motion 
of the point to which it is attached, where the reference is the past position of that point (usually at the 

moment when the measurement started). If a vibrometcr is used to measured dynamic displacement or 
vclocity (Beckwith ct al., 1995), then it can work either as a relative transducer or as an absolute transducer. 
Ilou-cvcr, if an accelerometer is selected, then it typically works only as an absolute transducer (User & 
Keating, 1990). 

Due to the nature of field dynamic testing, absolute transducers were preferred for this research. Whereas it 

may be easy to find or construct a fixed reference point in laboratory conditions, this is very difficult when 
performing short field dynamic testing of fiffl-scale concrete floors. 

Mxrcforc, a decision to opt for the absolute displacement, velocity or acceleration transducer was made. 

4.7.2 Selection of the Motion Measurement Parameter 

71woretically speaking, measurement of any of the three time-varying vibration motion parameters could 
lead to the other two by differentiating or integrating the time-varying signal, as appropriate (McConnell & 

Riley, 1993). The crucial difference between displacement and velocity transducers, and accelerometers lies 

in the dynamic properties of the mechanical primary sensing stage (Figure 4.11). Also, it is important which 
t)pc of mechanical motion of the primary stage is actually 'sensed' by the secondary stage of the transducer. 
7bc secondary stage, as mentioned earlier, converts the mechanical motion of a primary stage into an 
analogous electrical signal directly proportional to the motion (Beckwith ct al., 1995). 

Absolute transducers typically utilise a mass, frequently termed 'seismic mass', as a part of the primary stage 

% hich is mounted in the transducer casing forming a SDOF system (Figure 4.11). From descriptions given 
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by Usher and Keating (1990), Beckwith et al. (1995) and Buzdugan et al. (1987), it can be concluded that the 
sewndary stage of such a transducer is either a relative displacement or velocity meter which somehow 
puScs the corresponding relative motion between the seismic mass and the housing. This motion occurs 
,A hen the supporting structure, that is the housing which is firmly attached to it, moves. 

If the vibration frequencies measured are greater than the natural frequency of the seismic transducer SDOF 

S)stcrn two options exist. Firstly, if a relative displacement is measured by the secondary device, its signal is 
directly proportional to the displacement of the moving structure for the range of excitation frequencies 

above the natural frequency co., of the primary SDOF system (Curve A, Figure 4.12). Secondly, if relative 
velocity is measured by the secondary stage, then its signal is proportional to the velocity of the moving 
structure for the frequencies above wt (Curve A, Figure 4.12). 

On the other hand, if the vibration frequencies measured are lower than co,, the measurement of relative 
dispLaccmcnt produces an electrical signal proportional to the acceleration of the supporting structure (Curve 
B, Figure 4.12). 

In all three cases mentioned, it is important to note that the proportionality between the generated signal and 
the corresponding motion measured actually means that the sensitivities should be as constant as possible for 
a frequencies either above or below cot (Figure 4.12), depending on which transducer is used. However, in 

reality, this requirement is only approximately satisfied. The frequencics for which this condition is satisfied 
within a prc-dcfmcd error margin determine the operational frequency range of the transducer. 

4.72.1 A13SOLUTE TRANSDUCERS MEASURING 11ME-VARYING DISPLACEMENTS 

In order to increase the lower end of their frequency range of operation, these transducers should have their 

natural frequencies as low as possible because the useful frequencies are only well above o), This means 
that the primary stage of this instrument has, in fact, to be a relatively large mass supported by relatively soft 

springs. Ile large inertia of this SDOF system means that the mass remains in place while the transducer 
housing moves when measuring frequencies above o),, 

A "car variable differential transformer (LVDT) may be used as the secondary sensing element (Dally et 

al., 1993). Buzdugan ct al. (1987) describe other relative displacement sensors, such as capacitance probes, 

%hich may be used as the secondary stage. Chu et al. (1996) describe in detail the principles of operation of 
the LVDT-based absolute displacement measurement transducer which they call 'differential-transformer 

pickup'. Relatively large relative motion between the mass and the transducer casing typically occur in all 
transduccrs of this kind. 

4.7.2.2 ABSOLUTE TItANSDUCERS NlEASUPJNG'nW-VARYING VELOCMES 

7bcsc are based on the principle of electromagnetic induction caused by the relative movement of a magnetic 
ficid and a conductor. The relative movement sensed is in fact the relative velocity between the mass and the 
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tmnsduccr housing (Figure 4.12). The voltage generated by the induction is proportional to the relative 
Wocity, which is, in turn, proportional to the velocity of the vibrating structure for frequencies above co., 

4.713 ABsoLurE TRANsDucERs MEAsuRiNG Tlw-VARyim AccELERATioNs 

TraaWuccrs for measuring vibratory acceleration are most commonly used in vibration engineering today. 
Various accelerometer designs differ in principle only in the sensors used as the secondary transducer stage 
measuring the relative displacement between the seismic mass and the accelerometer housing (Figure 4.12). 
11c following two designs are most common in civil engineering applications: 

Servo (or force-balanced) accelerometers. These utilise a relative displacement transducer, such as an 
LVDT or capacitance sensor, which generates a feedback (or servo-loop) signal. This signal drives a 
coil which generates a force restoring the seismic mass to its original position. Acceleration, which is 

proportional to this restoring force, is measured as the restoring signal. 

Piezoelectric accelerometers. These utilise the piezoelectric effect in exactly the same way as the 
already introduced piezoelectric load cells do, the only difference being the nature of the force which 
causes the mass of the SDOF primary stage to move dynamically. By sensing this force, the 

piezoelectric clement, which is actually the stiff spring of the SDOF absolute transducer (Figure 4.11), 

gauges the relative displacement between the mass and the accelerometer housing. This displacement 
is, nevertheless, directly proportional to the support (i. e. structural) acceleration (Curve B, Figure 
4.12) for the useful range of frequencies below o), Therefore, the piezoelectric element has a dual 

role in a piezoelectric accelerometer. Firstly, as a 'spring' it is a part of the primary mechanical SDOF 

stage of the transducer. Secondly, as a 'relative displacement transducer' it forms the secondary stage 
together with the associated electronics. 

Men deciding which motion parameter to measure (displacement, velocity or acceleration) it is important to 

chose the one which is actually required by the vibration problem being investigated (Ellis, 1992). Applying 

this principle, with regard to the modal testing part of this cxperimental work, any motion parameter could 
have been used. However, considering the assessment of the vibration serviceability of floors, most of the 

2-scs mcnt criteria and scales are based on the acceleration levels. Ilerefore, this consideration indicated a 

preference for accelerometers. 

In addition, vibromcters arc in general more fragile than accelerometers. This is because the SDOF system 

they utilise as the primary mechanical stage must be much 'softer' than for an accelerometer. As a 

consequence, the large mechanical moving parts of vibrometcrs are prone to wear and fatigue failure. 

Endcvco (Shock and Vibration Measurement Technolog , undated) states that new piezoelectric 

accelerometer designs arc much more robust and usually outperform vibrometcrs in the low-frcqucncy 

regiorL This is an important observation because poor performance in the lower frequency region was the 

main problem of early piezoelectric accelerometer designs. 
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W4h rc&ud'to the research project brief, a conclusion was reached that vibrometers have serious 
disadvantages and no obvious advantages when compared with modem accelerometers. Therefore, the 
decision %%-as made in principle to commission accelerometers as the vibration response transducers. 

4.7.3 Selection of Accelerometer Design 

Servo accelerometers are very popular in the civil engineering sector. For years they were the most precise 

and sensitive acceleration transducers available (Usher & Keating, 1990). Typical operational frequency 

ranges of these accelerometers are between 0 and 50 Hz only, and their sensitivity goes down to micro-g 

acceleration. These characteristics, together with excellent linearity, made them almost perfect transducers 
for this research. 

lk%-cver, these transducers are also as fragile as the vibrometers. Relatively cheap and much more robust 
pi=lcctric accelerometers able to compete with the highly sensitive servo accelerometers, have recently 
been made commercially available (Shock and Vibration Measurement Technolggy, undated). Hence, when 
compared with servo accelerometers, a slight advantage was given to ultra-sensitivc piezoelectric 
accelerometers. 

Pimoclectric accelerometers are by far the most commonly used vibration response transducers today. A 

quick overview of the product ranges of large manufacturers, such as Endevco, Bruel & Kjacr and Dytran, 

revealed that each supplier offered at least one piezoelectric accelerometer suitable for this research. These 

transduccrs satisfy practically all general and specific requirements which will be briefly outlined in the 
follo%%ing section. 

4.7.4 Piezoelectric Accelerometer Requirements for Floor Vibration 
Measurements 

Chu ct- al. (1996) recommend considerations of the following parameters when selecting an accelerometer: 
(1) sensitivity, (2) resolution, (3) transverse sensitivity, (4) amplitude linearity and limits, (5) frequency 

range, (6) physical size, and (7) environmental effects (temperature, humidity, acoustic noise and strain 

sensitivity). Some of these considerations are clearly related to the requirements of vibration measurement in 

the mechanical and aerospace engineering disciplines where accelerometer properties such as its mass, size, 
rcsistance to high humidity and temperature, and low-transverse sensitivities are more important. 

However, following these recommendations, the writer formulated more focused conditions which the 

piezoelectric accelerometers to be used for measuring vibrations of concrete floors had to satisfy. These are 
based on the literature reviewed and the writer's experience gained during the preparatory phase of this 

rcscarch. 
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4.7.4.1 AcCELEROMETER DYNAMC RANGE REQIKREMENTS 

Men measuring point mobility of full-scale concrete floors using hammer excitation, Cavcrson (1992) 

qpically measured peak accelerations of approximately up to 0.2g. Heel-drop tests typically produced 0.05g, 

%hile peak accelerations due to walking were approximately 0.007g. Eriksson (1994) measured a walking 
acmicration time history on a prototype concrete floor which peaked at 0.004g. This was quite comparable 
,A ith Cavcrson's data. 

On the other hand, in order to ensure maximum flexibility in the measurement system, all accelerometers had 
to be able to measure accelerations of up to Ig. To conclude, it was determined that the accelerometers had 
to be able to measure accelerations as low as 0.0000 Ig and as high as Ig. 

4.7.41 ACCELEROMETER FREQUENCY RANGE REQUHZEMENTS 

Considering results presented by Caverson (1992), Eriksson (1994) and others who tested floors in the past, 
itimas estimated that the typical frequency range of interest when testing MI-scale concrete floors, should be 
bct%-ccn approximately 3 Hz and 30 Hz, approximately, for hammer and human induced excitations. 
Therefore, a requirement for an accelerometer to have flat ftequcncy response between I Hz and 50 Hz has 
bccn set. 

4.7.4.3 AcCELEROWTER SENsmvrry REQuiREmENTs 

7be requirement for a low operational frequency range typically means that the sensitivity of the transducer 
is inevitably higher. These more sensitive sensors also tend to have lower electrical noise levels (Wilcoxon 

Research, 1995). However, due to the fact that fairly low levels of acceleration (milli-g) were expected to be 

mcasurcd, a requirement for sensitivity of at least IV/g has been set. This was done to ensure that the signals 

cormsponding to very small accelerations are above the electrical noise of the measurement system with 

unity gains set on all signal conditioning devices. 
I 

fk%-cvcr, sometimes manufacturers claim high sensitivities of transducers which, actually, correspond to 

gains of the signal conditioning electronics higher than 1. For example, Wilcoxon Research (1996) states that 
dwir "ultra highly sensitive" Model 73 I/P31 seismic accelerometer and amplifier has "selectable sensitivities 
of 10,100 and 1000 V/g". Tbe sensitivity of this system corresponding to unity gain is, in fact, only I OV/g, 

the other two "sensitivities" correspond to gains of 10 and 100. With regard to low-level measurements a 
statcmcnt like this can be quite misleading as higher signal conditioning gains tend to amplify electrical 
noise together with the low-level measured signals. This means that low-level signals can still be buried in 

noise if the transducer's unity gain sensitivity is not sufficient (even if the highest gain nominally generating 
I OOOV/g is selected). 

To conclude, when selecting a transducer it is important to be aware that there is a difference between the 

scnsitivity' and the 'gain' of a transducer and signal conditioning system. Whereas sensitivity is a measure 



Experimental Work: Preparations 114 

of the ability of a transducer to measure low-level signals, the gain plays an important role in making such 
lo%, -Icvcl voltages 'readable' by other parts of the measurement system. This is so because the storage, 
analysis and display parts of an instrumentation system (Figure 4.1) have their own electrical noise levels 

abo%, c %hich the transducer's electrical signal must be. 

4.7.4.4 AcCELEROMETER SuRvivAmrry AND OTBER REQUIREMENTS 

In order to ensure robustness of the accelerometer during field operation a shock limit of at least 500g has 

bocn set. 

Chcap cabling, easy future upgrades of the signal conditioning electronics and compatibility with the rest of 

the measurement chain (Figures 4.1 and 4.10) are some of the specific requirements which the piezoelectric 

3=lcrometers had also to satisfy. 

4.7.5 Selection of Piezoelectric Accelerometer Design 

Having formulated the specific requirements of the accelerometer to be used in this research, a suitable 
piezoclectric accelerometer design had to be selected. 

Accelerometers were first made in the 1950s. Since then they have undergone tremendous development 

,A hich, in the case of piezoelectric accelerometers, has resulted in approximately a thousand or more models 
bcing available today. However, not all models are suitable for all applications and a careful selection is 

rcquired. In order to help decide which piezoelectric accelerometer design and model to select manufacturer 
Endeveo (Shock and Vibration Measurement Technolog , undated), for example, divide vibration 
acmicration measurements into the following typical categories: 

mini-structure measurements 
low-g measurements 

shock measurements 

high-frequency measurements 

machine monitoring measurements 

high-temperature measurements 

nuclear measurements 

low-tcmpcmture measurements 

general vibration measurements. 

Mcasuring concrete floor vibrations falls into the "low-g" and not the "general vibration measurements" 

Smp, as may be perceived. The "general vibration measurements" arc performed usually in 
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mcchanical/acrospacc engineering disciplines and transducers optimised for such exercises typically do not 
posses the required sensitivity and frequency range for detecting low-level low-frequency concrete floor 

%brafions. 

Early piezoelectric accelerometer designs suffered from low sensitivity and signal to noise ratio problems 
, Ahcn measuring frequencies below 100 Hz. This made early measurements of frequencies below, say, 5 Elz 

using piezoelectric accelerometers "almost impossible" (Shock and Vibration Measurement Technolog , 
undated). Older textbooks and papers tend to present piezoelectric accelerometers as not particularly suitable 
for the measurement of frequencies below, approximately, 10 Hz. However, recent advances in their design 

over the last decade have remedied these problems. Nowadays, piezoelectric accelerometers capable of 
measuring frequencies down to 0.1 Hz are commercially available. 

Licht ct al. (1987) explain that the main thrust in the improvement of the piezoelectric accelerometer design 

%asconcentrated on the elimination of quite large electrical signals generated by (1) non-vibratory motion, 

such as temperature variations, and (2) vibratory motion, such as the accelerometer case straining due to 
bending. 

Almost all piezoelectric accelerometers commercially available today utilise either the compression design 

or the shear design (Licht et al., 1987). Externally they look practically the same. Early accelerometer 
designs were compression type (Figure 4.13) where the electrical charge produced in the piezoelectric 

element is proportional to the normal stress. However, piezoelectric material under shear can also generate 

Clectrical charge proportional to the shearing force, so this characteristic can also be used when designing a 

piezoelectric accelerometer (Figure 4.13). 

It is now well established that the compressive designs are much more susceptible to transverse vibrations, 
grain of the accelerometer housing and external temperature when compared to their shear counterparts 
Wcht ct al., 1987; Smith et al., 1996; Scrridge & Licht, 1987). This is particularly important when 

mea uring low-level vibrations where relatively small unwanted signals can completely obscure the signal 
from the actual minute measurand deteriorating its signal-to-noise ratio. This was the reason why early 

compressive designs were failing to measure low-level low-frequency accelerations. 

For the low-g measurements, as required by this research, the shear accelerometer design is the 

rmommcnded choice. 

4,73.1 AcCELEROMETER SIGNAL CONDITIONING ELECTRONICS 

Similarly as for the piezoelectric load cells introduced earlier, piezoelectric accelerometers require special 

consideration of the signal conditioning electronics. In order to make possible transmission of the 

" Icrometer signals through very long cables with as little as possible distortion, piezoelectric 

" Icroincters with built-in charge amplifiers should be selected. Detailed discussions of these internally 

amplified piezoelectric sensors and specifics of their operation are given in several standard textbooks and 
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papcrs (McConnell, 1995; Dally et al., 1993; Serridge & Licht, 1987; Chu et al., 1996; Randall, 1996). 
Calain practical consequences of some of these issues with regard to the instrumented hammer testing have 
bccn highlighted by Pavic and Waldron (1996b). 

4.7.6 Selection of Piezoelectric Accelerometer Model 

7hive models of piezoelectric accelerometers were looked at in greater detail, and assessed against the 
specifications outlined earlier. Ilese are: 
1. Bruel & Kjaer Model 4370, 
2. Endcvco Model 7754-1000, and 
3. D)tran Model 31001324. 

4.7.6.1 MEL & KjAER MoDEL 4370 

This accelerometer was recommended by the technical personnel of Brucl & Kjaer (UK) who were briefed in 
ddail about the type of the vibration measurements on concrete floors for which the accelerometer was 
required. After its arrival for the pre-purchase trials, an inspection of the accelerometer and its technical 
documentation was performed. Having nominal sensitivity of only 100 mV/g and no internal built-in 

Clectronics, signals produced by this accelerometer were very sensitive to the movements of even a very 
short micro-coaxial cable with which the accelerometer was delivered. Performance of the accelerometer at 
low ftqucncics was also far from satisfactory. It was concluded that, despite the technical advice given by 
Brucl and Kjaer technical division, their Model 4370 was not suitable. 

4.7.6.2 ENDEVCO MODEL 7754-1000 

Endcvco was the first company to have started production of low-noise shear accelerometers. Endcvco 

2 1crometcrs, such as Model 7751-500, having 500 mV/g sensitivity are traditionally used in the civil 
(Mginccring sector (Fan-ar et al., 1994). In 1993 Endevco launched a state-of-the-art piezoelectric 
ISOTRON"A (i. e. with built-in electronics) accelerometer Model 7754-1000. This is a hermetically sealcd 
dcvicc preventing internal contamination due to environmental factors such as humidity and dust. It also has 
high nominal sensitivity of IV/g, which makes it the most sensitive Endevco piezoelectric accelerometer 
%ith integral electronics. Its state-of-the-art signal conditioning allows a very good ncar-DC frequency 

rcsponsc with only 5% distortion between 0.2 Hz and 400 Hz. Moreover, it utilises the patented Endevco 
ISOSHEW' (shear) design which is insensitive to most non-vibmtory inputs and was purposely designed 

to compete with servo accelerometers. It is meant to be used in seismic, building and deep space vibration 
measurements, the application areas traditionally reserved for servo accelerometers in the past. Also, apart 
from the excellent signal-to-noise ratio and low-frequency response, Model 7754-1000 has one indisputable 
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ad%wage over many other absolute transducers suitable for low-frequency measurements. It has a 
guaranteed shock survivability of 1000g, which makes it very robust. 

4.7.6.3 DYTRANMoDEL310OB24 

This model is, officially, denoted as "seismic" (Dytran, 1992; 1995), which implies that it is highly sensitive. 
It has a nominal sensitivity of I V/g and built-in electronics which satisfies two of the previously described 

sclection criteria. However, Model 3 10OB24 is a 'noisy' compression type piezoelectric accelerometer 
having a broadband noise floor which is 40 times higher than the noise floor of Endevco Model 7754-1000. 

It also has a poorcr low-frequency response. Finally, it can survive shocks of only 200g. 

Pro-purchasc trials of the Endcvco 7754-1000 accelerometer confirmed its very good performance and a 
decision was made to commission a pair of Model 7754-1000 with matching Model 102 ISOTRON signal 
conditioning and Model 109 low-noisc power source. The cost per channel was high (f 1800) and not more 
than two high quality transducers of this kind could be afforded by the research project budget at the time. 
Important properties of this accelerometer are surnmarised in Table 4.1. 

In addition, despite all the problems encountered with the Dytran accelerometer, a (reluctant) decision has 
been made to commission as a backup a pair of 31 0OB24 together with Dytran Model 4105 battery powered 
current source for driving the internal accelerometer electronics. The price per channel utilising this 

accelerometer was only L700 (Table 4.1). Pre-purchase trials performed with this accelerometer put side by 

side high-spec Endevco 7754-1000 showed that Dytran 310OB24 produces noisier signals at low-level 

vibrations (for frequencies of 2 Flz and higher), but the results were still very reasonable, which gave more 

confidence in this transducer. 

Table 4.1: Summarv Of iMDortant DroDerties of the commissioned accelerometers 
Relevant accelerometer Endevco Dytran 

characteristics model 7754-1000 model 31 0OB24 
Nominal sensitivity IV/g IV/g 

Frequency range (± 5% From 0.2 H1z to 400 Hz From 2 H[z to 1000 Hz 

_Linearity 
range From 0.000001g to 5g From 0.00 1g to 5g 

Baum powering option Yes Yes 
Broadband noise level 0.00001g RMS 0.0004g RMS 

Survivability looog 200g 
Price per channel L1800 L700 

4.8 Accelerometer Mounting and Signal Transmission 

Scffidgc and Licht (1987) state that totally incorrect vibration measurements may result from careless 

2 Icromctcr mounting and poor signal transmission. In addition, Endevco course notes (Shock an 
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Vibration Measurement Technology, undated) claim that "connectors and cables are usually the weak link in 

any instrumentation chain". Therefore, it is not surprising that accelerometer manufacturers typically publish 
I=gthy general explanations of how to properly mount an accelerometer to the vibrating structure and 
connect it to the rest of the measurement chain (Serridge & Licht, 1987; Dytran 1992; 1995). These will not 
be repeated here. However, the nature of the field measurements in this Project required some additional 
special considerations of accelerometer mounting and cabling. These will be briefly outlined here. 

4.8.1 - Accelerometer Mounting onto Concrete Floors 

Numerous technical papers warn that, in order to measure structural vibrations accurately, an accelerometer 
has to physically follow the movement of the structure. In addition, the literature offers a range of techniques 
for fixing an accelerometer to the vibrating structure by methods such as direct studs, cement, self-adhesives, 
magnets and beeswax mounting (ISO, 1987; BSI, 1989). The selection of each of these methods depends on 
the specifics of the vibration measurement being performed. Even the far reaching DTA Handbook on 
Guidclincs to Best Practice on Instrumentation (1993a), covering all aspects of dynamic measurements 
aaoss engineering disciplines, does not offer anything other than these mounting techniques which are 
typically used in mechanical and aerospace engineering applications where high frequency and high- 

accclcration levels are normally encountered. 

I Im-evcr, these methods were not considered to be suitable when measuring vertical vibrations of fiill-scale 

concrete floors. Practicalities, such as the limited testing time and likely reluctance of the floor owners 

and/or users to allow any local damage to be caused to the concrete slabs, effectively prevented any of the 

mounting solutions suggested. Fortunately, other accelerometer attachment methods exist and are perfectly 

acceptable when measuring vertical vibrations of concrete floors. 

7besc methods utilise mounting of an accelerometer on a heavy base plate which freely sits on a floor 

without any special attachments (Figure 4.14). The plate is supported at three points only to ensure its 

subility. An accelerometer, with its sensitive axis positioned in the vertical direction, should be fmnly 

attached to the base plate by any of the standard methods described above. Direct stud mounting (DTA, 

1993a) was used successfully on a2 kg base plate made of steel (Figure 4.14). An accelerometer set-up in 

this way measures the base plate movements with sufficient accuracy. The base plate is under gravity load 

from self weight. When the floor starts vibrating, the base plate will faithfully follow the floor movements 

provided that its peak acceleration is less than Ig. Concrete floors normally satisfy this condition. 

This :1 --- 
Icrometcr mounting method is typically used in the civil engineering applications (bridges, dams, 

floors, ctc. ) where vertical low-level accelerations are commonly measured. University of Bristol (Caverson, 

1992) and EMPA (Cantieni, 1996) both frequently use this simple sct-up. Updating of International Standard 

5348 (ISO, 1987), British Standard (BSI, 1989) and the DTA (1993a) instrumentation handbook is obviously 
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ra*cd in order to promote this type of accelerometer mounting in the vibration engineering community 

, Ahere appropriate. 

4.8.2 Accelerometer Signal Transmission and Connections 

Ca%rrson (1992) used relatively long micro-coaxial cables which consisted of numerous shorter cables 
hked via micro-dot connectors (Figure 4.15). Having been actively involved in Caverson's field tests, the 

, ATitff quickly became aware of the frequent problems caused by connection faults in the signal lines, mainly 
due to dirt, dust and water at the micro-dot connection points. Concluding that these connectors are not 

sukable for field work, especially if there are lots of them, it was decided to set up the transmission lines in 

6C new testing kit using standard coaxial cable (which is approximately 10 times cheaper dm the micro- 

coa. xial cable used by Caverson). In order to ensure easy site handling with a minimum number of 

connectors, it was decided to use pieces of either 50 m or 100 rn long coaxial cables which would be 

connected together if longer signal transmission was required. Instead of the micro-dot connectors, BNC 

connectors mounted at the ends of coaxial cables were used (Figure 4.15). 'Me writer used this cabling set-up 

as a member of the field testing team involved in the vibration measurement of a long-span footbridge at 
Abcrfeldy, Scotland (Pimentel, 1997). Unfortunately, the BNC connectors proved to be extremely unreliable 

as 70% of them failed after a week of intensive field work requiring daily setting up and dismantling of the 

long signal lines. The reason for this was the poor resistance of the BNC connections to the pulling forces 

'Rhich inevitably develop during the site handling of the coaxial cables. 

7bcrcforc, the failing BNC connectors were replaced by more robust XLR connectors supplied by RS 

Components (1997). Figure 4.15 shows the micro-dot, BNC and XLR connectors. Performance of the XLR 

cmncctor proved to be satisfactory. 

4.9 Data Storage, Analysis and Display Facilities 

Vast technical literature exists explaining the purpose and operation of data storage, analysis and display 

facilities, the last three elements of the measurement system (Figures 4.1 and 4.10). Therefore, only some 

specific aspects of the commissioning of the data storage, analysis and display facilities, directly related to 

this work will be outlined here. 
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4.9.1 Data Storage 

Since short field testing times were anticipated, only limited signal processing and data analysis could be 

paformed on site, mostly to ensure good quality data (Pavic & Waldron, 1996b; Pavic et al., 1997), but also 
to determine relevant parameters for the vibration response measurements due to walking. Therefore, a tape 
morder, which aflows storage of large amounts of analogue data, and their subsequent off-site digital re- 
sampling and analysis, had to be commissioned. This is important because selecting the best signal sampling 
aW digital analysis parameters, such as frequency resolution, sampling speed and windowing, is basically a 
time consuming trial and error procedure (Pandit, 199 1) which is difficult to perform during site testing. 

Unforuinately, due to severe financial constraints it was not possible to use such a device in all field tests 

pciformed. However, when possible, either a 4-channel RACAL Store 4 (RACAL, 1979) or an 8-channel 
RACAL StorePlus VL (RACAL, 1993) was used. Tlie usage of the former, which was more than 20 years 
old dcvice, proved to be quite problematic, as reported in Chapter 5. It should be noted that the cost of data 

gorage for the new RACAL StorePlus VL, which utiliscs VHS tapes, is an order of magnitude lower than for 
die obsolete RACAL Store 4 tape recorder. 

4.9.2 Analysis and Display of Signals 

Tv%, cnty ycars ago, in his review paper, Hudson (1977) recognised that mini computers have been a major 

Stcp fon%-ard in the development of dynamic testing of full-scale civil engineering structures. He, also, 
stressed the importance of in-situ data processing and analysis by saying: 

'ý-. thc possibility of completing the analysis of test results on the spot during the course of the test before 

equipment and instrumentation has been removed is a major advantage of such (mini computer based) 

S), Stcms 

This important comment heavily influenced the selection of the appropriate analysis and display facilities as 

wiff be described. 

An analyscr is usually used to perform the signal analysis and display functions of the instrumentation chains 

shown in Figures 4.1 and 4.10. With regard to the selection of an appropriate analyser, capable of doing both 

single- and dual-channel signal analysis, DTA (1993a) emphasises that the problem of semantics also exists 
in the technical literature about signal analysers because: 

"An csscntiafly similar piece of equipment may have a variety of names, e. g. FFr, spectrum, Fourier, 
d)mamic-signal analyscr may all be used to identify a single piece of equipment. " 

The Diagnostic Instruments PL202 (PL20 Series FFT Analyser/DSO Applications Manual, undated; PL202 

Rcaltimc FFT Analyscr Getting Started Guide, undated) portable spectrum analyscr has been selected for this 

project. Although there are many commercially available FFT analysers, a decision to commission this 
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particular instrument was not very difficult to make. Firstly, only seven manufacturers making portable 
Spmtrum analysers were found in 1994. These were: Hewlett Packard, Bruel & Kjaer, Onosokki, Zonic A& 
D, I lakuto, Lars & Davies and Diagnostic Instruments. Diagnostic Instruments are a leading manufacturer of 
portable spectrum analysers and their model PL202 satisfied basically all of the requirements such as fast 

push-button sct-up, straightforward use, robustness, low cost and existence of an interface to high quality 
parameter estimation software (ICATS, 1995; 1997). It is worthwhile mentioning here that over the last three 

ycars its hardware and software were upgraded three times leading to a fidly refurbished model Diagnostic 
lastruments model D12200 FIT analyser (DI-2200 Real Time FFT` Analyser/DSO Operating Manual. 

undated, Long Time Record DI-Card Operating Manual. undated). This proves that the instrument selected 
also satisfied the requirement for easy upgrades in order to follow fast developments in the field of portable 
instrumentation. 

4.9.3 Modal Analysis Facilities 

As already generally outlined, there are two routes to modal analysis: the experimental route, and the 
dworctical route (Figure 4.6). Both types of modal analysis had to be performed in this research. 

Figure 4.10 indicates that the process of modal testing involves the interfacing of several measurement and 

analysis phases. The DTA (1993a) recognises that this interfacing is "often very difficult to achieve 

cffectivcly". This is particularly true when linking FE modelling and modal testing phases. Due to time 
limitations for this project which did not allow for any development of these interfaces, it was decided to 

commission a commercially available packages for which all interfaces with the already selected hardware 

and softwarc facilities existed. As already mentioned in Chapter 3, ANSYS FE code was selected for the FE 

modelling. On the other hand, for the experimental modal analysis ICATS (1995; 1997) suite of prograrnmes 
was selected. 

FE models from ANSYS can be easily exported and further manipulated by ICATS utility software. This 

compatibility between ICATS and ANSYS is a consequence of the fact that ANSYS has been used for more 

than 25 years in mechanical and aerospace engineering disciplines. ANSYS has powerful state-of-the-art 

vibration analysis options and it is capable of performing all FE modelling and analysis procedures required 
for advanced floor vibration serviceability investigations, as outlined in Chapter 3. 

One of the special requirements which the curve fitting software to be selected had to satisfy was its ability 

to be run on site during field testing in order to comply with the DTA QA requirements (1993b; 1993c). 

I fence, ICATS as a PC based curve fitting package which could be run on a portable notebook PC was a 

natural choice. PC software is cheaper and easier to upgrade than the hard-wired firmware which is 

sometimes built into spectrum analysers. More than 20 upgrades of the ICATS software were received in the 
Iast 5 years. In addition, it should be stressed that the actual full 'modal analysis' and 'further analysis' 
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Mgcs shown in Figure 4.10 are not meant to be performed in-situ and a desktop PC in the base with the 

$amc modal analysis software is an optimal solution. 

This selection concluded the preparatory phase of the experimental research work presented in this thesis. 
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Experimental Work: Results 

5.1 Introduction 

7his chapter contains a description of, and results gathered from, dynamic testing of four prototype floor 

Wucturcs (Table 5.1). Of these, the first two presented were unique, purposely built large-scale floors 

investigated in laboratory conditions, whilst the other two were full-scale floors tested in open space 

conditions. 

Table 5.1: Descrir)tion of the four structures tested 
Floor structure Thickness Estimated Span-to-depth 
designation Floor description IMMI weight ratio ft] 

Structure A 10.8 m long and 2m wide 275 15 39 
cast in-situ PT slab strip 

Structure B 15 rn x 15 m cast in-situ 250 135 36 
reinforced HSC floor 

Structure C 14.5 m long and 31 m wide Slab: 100 530 41 
cast in-situ PT ribbed floor Band-beam rib: 350 

Structure D 47.5 mx 37.5 m cast in-situ 225 1000 36 
PT flat slab 

Modal testing using hammer impulse excitation was performed on each structure. In addition, when possible, 

acw1cration response measurements mainly due to waMng excitation were made. 

5.1.1 Aims of Modal Testing 

Ilic modal testing was performed in order to measure the natural frequencies, mode shapes and modal 
damping ratios of the prototype floor structures tested. Apart from using the measured modal properties to 
improve analytical FE models of the structures tested, the purpose of which was outlined in Chapter I and is 

described in detail in Chapter 6, these properties were also used to help and guide the response 

Measurements. 

The in-situ estimated modal properties served to indicate excitation conditions in which a single-pcrson 

v%alking across the test structure produces the largest possible, but realistic, floor response. The natural 
frcqucncies measured were used to tune the pacing rate of a test subject (by means of a metronome) so that 

Onc of the walking excitation harmonics excited the floor resonance as precisely as possible. In addition, the 

measured mode shapes served to determine the walking path(s) suitable for producing maximum floor 

rcsponscs when someone walked along them with a pacing rate which excited the corresponding mode of 
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vibraýoa. Ideally, these walking paths should pass through the antinode (absolute maximum amplitude) 
Point(s) of each mode shape of interest. 

5.1.2 Aims of Response Measurements 

7be floor acceleration response measurements due to timed' pacing rates were conducted for several reasons. 
Firsdy, to establish the accuracy of the assumption of resonance conditions due to single-person walking 
Cxcitation, which is currently used in many guidelines for checking the vibration serviceability, as reported in 
Chapter 2. Secondly, to assess these responses in accordance with the latest vibration assessment procedures 
(BSI, 1992; ISO, 1997). These vibration serviceability ratings were then compared with the assessments 
made by the relevant assessment guidelines for cast in-situ PT floors given by the Concrete Society (1994). 
Oaly the description of response tests and general comments regarding the typical measured acceleration 
rMponscs are presented in this chapter, whilst their detailed discussion is given in Chapter 6. Compared with 
modal testing, response measurements are considerably easier to perform, and will be described in less 
dctail. 

5.2 General (Modal) Testing Procedure 

Generally speaking, the practical execution of modal testing comprises the following phases (DTA, 1993b; 

Ilcy'Icti ct al., 1997): (1) definition of objectives and test planning, (2) setting up, (3) preliminary 
investigation, (4) test measurements (i. e. data acquisition), (5) critical review of collected data, (6) data 

analysis comprising vibration parameter estimation and presentation of results, and (7) interpretation of 

results and, if required, utilisation of experimentally measured data. In addition, validation of results and 
implementation of quality control procedures should be performed throughout all these phases. 

5.2.1 Definition of Objectives and Test Planning 

711is phase comprises all preparatory work required before the equipment is setup. In the case of field testing, 
it includes a site survey long before the equipment is taken out of a laboratory, and test organisation. 'Me 

, ATiter found this task to be extremely time-consuming, but also of crucial importance, particularly with 
[Cgard to the health and safety (Hartley & Pavic, 1996) and QA (DTA, 1993b) requirements. 

With regard to the QA, it is interesting to mention the following statement by the DTA (1993b): 
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It is tempting, particularly with on-site testing, to capture as much data as possible for later analysis back 
in the comfort of the laboratory. However, this is usually a very inefficient method, often resulting in the 
complete data set being scrapped as transducers were found to be overloading, or not working. At the 

vety minimum, trial tests should be performed and analysed on site. " 

The DTA (1993b) accompanied this very explicit warning with a comprehensive description of a QA system, 
, Ahich should be adopted when doing any kind of laboratory or field based modal testing. These quality 
control measures were adopted in this research, but with some modifications to take into account the specific 
circumtances typically occurring in the field testing of floors. 

5.2.2 Setting-up, Preliminary Investigation and Data Acquisition 

Implementation of the QA measures recommended by the DTA (1993b) and ISO (1994) is crucial during the 

setting-up, preliminary investigation and data acquisition modal testing steps. The following QA steps have 
been implemented during the preliminary investigation and/or data acquisition phases: 

1. "pre-test analysis" (Heylen ct al., 1997) comprising relatively crude FE modal analysis of each structure 

prior to its testing, 

2. visual inspection of typical excitation and response signals in the time-domain during the preliminary 
invcs6gation, 

3. checking the suitability of the excitation spectra during the preliminary investigation, 

4. visual inspection of measured FRFs in the frequency-domain throughout the data acquisition phase 

aimed primarily at checking if the effects of noise and uncorrelated extraneous excitation are being 

averaged out, 

investigation of optimum instrumentation gain settings during preliminary investigation, and non-stop 

monitoring of over- and under-ranging of signals acquired by the measurement systern, 

6. prevention of signal aliasing by the application of anti-aliasing filtering on both excitation and response 
measurement channels throughout the preliminary and data acquisition phases, 

7. reduction or elimination of signal leakage by an application of appropriate signal windowing or data 

acquisition periods throughout the preliminary and data acquisition phases, 

S. visual inspection of the shape of some point mobility FRFs Hý (w) during the preliminary investigation, 

9. checking how well the reciprocity condition (Dossing, 1988b) is satisfied by visually inspecting pairs of 

reciprocal FRFs Hik (co) and Hkj (co) during the preliminary phase, 



Experimental Work: Results 135 

10. checking how well the linearity, also known as homogeneity, condition (Dossing, 1988b) is satisfied by 

visually inspecting pairs of nominally identical FRFs, H(')j'k((O) and H (2) 
jk 

(co), which correspond to 

relalively low and relatively high levels of excitation during the preliminary phase, and 

1. checking how well the repeatability condition is satisfied by comparing measurements of two pairs of 

nominally identical FRFs, H(l)jk (ca) and H (2) 
jk 

(C, 3 ), made immediately one after another (in the 

preliminary investigation), and at the beginning and at the end of the fiill FRF data acquisition. 

51.2.1 PRE-TFST ANALYSIS 

71e aim of the pre-test (FE) analysis is to identify likely shapes and natural frequencies of the modes of 
vibration to be measured. This helps the initial selection of digital data acquisition parameters. It also enables 
the visualisation of mode shapes (likely to be measured) in order to reduce the possibility for spatial aliasing 
aW improve the observability of the experimentally measured modal properties (NAFEMS, 1992b). 

SPatial aliasing occurs when the experimentally measured DOFs are not able to produce clearly identifiable 

MWe shapes corresponding to each measured natural frequency. The confusion between two or more 
expcrimcntally measured mode shapes usually occurs when there is an insufficient number of measured 
DON. A good way to reduce the possibility of spatial aliasing is to calculate the so called 'Auto-Modal 
Assurance Criterion!, or Auto-MAC (DTA, 1993c), between all possible vector pairs (Aý)r and (AQp Ofthe 

a, W)Iically calculated mode shapes. The elements of these two vectors correspond only to the limited 

number of measured DOFs. Ile Auto-MAC is calculated using the following formula: 

T )p 12 1 

Auto -MAC(4),, 4)p)- 
14A)r 4A 

I (4A Yr 4A I X4A )pT 4A )p 
Equation 5.1 

hich devcloped form is: 

Auto -MAC(4),, 4)p)= 

n 
z0jrkýjp 

j=l 
Equation 5.2 

j=l 

Ifthe selected measurement DOFs are sufficient to produce linearly independent mode shapes and avoid the 

spatial aliasing in the first, say, m modes of interest, then diagonal elements of the corresponding rn xm 
Auto-MAC matrix should have values of 1.0 (i. e. 100%). When a MAC value, corresponding to two mode 

shapes 4), and [ý)p, equals to 1.0 this means that one mode shape is, in fact, the other multiplied by a 

constant, that is the two mode shapes are identical i. e. they are linearly dependent. This is why the diagonal 

1, -alucs of the Auto-MAC matrix, corresponding to two identical mode shapes, must be 1.0. In addition, a 
comparison of two linearly independent mode shape vectors (ýJand (ý)P should produce off-diagonal 
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s-alues of Auto-MAC matrix which are zero or close to zero (Friswell & Mottershead, 1995). The DTA 
(1993b) advises that if the values of non-diagonal elements are above 0.6, than there is a likelihood that the 
sclcctcd measurement DOFs will cause spatial aliasing and confusion of mode shapes in the frequency 
4on of interest. 

If a roving exciter is used, as is the case in this research, in addition to spatial aliasing, the observability of 
the measured mode shapes may be impaired by the response measurements made close to or at mode shape 
nodal points. However, analytically obtained mode shapes are likely to indicate where nodal points for 
certain modes of interest occur and these points should be avoided when placing stationary accelerometers. 

5.2.2.2 OmER QA REQUIREMENTs 

7be rationale behind the remaining of the above listed QA measures is firstly to ensure that the floor tested is 

a reasonably linear and time-invariant structure, so that experimental modal analysis, which is based on these 
asstimptions, is able to produce meaningfiil results. In addition, they should reduce the effects of noise and 
signal processing errors typically caused by the instrumentation dynamic range limitations, signal aliasing 
and leakage (Heylen ct al., 1997). 

Further details about these QA checks are outlined by the DTA (I 993b, 1993c), Heylcn et al. (1997) and ISO 
(1994) and will not be repeated here. However, some illustrations of how well the QA checks were satisfied 
arc presented for each of the four floor structures tested. 

In gcncral, the experimentally determined modal parameters reported in this thesis can be considered to be 
fairly consistent unless is otherwise stated. Tlicy have been confirmed by performinga number of SDOF and 
at least one MDOF parameter estimation exercises using either a single or, in the latter case, a group of the 

measured FRFs at a time. The ICATS (1995) MODENT software module was used to carry out the 

calculations in accordance with the parameter estimation algorithms and best practice procedures described 
in detail by the DTA (I 993b; 1993c), Ewins (1995), Maia ct al. (1997) and Heylen et al. (1997). 

5.2.3 ' System Calibration 

In addition to the above-mentioned QA measures, DTA (1993b) advises overall calibration of the system 
using a suspended mass to be performed "between the preliminary investigation and the main data collection 
part of the test". The procedure recommended is based on Newton's second law: 

f(t) =m- a(t), Equation 5.3 

t%hcre: m [kgl is the known suspended mass, f(t) [N] is the force applied to the suspended mass by the 

cuiter, and a(t) [nVs2] is the acceleration of the suspended mass due to force f(t). The acceleration is 
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Dicasured by an accelerometer in the direction of the force. From a theoretical point of view, the accelerance 
FRF of this SDOF suspension system is a real constant A(w): 

A(w) = I/m. Equation 5.4 

Such a measured accelerance modulus should, therefore, be close to the known constant ( I/m ) and its phase 
dose to zero. This property can then be used to check the accuracy of the nominal sensitivity values, 
rcported by the manufacturers of the modal testing hardware. This is done in accordance with the fairly 

suaigWorward procedure, details of which are given in a number of texts on modal testing (Halvorsen & 
Bro%n, 1977; Ewins, 1995, Maia et aL, 1997; Dossing, 1988b). 

5.2.3.1 PRACITCAL PROBIEMS 

71v %%Titcr found this QA requirement to be practically impossible to satisfy when doing field testing under 
the circumstances pertinent to this research. Tile reasons were the lack of both time and facilities to 

manipulate and suspend a relatively large calibration mass required. Whereas the lack of time is easy to 

accept as a difficulty, the latter problem, for the case when Dytran 5803 5.4 kg instrumented sledge hammer 
is used as the exciter, deserves fiwfficr explanation. 

Ut us assume that 13 kN is roughly the maximum force, which is going to be applied by the sledge hanuner 

to the suspended mass, as determined from the manufacturer's technical documentation (Operating Guide 

Modd 5803A Instrumented Impulse Harmner Twelve Pound Sledg , undated). The accelerations of the mass 
are, nahn-ally, measured by the selected Endevco and Dytran accelerometers, as described in Chapter 4. 

Ibcse accelerometers have a 5g linear range and, therefore, the minimum mass required to prevent 
acmicrations which are over-ranged is: 

F,,,.., . ..... d 13 . 103 
Mmin = 

a. = 5.9.81 = 265kg Equation 5.5 
. allowed 

Ile assumption of the 13 kN peak force is realistic because it corresponds to approximately 50-60% of the 

Lammces linear force range (22.2 kN). The minimum required mass of 265 kg is, obviously, very large (see 

Figures 5.1 
-and 

5.2) and difficult to manage. This is a consequence of the fact that relatively large forces 

must cause relatively low accelerations. Although the minimum calibration mass can be reduced if a lower 

maximum force is assumed, such a force is not realistic and is difficult to apply in practice by manually 

olx=mg a 5.4 kg sledge hammer (Figure 5.2). 

51.3.2 INvEsTiGATioN oF EFFEcTs oF LoNG CABLEs 

Being practically unable to perform the system calibration in-situ between the preliminary investigation and 
data acquisition phases, it was decided to use the nominal instrumentation sensitivities (i. e. those specified 
by the manufacturers) in all measurements. As this is far from being an ideal solution, particularly with 
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Pgard to the possibly detrimental effects of long leads in the measurement system (Maia et al., 1997), which 
could be required in field testing, occasional system calibrations were performed under laboratory 

cmditions. The main aim of these exercises was to increase confidence in the results of field measurements, 
2S it is hpractical to replicate the exact instrumentation sct-up during each and every field test in order to 
tm the experimentally determined calibration factors. 

For tlýis, a concrete cube weighing exactly 3096 kN (m--316 kg) was cast (Figure 5.1) and was suspended 
from a crane in a laboratory (Figure 5.2). The accelerometer was firmly attached to the block via a mounting 
stud protruding from a steel plate embedded in the concrete (Figure 5.1). When investigating the effects of 
long cables, two different cabling configurations were tried. The first was with a hammer and accelerometer 
mch connected to the data acquisition system through 250 m of coaxial cables, which is considered to be a 
rdatively long length. The second configuration had the lengths of connecting cables reduced to 100 m. 

T%-cnty hammcr hits were applied and the measured accelerance FRFs averaged by a spectrum analyser 
(Figure 5.3) between 0 and 500 11z. Ile data sampling rate was 1280 samples per second over 1.6 s leading 

to the total of 2048 points acquired per each channel. No signal windowing was applied. Typical hammer 

excitation and acceleration response signals acquired with unity gains on all signal conditioning equipment 
are sho%%m in Figure 5.4. 

S(xncv%-hat surprisingly, the pair of Dytran accelerometers demonstrated poor performance with 250 m long 

coaxial cables. Figure 5.5 shows that an FRF (Equation 5.4) measured with long cables has very distorted 

modulus and phase, particularly in the lower frequency region. On the other hand, when shorter cables were 

used, much better quality of the calibration FRF was obtained (Figure 5.6). The FRF modulus is 

3pproximately flat and the FRF phase is close to zero. 

As expected, the calibration FRFs for both high-spec Endevco accelerometers showed almost no dependence 

on the cable length and their shape was as theoretically expected and was similar to that shown in Figure 5.6. 

51.3.3 LEssoNs LEARNED AND CoNcLusioNs 

Although the manufacturer's data suggested that Dytran accelerometers perform well with much longer 

cables, the system calibration exercise revealed that these transducers should not be used when the required 

cable lengths are more than 100m. Fortunately, the circumstances of the field work carried out on all 

prototype floors presented in this thesis did not require cable lengths of more than 50 rn per channel. 

For the modal testing systems comprising the instrumented sledge hammer and any of the accelerometers 

used, differences of no more than ±10% between the nominal and experimentally obtained FRF scaling 
factors have normally been observed during occasional system calibrations using a suspended mass. In 

addition to the inability to perform the calibration in field conditions, such relatively small differences are 

another reason why the nominal FRF scaling factors were adopted. For unity gain set on all channels, the 

nominal sensitivities and the corresponding FRF scaling factors calculated are given in Table 5.2. 
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Dcsignations given to the five accelerometers used are from Al to A5. It should be mentioned here that the 
A5 accelerometer replaced its A3 counterpart which was accidentally dropped and damaged beyond repair in 
the course of this research. 

Table 5.2: Nominal hammer and accelerometer sensitivities, and FRF scaling factors for hammer 
testing 

Device Sensitivity FRF scaling factor. 
Units: (nl/s2)/N per (V., ft,, Ni,. t) 

Sledge Hammer 0.236 mV/N N/A 
Endevco A1 979 mV/g @ 20 Hz 0.00236 
Endevco A2 971 mV/g@ 20 Flz 0.00238 
Dytran A3 915 mV/g@ 20 Hz 0.00253 
Dytran A4 965 mV/g@ 20 Hz 0.00240 
Dytran A5 1038 mV/g@ 20 liz 0.00223 

5.3 Vibration Testing of Post-Tensioned Concrete Slab Strip 
(Structure A) 

Ile first prototype floor structure presented, Structure A, is the simplest, but also the last tested, in April 
1998. 'It is a PIT slab strip, 2 rn wide and 11.2 M long, spanning 10.8 in between the supports (Figure 5.7). 
7he main aim of this purposely built slab was to study the effects of various configurations of false floors on 
the vibration performance of long span concrete slabs as part of another research project carried out by the 
University of Sheffield and a number of industrial partners (Waldron ct al., 1997). However, the opportunity 
%2s seized to use this slab in its bare state when the damping could be assumed to be the lowest and to 

perform modal testing and walking response measurements. 

5.3.1 Structural Description 

In esscncc, this is a simply supported beam purposely designed to have a fundamental natural frequency 

around 4.5 liz. This was done so that the third harmonic of somewhat slower walking and the second 
harmonic of relatively fast walking could produce as large as possible a response of this slab. Structure A 

can, therefore, be considered as a low-fircquency floor (Wyatt, 1989). 
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SPAN-To-DEpm RATio 

The 275 mm thick slab was designed by PSC Freyssinet (UK) Ltd and it is prestressed by 12 single-strand 
unbonded tendons. The tendons have one"live' and one 'dead' anchor and were alternatively prestressed from 
both ends (Figure 5.8). The total estimated weight of the slab is 15 tonnes. 

7k amount of prestressing and its position were selected so that the full slab self weight is balanced. Being a 
'single-span floor, and having span-to-depth ratio of almost 40 (10.8/0.275=39.3), this configuration can be 

cDasidered to be fairly slender with regard to vibration serviceability following the Concrete Society (1994) 

guidclines. 

5.3.1.2 ENVIRONMENTAL AND BOUNDARY CONDITIONS 

In order to reduce the environmental effects, the slab was placed indoors (Figure 5.9). In addition, as perfect 

as possible 'knife edge' supports along the ends of the strip (Figure 5.10) were designed in order to reduce the 

uncertainties in the FE modelling of this structure. 

5.3.2 Modal Testing 

Mthough the structure was simple and located indoors in one of the University of Sheffield laboratories, 

Wsting time scales were stringent as a false floor had to be mounted on the structure almost immediately after 
its construction. Therefore, to produce good quality experimental data first time, full modal testing QA 

procedures were carried out. 

5.3.2.1 PRE-TEST ANALYSIS 

A rcL-Wvcly crude FE model, based on grillage analogy, was developed prior to the testing. 71c aim of this 

model was to predict roughly the natuml frequencies and mode shapes in order to help develop the test grid 

and position the accelerometers so that all modes of vibration which are of interest were observable. The test 

grid comprising 27 points which was investigated is shown in Figure 5.11. 

The FE grillage model was created by dividing the slab into five bcarn4ike strips along its 10.8 m long 

Icngth. These strips were modelled using ANSYS BEAM4 elements all being 0.275 rn deep and 0.2m, 0.5m, 

0-6m, 0.5 rn and 0.2 m wide, respectively (Figure 5.11). The mass of the whole structure was allocated to 

thcsc longitudinal beams. In addition, II cross-beams were created (Figure 5.12). All cross beams were 

assumed to be without mass but possessing varying stiffnesses. The beams were 0.275 m deep and had 

widths between 0.1 m and 1.5 m (Figure 5.11). 
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D)Mmic modulus of elasticity for concrete was assumed to be 38 GPa, whereas the density was taken as 
2400 kg/m3 (Wyatt, 1989). Supports were modelled as pinned allowing free rotation, but preventing 
tMnslations in all three directions. 

7he calculated natural frequencies and the description of the first six modes of vibration are shown in Table 
5-3. The corresponding analytical mode shapes are shown in Figure 5.13. 

Table 5.3: Structure A- Calculated natural frequencies in pre-test analysis. 
Mode No. Natural frequency Mode description [HzI 

1 4.3 1' vertical bending mode 
2 17.0 2d vertical bending mode 
3 38.1 3' vertical bending mode 
4 45.7 1' torsional mode 
5 48.3 1' horizontal bending mode 
6 67.7 401 vertical bending mode 

The Auto-MAC calculations presented in Figure 5.14 show that the grid selected was likely to be capable of 
distinguishing the first 10 mode shapes including the first three vertical bending modes and the first torsional 
1node. The four accelerometers available for this test were positioned as indicated in Figure 5.15, according 
to the following: 

Accelerometer (A2) at TP 14 is required in order to measure accurately the I" mode of vibration which 
is of greatest interest; 

Accelerometer (Al) at T? 16 is likely to measure the first three vertical bending modes of vibration, 
and can serve to confirm the measurements of the I" mode using A2; 

Accelerometer (M) at TP22 should be able to pick everything that Al and A2 are measuring, which 
can be used as an additional check of AI and A2 measurements, and to measure torsional modes; 
Accelerometer A5 at TP9 serves to indicate if and how much the right support moves. This was done 
because a visual inspection prior to testing revealed that, due to imperfections in construction, there 
was an approximately 500 mm long gap under TT9 between the 'knife edge' (steel angle section) 
support and the upper bearing plate (see the slab strip support detail in Figures 5.7 and 5.10). 

53.2.2 ExcrrAnoN AND DATA CoLLEcuoN 

7be floor was impacted by a sledge hammer, the operator of which was sitting in a chair and trying to be 

very still during data capture after the impact. This is the standard way in which the hammer was operated in 
this research (Figure 5.16). 

The data from the one hammer and four accelerometer channels were recorded on an analogue RACAL VL 
VIIS tape recorder. In addition to being analogue recorded, the hammer " and one accelerometer (Al) 

ch=cls were monitored in parallel using the D12200 portable digital oscilloscope and spectrum analyscr 
(Figure 5.16). 
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5.3.2.3 PRELIMINARY INVESTIGATION AND NOTE ON EXPONENTIAL WINDOWING 

A 4pical hammer blow and the corresponding acceleration response sampled at 512 points per second 
(200 Hz bascband analysis) are shown in Figure 5.17. No windowing was applied and anti-aliasing filtering 

%-as s%%itched on, as appropriate. Figure 5.17 clearly shows that after 8s of data acquisition the vibrations 
Wl did not die out, which indicated that the slab was likely to have a very low damping and that there was a 
need to use a longer data acquisition time and exponential windowing in order to artificially dampen the 
response measurements and produce better quality FRFs. 

The D12200 spectrum analyser applies the exponential window function w. (t) to both the input and output 

channels. In this particular instrument the windowing function, is defmcd by specifying the TC constant in 

the following formula: 

acq 

TC]t 
(t) = elTw 

Equation 5.6 

%%here T.,, is the data acquisition time. The value of TC can be an integer between 0 (no exponential 

windo%ing) and 10. The greater the TC, greater the exponential decay. Theoretically speaking, the only 

consequence of the application of the exponential windowing in the hammer modal testing is an (artificial) 

increase of modal damping ratios in the measured FRFs (ISO, 1994). However, it is possible to recover the 

real damping afterwards by applying the following formula (ISO, 1994): 

r r, windowed - 
TC I 

Equation 5.7 
T. 

r 
27cf,. 

%%here is the modal damping ratio for the rh mode of vibration estimated from the 'windowed' 

FRFs. 

After several attempts based on trial and error, the main data acquisition parameters were selected. These are 

sho%%n in Table 5.4. 

Table 5.4: Structure A- Main diaital data acauisition parameters adopted for FRF measurements 
Parameter description Parameter value 
Data acquisition time 16s 
Frequency resolution 0.0625 Hz 

Frequency range of interest 1-51 Hz 
Total number of samples 2048 

Number of ftequency lines 800 
Number of averages 5 

Exponential window time constant (TC) 10 

At this stage, a 'standard' strength of the hammer blow was established and agreed with the hammer operator 

so that the likelihood for overloading of the electronics was reduced. 'Me FRFs measured were not scaled to 

appropriate units at this stage as these served only the qualitative assessment of the measurements. 
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Figure 5.18 shows the result of the so called 'immediate repeatability' check of the FRF. The writer found 
this check particularly useful in field conditions when extraneous unmeasured excitation, such as wind, can 
spoil the FRF measurements. If there is a great difference between two nominally identical FRFs measured 
immediately one after another, then it is recommended to stop the testing and investigate the problem further. 
A pair of point mobilities measured at T? 16 and shown in Figure 5.18 was assessed as acceptable regarding 
this check. Also, it was noted that three peak values of these two FRFs coffesponding to frequencies of 
4.6 Hz, 17.0 Hz and 37.9 Hz correlate well with the pre-test FE analysis (4.3 Hz, 17.0 Hz and 38.1 Hz) for 

the first three bending modes (Table 5.3). 

Figure 5.19 shows a reciprocity check between 71716 and TP22 considered to be satisfactory. However, it 

should be mentioned that although the shape of these two FRFs; is very similar, certain differences between 

the FRF peaks exist. These differences were attributed to the effects of noise in the measurements and to the 

presence of the hammer operator at different positions on the slab. 

Figure 5.20 shows a satisfactory homogeneity check performed using again two point mobility FRFs 

corresponding to TP 16. Relatively soft hammer impacts were used for the first (the blue line) FRF HI 2115 (0) )1 

%hich, obviously, is noisier than the second (the red line) FRF produced by strong hammer blows. However, 

it is interesting to note that the TP16 point mobility FRF peak corresponding to 17.0 Hz was significantly 
lower than the peak in the nominally identical point mobility FRF measured while performing the 'immediate 

repeatability' check (Figure 5.18). The other two peak values at 4.6 Hz and 37.9 Elz shown in Figures 5.19 

and 5.20 coffelate much better. This was attributed to the different positions of the hammer operator while 

pcrfonning these two checks. 

All point mobility FRFs must have an anti-resonance between the pairs of subsequent resonances. Anti- 

resonances between the modal peaks should be clearly observable as characteristic 'troughs' in log-log plots 
(Ewins, 1995). I'lle existence of these anti-resonances in point mobility FRFs is a good indication that the 
FRF measurements are likely to be valid, as illustrated in Figure 5.2 1. This was termed the FRF shape check. 

flaying performed the FRIF shape check, and although the differences in some of the peaks of other FRFs 

were notable, all preliminary QA checks were deemed satisfactory and a decision to acquire the full set of 

FRFs using the data acquisition parameters given in Table 5.4 was made. 

At the end of the full FRF data acquisition, which lasted four hours, another measurement of the point 

mobility at TP 16 was made and this result was compared with its nominally identical counterpart measured 
just before the full hammer swipe started. This comparison is shown in Figure 5.22 and was considered as a 

satisfactory 'cnd-of-tcsf repeatability check. 
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5.3.2.4 FRF DATA ACQUISITION AND MIAL DATA ANALYSIS 

At the end of the main hammer sweep, a collection of 81 FRFs forming 3 rows of the FRF matrix was used 
to estimate the modal properties of the test structure. The fourth row of the FRF matrix produced by the 
a=lcrometcr at the support (TP9) was not used due to poor signal-to-noise ratio. 

A visual inspection of the scaled point mobilities (the damping effects of exponential window not removed) 
corresponding to TP 14 (Figure 5.23), TP 16 (Figure 5.24) and TP22 (Figure 5.25) showed that characteristic 
rcsonant phase change occurred at five distinct frequencies. Therefore, it was initially estimated that there 
had been at least five modes of vibration between I Hz and 51 Hz which were picked up by this 
cxpcrimental set up. 

Figure 5.26 shows the first five estimated mode shapes. The estimated natural frequencies and modal 
damping ratios, the latter obtained after removing the effects of the exponential window, obtained by an 
MDOF curve-fitting are shown in Table 5.5. 

It is interesting to note here that the shape of mode 1, the I' vertical bending mode, shown in Figure 5.26 is 

not'smooth!. This is due to the complexity of this mode, as indicated in Figure 5.27. This matter required 
immediate attention as the complex modes could be a result of analysis and/or measurement errors (Imregun 
& Ewins, 1995). 

Table 5.5: Structure A- The estimated natural freauencies and modal damving ratios. 

Mode No. Description Natural frequency 
[Hz] 

Modal damping ratio 

I I' vertical bending mode 4.5 0.59 
2 2nrv-ertical bending mode 17.0 0.56 
3 1' torsional ('rocking') modue 26.1 1.76 
4 20 torsional (bending) mode 29.1 1.41 
5 3d vertical bending mode 37.6 1.22 

5.3.2.5 CowLExrry OF TBE FIRST MODE OF VIBRATION 

Ile complexity of the first mode of vibration was, almost certainly, caused by the presence of the hammer 

operator on the slab. 

This is, to some extent, corroborated by measurements of the modal damping ratio for the first mode using 
hecl-drop excitation and response at TP14 which is the maximum modal amplitude for the I" mode of 
vibration. Figure 5.28 shows the acceleration peak amplitudes featuring in the approximate logarithmic 
decrement formula (Thompson, 1993): 

ý P-- -Lln(±-'I, Equation 5.8 
n ýa. ) 
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MW to estimate the modal damping ratio for the I' mode of vibration. In Equation 5.8, n is the number of 
cycles elapsed between the acceleration peak values ao and a.. As the I' mode of vibration is well 
separated from the higher modes, application of Equation 5.8, has been considered as valid. Three pairs of 
peak values were used to estimate the same modal damping ratio for the fundamental mode and the values 
calculated are shown in Table 5.6. 

Tlie average of the three values in Table 5.6 is ýj = 1.03% and is greater than the average value of 0.59% 
(Table 5.5) estimated from MDOF curve fitting of 27 FRFs. This demonstrates the potential of a stationary 
buman body to affect modal damping values, especially when positioned at the point where maximum modal 
=plitude occurs. The writer speculates that the fact that the hammer operator moved from point to point 
across the slab resulted, in average, in the lower damping ratio estimated from a set of FRFs. This movement 
irdroduced either relatively weak non-lincarities or non-proportional damping, or both, resulting in the 
complex I" mode of vibration (Imregun & Ewins, 1995). 

Table 5.6: Structure A- Estimated I' mode damnine ratios usine amDlitude decav after a heel-droD. 

Number of cycles elapsed 
First mode damping ratio 

10/01 
10 1.13 
20 0.95 
40 1.01 

Another proof that the presence of a human body may create complex modes of vibration has been produced 
by Reynolds (1999) who tested Structure A in identical bare condition but using the shaker excitation, 
instead of the manually operated sledge hammer. No humans were present on the structure. The first mode 
shape measured by Reynolds had identical frequency and was almost perfectly real resulting in a 'smooth' 
mode shape. 

Finally, it should be mentioned that the DTA (1993b) requires that the effects of the measurements on the 
structure tested, such as the mass and stiffhess of transducers attached, must be evaluated. It is interesting to 
note here that in the case of the relatively large Structure A, tested with a manually operated sledge hammer, 
the problem appeared not to be the physical properties of the excitation and/or response transducers, but of 
the human being on the structure while operating the exciter. 

5.3.3 Response Measurements 

I faving estimated the fundamental natural frequency at 4.5 Hz, the shape (Figure 5.26) and the point where 
the maximum response of the first mode occurs (TP14), it was determined that the walking path which 
would generate the greatest response at TP 14 should be as close as possible to the mid-line of the slab strip 
(see Figures 5.26 and 5.29). Three types of forced excitation tests were performed. 
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Firstly, a continuous walking (back and fordi the along walking path) lasting two minutes. This was done in 

order to simulate a 'busy' floor environment and to create as steady a state as possible response conditions by 

a single person walking. Two sets of tests were performed: 

with a pacing rate of 135 steps per minute so that the second harmonic of the walking forcing function 
excited the floor resonance at 4.5 Hz, and 

0 with a pacing rate of 90 steps per minute so that the third harmonic excited the resonance. 

Secondly, vibrations were measured at TP 14 due to just a single traversing of the strip. Again, the prescribed 
pacing rates were either 135 or 90 steps, depending on the relevant harmonic which had to be generated. 

Finally, an acceleration response to a single-person treading 135 times per minute in place at TP14 was 
recorded at the same point. Making only 90 steps in place per minute proved to be difficult for the test 

subject and can be considered as unrealistic. 

Only one person generated these responses. The aim of these tests for all four structures tested was to 

cstablish if the tests were repeatable and what were the general response trends. The aim was not to produce 
Statistically reliable data, because this would require more testing time than was available when investigating 

aU four floor structures. 

5.3.3.1 ACCELERATION RESPONSES TO CONTINUOUS WALKING LASTING 120 S 

Figure 5.30 shows a typical acceleration response at TP14 due to 120 s of walking of an average male 

%vighing 75 kg who tuned his pacing rate so that the 2nd harmonic of walking excited the structure as close 

as possible to its first resonance. The test subject, who had considerable experience in such exercises, did his 

best to match the prescribed rate of 135 paces per minute controlled by a beeping metronome. The 

accclcration signal sampling rate was 256 samples per second. 

In addition to 120 s long acceleration time histories, RMS trend analysis for 'moving' data blocks lasting 10 s 

-A-as performed, as proposed by Eriksson (1994). As outlined in Chapter 2, in order to produce results 

comparable with the work of others, the 10 s RMS average of measured accelerations is going to be the main 

parameter for assessing and comparing the floor vibrations. The 'moving' of 10 s blocks over 120 s of 

accclcration time history ensures that the largest 10 s RMS value is going to be found. For easier 

prcscntation, units adopted for this parameter are 'gRMS' presented in percentages. DATS (1995) signal 

analysis software was used for these extensive calculations. Figure 5.30 shows one such 10 s RMS trend 

analysis whereby maximum of 3.1% gRMS acceleration was measured 99.2 s after the start of walking. 

Generally, it was established that the maximum gRMS values measurements from continuous walking were 

relatively well repeatable. An illustration of this is given in Figure 5.31 where the same test subject repeated 
the same test for another 120 s and produced a maximum of 2.95% gRMS acceleration. By inspecting a 

number of acceleration time histories and RMS trend analysis graphs of the kind shown in Figures 5.30 and 
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5.31, it was concluded that it was unlikely that prolonged continuous walking for more than 120 s would 
produce significantly different peak gRMS values. 

11C pacing set at 90 steps per minute, performed by the same test subject, produced a peak of only 0.92% 

gRMS (Figure 5.32). This value was verified by a repeated test which resulted in a peak of 0.85% gRMS 
(Figure 5.33). 

53.3.2 ACCELERATION RESPONSES To SINGLE CROSSING AND TREADING IN-PLACE. 

T)pical acceleration time histories corresponding to single crossings of the slab strip are shown in Figures 

5.34 (135 paces per minute) and 5.35 (90 paces per minute). The former lasted approximately 5s whilst the 
duration of the latter was about 8 s. Again, the third harmonic of walking produced considerably lower 

rcsponses then the second. 

Finally, Figure 5.36 shows a typical response to transient stomping at TP14 which simulated the 2 nd 
harmonic of walking and lasted about 7 s. Surprisingly, although the application of the force was non-stop at 
the maximum modal amplitude, the maximum 10 s gRMS value was not higher than for transient walking 
along the slab covering lower as well as higher modal amplitudes at 135 paces per minute (Figure 5.34). A 
22 s non-stop stomping at TP14 produced a fairly constant response after a build-up of vibrations, resulting 
in the maximum of 1.76% gRMS, in the example shown in Figure 5.37. 

5.3.3.3 SUMMARY OF RESPONSE MEASUREMENTS ON STRUCTURE A 

In addition to the results discussed above, a summary of all walking and stomping response measurements is 

given in Table 5.7 for typical pairs of the four types of excitation. Although the variations in the maximum 

gWS values between pairs of nominally identical tests were considerable for shorter excitations, the 

follo%ing trends could be established: 

1. a single pass walking excitation generally produces lower responses than its multiple-pass excitation 

counterpart, 

2. the 3"d harmonic of walking excitation, which is of particular interest when checking the floor vibration 

serviceability (Wyatt; 1989), generates a significantly lower response than the 2 nd harmonic, and 

3. tuned stomping produces a considerably lower response than the corresponding continuous walking. 
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Table 5.7: Structure A- Summary of response measurements in terms of maximum 10 s gRMS. 
T)pe of excitation 

2"' harmonic excitation 3d harmonic excitation 
Test I Test 2 Test I Test 2 

Cwtinuous walking for 120 s 3.10% 2.95% 0.92% 0.85% 

Transient walking over one 
length lasting 1.29% 1.72% 0.42% 0.44% 

Stomping @TP14 for 6s 1.14% 0.65% N/A N/A 

Stomping @TT 14 for 20 s 1.76% 1.55% N/A N/A 

5.4- Vibration Testing of a Reinforced HSC Flat Plate 
(Structure B) 

7lic second prototype floor structure, Structure B, was a cast in-situ floor made of HSC. This was an 
cxperimcntal slab designed as a part of an EU funded BRITE EURAM demonstration project on HSC. The 
floor %-as, probably, the strongest concrete slab ever produced in the UK (Price, 1996). The slab was cast 
indoors on 10 October 1995 in a large workshop at Taywood Engineering in West London. Its de- 

commissioning took place in June 1998. The writer seized a unique opportunity, given by Taywood 
Engineering and Ove Arup & Partners, the latter being the principal designers of the floor (Feltham, 1995), 
to dynamically test this exceptional structure. 

5.4.1 Structural Description 

Thc floor was a 15 m symmetric 250 mm thick square plate, being directly supported by four 300 x 300mm7 

columns. The columns were 1.6 rn high and set in 3.0 m from the floor edges (Figure 5.38). They were 
founded on 400 mrn deep and 2.0 rn square footings, which, in turn, were supported by the workshop's strong 
floor. Ile slab boundary conditions along the edges of the 3.0 rn cantilevers were completely free. Also, 
1.0 m high safety handrails were clamped approximately every 3.0 rn along all four edges (Figure 5.38). The 

slab was classically reinforced with two layers of meshed unstressed reinforcement placed in the bottom 

and/or top zones of the slab depth, as appropriate (Figure 5.39). 

Spanning 9.0 m between the columns, the slab's span-to-depth ratio was 36, which can be considered to be 

quite slender for a cast in-situ PT floor and to be extremely slender for a classically reinforced concrete floor. 
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An investigation of the dynamic properties and vibration serviceability performance of such a slender cast in- 
ýtu concrete floor is, clearly, very relevant to this research. 

5.4.2 Field Test(s) Planning 

As a part of an EU funded research project, which was completely separate from the research reported in this 

thcsis, the floor had to be loaded twice and its serviceability performance examined in terms of deflections 

and cracking. Firstly, only three days after casting, the slab was loaded to 1.5 kN/zn2 plus dead weight, and, 
thcn, 28 days after casting to 13.125 Mrný including dead load (Price, 1996). The loading was applied by a 

s)-stem of 36 hydraulic jacks and prestressing bars, which passed through the slab and were anchored in a 

St=g floor underneath (Figure 5.40). The first load was considered to be light and was meant only to cause 
dAections with no cracking of the slab. However, the second, much increased, load was aimed at causing 

eydensive deformation and cracking. Both loading conditions were, nevertheless, within the design 

scrviccability loading limits (Price, 1996). 

In the context of this two-phase static testing, it was interesting to compare the floor's vibration performance 

at the following three distinctive stages in the life of this structure: 

Stage 1: immediately after the slab was cast; 

Stage 2: between the light and the heavy loading; and 

Stage 3: after the heavy loading. 

5.4.2.1 SPECIAL CIRCUMSTANCES 

Severe time constraints played an important role in the planning of the dynamic testing. For example, as 

thcre were only three days between the slab casting and the application of the first loading, it was not 

fcasible to carry out Stage I dynamic testing. Therefore, only the remaining two stages were possible to be 

investigated. In addition, being unique, a number of other investigations were scheduled to take place on the 

I ISC floor. This, and the available funding, reduced the time available for the dynamic investigation during 

Stage 2 to two days, and during Stage 3 to three days. Also, although the slab was located indoors, the testing 

conditions were not up to normal laboratory standards as no heating existed and the workshop itself was very 

noisy due to other activities. The worst example of this was the running of an aircraft engine only 50 m away 

from the place where the slab was erected. While the engine was running no dynamic testing of the floor was 

possible. Also, other frequent sources of noise had the potential to affect the quality of experimental data, as 

will be seen later. 
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One site visit prior to even preliminary field modal testing is recommended (DTA, 1993c) in order to gain 
funiliarity with the test structure and its environment. This is fidly supported by the writer's experience in 
that up to half of the total site time can actually be devoted to activities such as accessing the structure, the 
equipment (un)packing, (dis)connecting, setting-up, checking and trouble-shooting. Familiarity with the test 
Stnicturc, its site and environment can reduce uncertainties associated with these time consuming activities, 
and this is very important if the test is to be completed during the allotted time period. 

Also, when using hammer excitation on floors, the first site visit can be used, if possible, to do some quick 
FRF measurements in order to ascertain whether additional floor 'de-rattling' procedures are necessary. It is 

%'cll known that hammer impact testing is particularly sensitive to rattling of the structure being hit 

Plaivorsen & Brown, 1977). Floors usually have non-structural elements attached which may rattle, 
introducing non-linearitics and thus giving poor test results. 

Ilic HSC floor site was visited for a brief period of only four hours on 24 October 1995. A number of quick 
FRF reciprocity and homogeneity checks were performed by a two-strong test crew using the sledge hammer 

as the exciter. Although the prcstressing bars were removed, it appeared that the very presence of 36 
hydraulic jacks loosely positioned on the top surface of the floor (Figure 5.40) caused the structure to fail the 

rcciprocity check. Problems were experienced with the homogeneity checks as well. Hence, a 'de-rattling' 

procedure, in the form of stripping the floor surface of everything 'non-structural', apart from the safety 
handrails (required by safety regulations), was suggested and was carried out over a couple of days by the 
Taywood Engineering personnel. The first site visit was also used to check the essential geometric properties 
of the structure being tested, the levels of excitation due to background noise and the availability of a 240 V 

clectrical power supply. 

5.4.2.3 PRE-7117ST ANALYSIS 

The FE model developed in the pre-test analysis utilised SHELL63 elements to represent the HSC flat plate. 
As no cracks were anticipated in the slab, isotropic properties were assumed for this element. Following the 

spirit of a number of floor vibration serviceability guidelines, including those given by the Concrete Society 

(1994), the relatively thin 300 x 300mm columns (Figure 5.38) were modelled as pin-supports (Figure 5.4 1). 

Similarly to the grillage model developed for Structure A (Figure 5.12), the pre-test analysis FE model was 

rcMvely crude. It consisted of 36 elements having a uniform thickness of 250 mm and the model had just 

cnough nodes to match the adopted experimental test-grid of 49 points shown in Figure 5.42. 

Values of the dynamic modulus of elasticity and density of the HSC used in the pre-tcst analysis were based 

onultrasonic pulse velocity and concrete density measurements made by Taywood Engineering Ltd (Price, 
1995). The average ultrasonic pulse velocity through six HSC specimens made when the floor was cast was 
4983 m1s, whereas the average material density was 2465 kg/mý. The dynamic modulus of elasticity E,, (ý, 
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%as then calculated using Equation 5.9 (Neville, 1995), which links it with the ultrasonic pulse velocity V 
duough concrete specimens having density p. and Poisson's ratio vc 

Ec, d)m = 
v2 pe, (I + v. XI 

- 2vj 
Equation 5.9 (I 

- ve) 

, '(ýYn 
cas fr For Poisson's ratio values increasing from 0.16 to 0.25 (Neville, 1995) the values of E. decr e om 

573 GPa to 51 GPa, respectively, when Equation 5.9 is used. It should be stressed that the equation is 

applicable only to homogeneous, isotropic linear elastic materials (Neville, 1995). These figures might 

appear high to a concrete designer used to operating with static elastic moduli in the range 20-30 GPa for 

normal concretes. 

llowcvcr, Lyndon and lacovou (1995) recently reported that HSC can have a significantly increased dynamic 

modulus of elasticity when compared with the values obtained from normal strength concrete. The HSC 

considered here was designed to be concrete grade CI 10. In fact, only three weeks after the casting, when the 
d)mamic testing took place, its strength was already at 115 MPa (Price, 1996). Given these considerations, it 

was decided to adopt E,,, ým = 50 GPa in the pre-test analysis. 

Table 5.8: Structure B- Calculated natural freauencies; in vre-test analysis 

Mode No. Natural frequency 
[Hzj 

1 4.8 
2 5.3 
3 7.9 
4 7.9 
5 10.9 
6 10.9 

11.9 
8 12.4 
9 15.9 
10 17.1 

The initially calculated mode shapes and natural frequencies are shown in Figure 5.43 and are summarised in 

Table 5.8. The Auto-MAC matrix calculations based on the pre-test FE model indicated that the test grid was 

likely to be suitable for the prevention of spatial aliasing (Figure 5.44). 

5.4.2.4 INsTRUmENTATION, ExcrrATioN AND DATA CoLLEcTioN 

It should be mentioned here that in October 1995, when the first round of Stage 2 tests took place, no tape 

recorder was available to the writer. The only data acquisition device available was the dual-channel 

spectrum analyser Diagnostic Instruments PL202. The spectrum analyser internal memory was limited to 

only 512 KB and no long-term digital sampling was possible. This limited the data acquisition to only two 

channels, each containing up to 4096 data points per record. 
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The limited facilities for this test (Figure 5.45), together with the severe testing time constraints, required a 
carcM selection of the FRF reference point which would be able to identify all modes of vibration, excitable 
by normal walking. 

Ibis problem was compounded by the fact that the calculated natural frequencies indicated that repeated or 
closely spaced modes of vibration may occur in the real structure. By inspecting the first four calculated 
modes (Figure 5.43), modes I and 2 can be considered as close, whereas modes 3 and 4 are repeated. In this 

particular case, when selecting the FRF reference point, the full value and importance of a pre-test analysis 
can be demonstrated quite effectively. 

T)picafly, without performing any FE analysis and by exercising 'engineering judgement', an obvious choice 
for the reference point to measure the I' mode of vibration would be TP25, the slab's mid-point (Figure 

5.42). However, the FE analysis clearly showed that the very same point could easily be a non-moving nodal 

point for modes 1,3 and 4 (Figure 5.43). Therefore, the FRFs measured with the accelerometer at the slab's 

mid-point would, quite possibly, miss three out of the first four modes of vibration, including the very 
important fundamental mode. 

Having this in mind, a decision was made to place the reference accelerometer at TP5, which appeared to 

move considerably in modes 1,3 and 4 (Figure 5.43), and to perform one hammer swipe over the 49 test 

points. Tben, in order to comply with the DTA (1993b; 1993c) requirement to measure more than one 

column/row of the FRF matrix, another hammer swipe was made with TP25 as the reference point. The main 

aim of second swipe was to ensure that the 2nd mode of vibration was identified properly, as TP5 appeared to 
have a fairly small response in this mode (Figure 5.43). Clearly, if more than two simultaneous data 

acquisition channels existed, there would be no need to perform another time consuming and tiring (when 

there is only one hammer operator, as was the case here) hammer swipe. The layout of the hardware setup 

used when testing Structure B is shown in Figure 5.46. 

5.4.3 Modal Testing of the Uncracked HSC Slab at Stage 2 

7be research schedule for the uncracked HSC slab allowed for 31 October and I November 1995 to be 

devoted to dynamic testing. This meant that only approximately 24 hours of effective field work was 

available for the preliminary investigation, fiill FRF data acquisition and the vibration response 

measurements due to waWng. Considering such extremely short time scales and the problems with modal 

tcsting experienced during the site visit, a decision was made to focus on the modal testing and, time 

permitting, perform a limited number of response measurements. 
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5.4.3.1 PRELIMINARY INVESTIGATION 

At the very beginning of the preliminary investigation during the first day of testing, the Endeveo dual- 

ch=cl signal conditioning unit developed a fault. Therefore, a decision to use a spare Dytran, instead of 
Endeveo, accelerometer was made on the spot. However, the troubleshooting of this fault took a considerable 
=ount of time. As a consequence, no time remained in the second day of dynamic testing for the response 
measurcmcnts. These, by their very nature, had to be performed at the end of the modal testing and initial 

par=ctcr estimation after the natural frequencies and mode shapes (i. e. the critical walking paths) had been 
deterinined in-situ. 

After replacing the Endevco accelerometer, setting up its Dytran counterpart and amending the test 
documentation to account for these changes, a number of quick QA measurements was performed. The 

SCncral procedure used was very similar to the case of the previously described Structure A. The main aim of 

these QA checks was twofold. Firstly, to select the digital data acquisition parameters for acquiring good 

quality FRF data (Table 5.9). Secondly, to establish the quality of FRF data which could be obtained from a 

notably quite noisy environment. 

7be acquisition parameters shown in Table 5.9 are those that were adopted when performing FRF 

mea urements having TP5 as the reference. However, when TP25 was used as the reference, the principal 
aim %2s to identify only the 2nd mode of vibration and, therefore, the frequency resolution was not the prime 
consideration. Therefore, instead of 0.05 Hz, the resolution for the second measurement was 0.1 liz. As a 

consequence, the data acquisition times, number of data samples and frequency lines were halved for the 

same frequency range of interest. This was quite desirable considering the limited testing time and spectrum 
analyscr internal memory available. 

Table 5.9. Structure B- Main digital data acquisition parameters adopted for FRF measurements when 
TP5 is the reference point. 

Parameter description Parameter value 
Data acquisition time 20s 
Frequency resolution 0.05 Hz 

Frequency range of interest 1-21 Hz 
Total number of samples 1024 

Number of frequency lines 400 
Number of averages 5 

Exponential window time constant (TC) 8 

Examples of the FRF reciprocity and linearity checks are shown in Figures 5.47 and 5.48. The quality of the 

FRF data was, obviously, not ideal as the appropriate pairs of the FRF curves should be identical. In general, 

%hile performing the FRF averages, the individual FRFs shifted noticeably. This shift was probably a 

consequence of one or more of the following factors: 

The noisiness of the environment causing unmeasured excitation 

The presence of the hammer operator on the floor 

The possible rattling of the safety handrails which were clamped onto the edge of the floor 
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71c improper sampling of the hammer excitation signal by the portable spectrum analyser used after 
being passed through anti-aliasing filters when performing modal testing on structures having low 
natural frequencies. This issue was discussed recently by Pavic and Waldron (1996b), Pimentel (1997) 
and Pavic ct al. (1998), and will not be repeated here. 

As it %%-as generally observed that the shift between subsequent FRFs reduced as the number of averages was 
increased, it was concluded that these effects could be treated as an uncorrelated 'noise'. This was filtered out 
by FRF averaging using the HI estimator built into the spectrum analyser used (McConnell, 1995). 
However, the testing time constraints did not allow for more than five FRF averages to be performed. 

Finally, an example of a satisfactory point mobility FRF shape check is shown in Figure 5.49, although the 
4on between the second and third peaks (8.2-14.8 Hz) showed some rather peculiar behaviour. 

3.4.3.2 FRF DATA ACQUISITION AM lNnTAL DATA ANALYSIS 

Two FRF sweeps followed by limited data analysis took the whole of the second day of testing. In total, 98 
FRFs were acquired over 49 test points, half of these with TP5 as a reference, and half with T? 25 as a 
refcrcnee. 

As the FR 
,F 

data were generafly noisy and there was a strong indication that the structure may have a number 
of close modes of vibration, one of the mode indicator functions (MIF) available in ICATS (1995; 1997) was 

used to pinpoint the frequencies which may correspond to the modes of vibration. This helps the selection of 
the frequency ranges of interest when performing either SDOF or MDOF single or multi-FRF parameter 

Cstiniation exercises (Heylen et aL, 1997). 

In this case, a very simple MIF, denoted as lHj,. (wj, and defined as the sum of the moduli of all measured 

FRFs, was selected. A mathematical expression of this MIF is: 

lHj,. (wj = 1: jHjk (01 

k 
Equation 5.10 

Two MIFs were calculated. Firstly for the row of the FRF matrix corresponding to TP5 as the reference 

response point 6=5), and, then, for the row where TP25 was the reference 0=25). The calculated IH,,. (o)j 

and IH2,,.. (o)j MIR are plotted in Figure 5.5 0. The two curves effectively integrate information available 
in all the collected FRFs. The peaks in the two MIFs indicate the frequencies of the possible modes of 

vibration. By visually examining Figure 5.50, it appeared that the two lowest modes of vibration could, 
indeed, be closely spaced (5.8 Hz and 6.0 F1z). Other higher modes were clearly visible at 8.2 Hz, 14.8 Hz, 

17.11& and 18.4 Hz. Finally there was a group of small peaks possibly indicating a number of closely 

spaced modes of vibration between 9.0 Hz and 11.0 Hz. 

Having established where to look for the modes of vibration, a number of parameter estimation exercises 
identified 12 modes between I Hz and 21 Hz. Their properties are shown in Table 5.10 (natural frequencies 

and modal damping ratios), and in Figures 5.51 (modal complexity) and 5.52 (mode shapes). 
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I abic iIo: Structure B (Uncracked) - The estimated natural frequencies and modal damping ratios. 
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Mode No. Frequency Modal damping ratio 
jHzI IIY-I 

1 5.8 0.51 
2 6.0 0.54 
39? IN 

13. \ \ isually inspecting the FE calculated and cxperimentally estimated modes shapes (Figures 5.43 and 5.52). 

the first three estimated modes resembled the FE modes 1,2 and 4. Also, there was a clear correlation 
bLt%%ccn analýlical modes 9 and 10 and experimental modes 10 and 11. respectively Ho%Ncver. experimental 
modes 4-9 (highlighted in Table 5.10) had much less consistent modal parameters than modes 1-3, and 10 

and 11. 

R, Lgarding the complexity of the modes (Figure 5.5 1) it should be noted that the higher modes 10 and II 

, Acre almost perfectly real whilst the other modes. estimated from the same FRF data, developed various 
degrees of complexity. It is possible that this phenomenon was, again, caused by the presence of the hammer 

operator on the floor, as was the case in Structure A. Unfortunately. no evidence was produced to 

corroborate this possibility. 

Finally, and most importantly. a notable difference was observed between the measured (Table 5.10) and 

ana]ýIically calculated (Table 5.8) natural frequencies for the first three modes of vibration. Nevertheless. 
having in mind the very good correlation between the lowest three calculated and measured mode shapes. the 

%%ritcr %%as satisfied that modal data of sufficient quality had been obtained during the two-dav testing. The 

differences, clearly indicating a lack of stiffness in the analytical model. could easily be attributed to 

inaccuracies in the relativcIv crude FE model. Further. more detailed correlation and updating exercises 
aimed at obtaining a more reliable analytical model of Structure B at Stage 2 will be presented in Chapter 6. 

ý4 33 D-SSONs LEARNED 

I'lic two-dav test in London was the first field work for which the writer was in charge and two important 

Icssons; "ere learned. 

Firstly. the failure to gather response data was quite frustrating, but also indicated that a two-day testing 

penod %%as overambitious, especially when something went wrong. The QA preliminary investigations, the 
full FRIF data collection and the "alking response measurements are three quite distinct activities requiring, 

14.8 0.73 
17.1 0.39 

12 18.4 2.08 
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under the circumstances pertinent to this research, at least a day of field work per floor. Tberefore, similar 
subsequent field tests on this and other floor structures were planned to last at least three days. 

Sccondly, the quick one-day site visit proved to be extremely useful. Without it, an attempt to do the full 
modal testing of the floor with the hydraulic jacks on it would have failed completely. As a consequence, the 
short two-day research slot and the financial resources to do it would have been lost. 

5.4.4 Modal Testing of the Cracked HSC Slab at Stage 3 

Ile second round of testing of the HSC floor took place after the 13.5 kN/m' total static loading had been 
applied to the floor. This was achieved by 36 hydraulic jacks which were computer controlled in order to 
Msure as uniform as possible 'surface loading' across the whole area of the slab (including the cantilevers). 
The floor was subsequently tested dynamically over three days between 22 and 24 February 1996. 

5.4.4.1 CRACKING PATTERNS 

The 13.5 kN/M2 loading caused extensive cracking in the floor. These remained visible even after the loading 
u2s removed. The crack patterns on the top and bottom surfaces of the slab were examined in detail by the 
Taywood Engineering personnel. Information about the cracking available at the time of dynamic testing is 
given in Figure 5.53. However, the state of cracking in the slab above columns CI and C2 was not available. 

The writer's interpretation of the cracking patterns is that they confonn to the way the reinforcement mesh 
was layered. As the top mesh had bars in the N-S direction lower than in the E-W direction, this made the N- 
S direction 'weakee for the action of negative bending moments which put the top surface of the slab under 
tension. This tension opened a long E-W crack on the top surface (Figure 5.53a). The bottom mesh also had 
N-S bars lower than E-W bars. However, for the action of positive bending moments, the E-W direction is 

now 'weakee. This caused the cracks due to moments which bend the slab in this 'weaker' direction to be 
spread over a more narrow N-S strip (Figure 5.53b). 

The static loading caused extensive cracking at the top of all four columns as well (Figure 5.54). The 

cracking propagation conformed to the state of biaxial bending, combined with an axial compression force, 

of the square 300 x 300mm column cross sections. 

5.4.4.2 PRELIMINARY INVESTIGATION 

Having to investigate such a heavily cracked structure, the prime concern was its (non)linearity. A number of 
checks was made and, considering the adverse environmental circumstances, the results were as good as for 
the same slab when it was uncracked. So, for the relatively low-levels of excitation and response, the 
structure could be considered as linear. 
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Rcprding the digital data acquisition parameters selected for this second round of testing, the only changes 
to the values used in the first round (Table 5.9) was an increased number of averages from 5 to 10 and an 
increased exponential window time constant from TC =8 to TC = 10. Better testing time management 
allowed for more averages whereas the new time constant was the maximum which could be applied by the 
portable spectrum analyscr. This was done in order to improve the signal-to-noise ratio during the 20 s of 
data acquisition per each hammer impact. 

5.4.4.3 FRF DATA AcQuismoN AND 1NrrIAL DATA ANALYSIS 

7bc same test grid comprising 49 points was used as for the first round of testing (Figure 5.42). Two rows of 
49 elements of the FRF matrix were measured by performing two separate hammer swipes. Although a 4- 

channcl RACAL Store 4 tape recorder was made available for this round of testing, an clectro-mechanical 
fault prevented its efficient use during the FRF data acquisition which took place during the second day of 

testing. However, the nature of the fault was such that it was possible to use the tape recorder for the 

Vibration response measurements due to walking during the last day of testing. Therefore, the FRFs were 

acquired using only the dual-channel D12200 spectrum analyser. This is the reason why two hammer swipes 

were performed. 

As it was anticipated that the cracking would change the stiffhess distribution in the slab, and considering the 

results of the preliminary analysis, it was decided to use points TP5 and TP35 as the FRF reference points. 

After the FRF swipes, two MlFs, IH5,. (Pý and IH35,,. (ol, defined previously in Equation 5.10, were 

calculated and their plots are shown in Figure 5.55. As the lowest modes of vibration were of particular 
interest, the functions were visually examined and the lowest peak identified was at 5.0 Hz. However, a 

small 'bulge' on the left side of the peak at 5.0 Hz in IH35, 
stun 

((. )I indicated the possibility that an even a lower 

mode of vibration existed. 

To check this, another pair of MlFs, IM2 (H5,. (p)) and IM2 (H35.. (ca)), being the summations of the 

squared imaginary parts of FRFs (ICATS, 1995; 1997), was used. A mathematical expression of this new 

form of MIF, which is a readily available utility in the ICATS software, is: 

iM2 (Histun Z (Im(Hjk ((o)f Equation 5.11 
k 

%hcrcj is the FRF reference point. Two plots of this function corresponding to TP5 0=5) and TP35 0=35), 

as the reference points, are shown in Figure 5.56. Another peak at 4.7 Hz is now clearly visible, but only in 

im2 (H3S. 
P= 

((0)) indicating that TP5 this time was not a particularly suitable reference point for measuring 

the fundamental mode of vibration. 

After processing two rows of 49 FRFs and combining the results, II modes were identified. Their properties 
arc shown in Figure 5.57 and in Table 5.11. 
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Pic majority of modes was identified using TP35 as the reference point. The lowest two modes clearly sho%N 
that the slab firstIN, bends in the less stiff E-W direction and then in the stiffer N-S direction. This would be 

expected if the mode shapes were interpreted as the displacement configuration which minimises the 

potential and maximiscs the kinetic energy in each mode of vibration (NAFEMS, 1992b). 

labIc 5 11 Structure B (Cracked) - The estimated natural frequencies and modal damping ratios 

Modc No. Frcqucnc,,, 
JHzj 

Modal damping ratio 
N 

1 4.7 0.64 
2 5.0 0.74 
3 7.1 1.14 
4 7.2 0.82 
5 8.8 1,31 
6 8.9 1.45 
7 9.1 1.44 
8 12.7 0.11 

13.0 0.62 
15.6 0.77 
1 i. 9 1.38 

Although there vas a number of peaks in the FRFs bctýNccn 9.4 Hz and 12.7 Hz, these failed to produce any 

consistent modal estimates. An example of such uncertain estimates is mode 8 in Figure 5.57. NNhich has a 

peculiar mode shape and a very low damping value. This may indicate that this modal estimate is unrealistic. 
Ilo%%ever, the shape of this mode resembled to some extent that of mode 9. This could indicate that mode 8 

really existed, and was caused by the slight orthotropy in the slab developed by cracking. It NNas closc to 

mode 9, but could not be estimated accurately using TP35 and TP5 as the reference points. Mode 9 is also 

interesting, as it NNas almost perfectly real whereas all of the other modes developed a certain degree of 

complexity. 

IIx: preliminary investigation, two full FRF swipes and initial data analysis, performed bv a t%%o-strong test 

crc%%. took the first two clays of field NNork. 

5.4.5 Stage B Response Measurements on the Cracked HSC Slab 

For the response measurements made during the last day of testing on 24 February 1996. only one test 

subject was used - the same person as for Structure A. 

54 51 DATA AcQuislTION 

An old RACAL Store 4 tape recorder was used in parallel with the Diagnostic Instruments PL202 spectrum 

analyscr which was operating in a digital oscilloscope modc. The tape recorder was used in order to acquire 

simultaneous acceleration records on three channels and to gather vibration response data over pcriods 
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longer than 64 s. The 64 s was the maximum duration possible for data acquisition by the spectrum analyscr. 
Litcr, after the testing, the spectrum analyser was upgraded with new software and hardware (Long Tim 
Rccord DI-Card Operating Manual, undated) allowing much longer data acquisition times. Therefore, the 
data presented here were digitally re-sampled from the magnetic tapes using the enhanced spectrum analyser 
aW fiirthcr processed using the DATS (1995) software in a similar way as for Structure A. 

5.4.5.2 WALKING PAUIS AND MEASUREMENT POINTS 

Prior to the response measurements, there was only time to partially process half of the collected FRF data. 
These processed FRFs had TP35 as the reference point. The first three modes, estimated at 4.7 Hz, 5.0 1& 
and 7.1 Hz, were easily identifiable. Considering the values of the three natural frequencies these three 
modes were assumed to be excitable by normal walking. Mode 4 and higher, shown in Figure 5.57, were 
estimated' after returning to base. Therefore, only the frequencies and shapes of the first three modes were 
available to the writer on site so as to establish the walking paths, pacing rates and measurement points 
%hich would be able to produce and register 'norninally' the greatest acceleration responses. These are 
summarised in Table 5.12 and in Figure 5.58. 

Ilie only type of walking in the six tests was continuous normal walking back and forth along the paths with 
a prescribed pacing rate controlled by a metronome for several minutes. Every effort was made to restrict the 
msponse measurements of vibration only to those due to walking with as little as possible additional 
cxtrancous excitation. Mode 3, having a 7.1 Hz natural frequency, could not be excited by the second 
harmonic of normal walking as it would require 213 (=60-7.1/2) steps per minute, which is unrealistically 
fast. 

Table 5.12: Structure B- Schedule of continuous walking resvonse measurements. 

Tcst 
No. 

Mode and 
frequency 
excited 

Excitation 
harmonic 

(pacing rate) 
Walking path 

Maximum modal 
amplitude 

Measurement 
points 

1.1 1 (4.7 Hz) 2nd (141 spm) TP46-TP4 @, TP25 (a-, )TP25,43,49 
1.2 1 (4.7 Hz) P (94 spm) TP46-TP4 (&, TP25 PTP25,43,49 
2.1 2 (5.0 Hz) 2nd (150 spm) T? 43-TP49 (a-, )TP46 (&, TP46,22,28 
2.2 2 (5.0 Hz) 3 (100 spm) TP43-TP49 (4DTP46 (&, TP46,22,28 
3.1 3 (7.1 Hz) P (142 spra) TP49-TPI @, TP22 @TP22,27,28 
3.2 3 (7.1 Hz) 4 (107 spm) TP49-TPI (&, TP22 (? DTP22,27,28 

Gcncrafly, 120 s of acceleration data again proved to be sufficient to provide a reliable trend of RMS 

acceleration averages over 10 s long data blocks. This is demonstrated in Figures 5.59 and 5.60 which jointly 

show 240 s of acceleration response at TP43 in Test 1.1. Figure 5.5 9 contains the data pertinent to the first 
120 s whilst Figure 5.60 the data recorded during the remaining 120 s. By visually examining the 

acceleration time histories in these two figures the records look similar. In addition, the 10 s RMS trend 

analysis produced a peak of 0.370% gRMS from the first 120 s of data, whereas the remaining 120 s 
produced 0.338% gRMS representing a difference of less than 10%, same as for Structure A. In both cases, 
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ho%ever, the 10 s RMS trends showed a considerable fluctuation between, approximately, 0.2% and 
0.4% gRMS. 

As expected, the maximum acceleration response recorded in Test 1.1 occurred at TP25, the point of' 

maximum amplitude for mode I (Figure 5.61). This resulted in a 0.418% gRMS peak. 

Similar analyses were performed on 18 acceleration time histories acquired at three pre-selected 

measurement points (Figure 5.58) in each of the six tests (Table 5.12). For each of the three modes of' 
interest. the measurement points corresponded to the three mode shape amplitudes which were, at the time of 

testing, assessed to be the largest (in an absolute sense). The results of these analyses, in terms of 10 s RMS 

acceleration peaks, are shown in Table 5.13. 

Two results in Table 5.13 deserve particular attention. Firstly, the highest response in all 18 tests was 0.5 12% 

gRMS and was produced in Test 2.1 by exciting mode 2 and not the fundamental mode 1. 'The acceleration 

time record leading to this result is shown in Figure 5.62. Equally interesting are the strong responses at 
TP22 to the 3 rd and even the 4 th 'harmonics'of normal walking which were exciting mode 3 at 7.1 1 Iz In 1'ests 

3.1 and 3.2, respectively. 'These acceleration responses are shown in Figures 5.63 and 5.64, respectively. 'I'lie 

responses in 'Test 3.1 are almost at the same level as the responses in the fundamental mode, whereas the 

responses to the 4"' harmonic in Test 3.2 are considerably greater that than the responses to the 3 rd harmonic 

in Test 1.2. These are only slightly lower than the responses to the 3'd harmonic in Test 2.2. 

Table 5.13: Structure B (Cracked) - Summary of results of 10 s RMS trend analy 
acceleration time histories. 

ses of 120 s long 

\O, 

Mode and 
frequency 

excited 

Excitation 
harmonic 

(pacing rate) 
Walking path 

Measurement 
point 

10 s RMS peak 
acceleration 

[gRMS] 
1.1 1 (4.7 1 lz) 2" (141 spm) TP46-TP4 TP25 0.418% 
I1 1 (4.7 1 lz)-- --21"7-(141 spi-n) TP46-TP4 TP43 0.3 70'/o 
Iý1 1 (4.7 1 lz. ) 2 id ( 141 sprn) 11146-1-114 T1149 0.368"'o 
1.2 1 (4.7 Hz) 3d (94 spm) TP46-TP4 TP25 0.200% 
1.2 1 (4.7 HA 3d (94 SDM) TP46-TP4 TP43 0.176% 

2.1 2 (5.0 1 lz) 2 nd ( 150 spin) TP43-TP49 TP46 0.512% 
2.1 2 (5.0 liz) T (150 spm) TP43-TP49 TP28 0.489% 
-1 2 (5.0 [1/) 2 15ýýIll) 1'1)4-')-'I'P49 I'l 12 2 0.479(/o 
2.2 2 (5.0 Hz) (100 spm) TP43-TP49 TP46 0.373% 
2.2 2 (5.0 Hz) Tr (100 sm) TP43-TP49 TP22 0.342% 

3.1 3 (7.1 liz) 3 id ( 142 spm) 'FP49-TP I IT22 0.4 1 W/o 

113 (7.1 liz) T 3" 142 spin) TP49-TP I T1128 0.368% 
- 13 (7.1 1 iz) T' f 142 sDin) T1149- I'll I TI 12 7 0.218()/o 

I hcý, c rusults indcpcndcntly, confirm l1riksson's ( 1994) finding that it is important to consider all modes of 

vibration, and not only the fundamental mode, which can be excited by normal walking. Also, it was 
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interesting to see that the 4h harmonic of walking is capable of causing such a strong response in a floor 
structure. A fiffffier discussion of these important issues will be presented in Chapters 6 and 7. 

5.5 Vibration Testing of a Post-Tensioned Ribbed Slab 
(Structure Q 

Structure C was the first floor in a real-life building to be investigated. The writer was approached by the 
floor designers in March 1995, after they found that the floor failed the vibration serviceability check 
proposed by the CSTR43. The floor, being very slender indeed (span-to-depth ratio of almost 40), was 
intended to support high-quality offices in a building located in the centre of Iondon. However, the 
constraints of this multi-million pound project did not allow for usual remedial measures, such as an increase 

of the floor depth, or inclusion of additional columns, to be employed. 

Having little confidence in the CSIR43 guidelines, the floor designers wanted to know what the actual 
vibration performance of the floor would be if it was built as originally proposed. An informed decision to 
build the floor anyway, and as slender as originally planned, was made after a sophisticated but limited linear 
dynamic FE analysis of the floor was carried out by the writer. This analysis indicated that it was likely that 
the floor would have a satisfactory vibration serviceability performance. After the floor was built the writer 
vCrified this analysis by prototype modal testing and vibration response measurements. The description and 
rcsults of this very challenging experimental investigation will be presented here. 

5.5.1 Structural Description 

7be floor investigated was in fact one of a number of nominally identical floors in a six-storey building 

%hich was designed and erected in 1995 and 1996. Tle building had two near symmetric and physically 
scparated parts denoted as 'South! and 'NortW. Each part consisted of five nominally identical floors. Details 

of one of the floors on the 'North' side, which was experimentally investigated, are given in Figure 5.66. 

Structurally, each floor had two areas: 

The 'main' area, being approximately 31 m wide in the E-W direction and 14.5 m long in the N-S 
direction; and 

0 Ile 'core' area being 31 m wide in the E-W direction and having varying length in the N-S direction. 

General horizontal stability of the floor and of the whole building was provided by the system of walls and 
lift shafts as well as orthogonal structural frames comprising horizontal beams rigidly connected to wide 
columns along the floor edges. 
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53.1.1 'NWNAREA 

7be floor in the main area consisted of a partly ribbed slab, post-tensioned only in the direction of the ribs, 
sp=ing 14.5 m in the N-S direction. The PT ribs, 650 mm wide, of 350 mm overall depth at approximately 
1.0 m centrcs in the E-W direction, were cast integrally with a 110 mm thick concrete slab. This arrangement 
forrned a monolithic T beam cross section having 1.0 m wide flange. Furthermore, the system of 26 
L-dmvcrscly connected (via the I 10 mm thick flange) parallel T beams spanning 12 m in the N-S direction 
Wrined as the 'ribbed' zone in Figure 5.66) was supported along the inner edge of the 'ring' zone (Figure 
5.66) with a 350 mm thick solid slab. This slab was approximately 1.25 m wide. The outer edge of the 'ring' 

zone was supported by 1050 mm deep and 300 nun wide beams. These beams were themselves supported 
either by wide columns along the edge of the slab, or by walls and facade beams in the'core'area. 

53.1.2 'CoREI AREA 

Ile 'core' area comprised a 300 nun thick solid concrete slab having a number of openings designed to 

Permit the passage of stairs, lifts and services. These openings were also used to gain access during the 
tensioning of the prestressing tendons coming from the wide shallow ribs in the 'main' area. The 'core! area 
slab was supported either by walls or by beams. The boundary between the 'core' area and the 'main' area was 
stiffened by 850 nun deep and 500 nun (or 200mm) wide reinforced concrete beams running in the E-W 
direction. The main structural role of these beams was to accept and transfer the vertical reaction forces from 
the prestressing tendons which changed curvature in the zone where the 'core' area met the 'main' area. 

5.5.2 Field Test Planning 

As the testing had to be performed during the building construction, the selection of the exact floor level to 
be tested was left to the building fimne contractor. Level 3 North side was selected and the contractor cleared 
this floor space twice for the purpose of dynamic tests, firstly in December 1995 and, then, in June 1996. 
Two slots of three cffective working days were allocated to do these tests. T'he difference between these two 

rounds of tests was the state of the floor and of the building site itself. 
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5.5.3 December 1995: Modal Testing of Bare Floor in Unclad Building 

53.3.1 SPECIAL CIRCUMSTANCES, ENVIRONMENTAL AND BOUNDARY CONDITIONS 

A two-strong testing crew performed the first round of tests in December 1995 under extremely cold and 
windy weather conditions, in the middle of a very active building site. The floor level tested was not clad and 
dw temperature during the testing was around OOC. 

7be floor tested was supported only by a building frame made of cast in-situ reinforced concrete. No facade 

and internal partitions existed. The floor was completely bare with no services attached underneath. 

No suitable means of lifting mechanically the equipment to the P floor existed, so every piece had to be 

manuafly carried by the test crew. In addition, being a high-profile location in the ccntre of London, 

transportation and unloading of the equipment to the building site was difficult as parking restrictions were 
strictly enforced. Also, difficulties were experienced while using 110 V power supply provided by the 

contractor as no 240 V petrol generator was allowed to be used in this active building site. In addition, 
security issues required the work to be carried out only during daytime while other workers were on the site 
i. c. while the building site was active. This inevitably resulted in poorer quality of the FRF experimental data 

due to unmeasured extraneous excitation. Finally, because the extraneous excitation was present practically 
Continuously, it was not possible for any representative vibration responses due to a single person walking to 
be measured. 

It= were just some of practicalities; which affected the field testing of Structure C in December 1995. 

Although these difficulties were to some extent anticipated after a one-day site inspection prior to the testing, 

they put additional pressure on the test crew leading to a much slower acquisition of relatively low quality 
data. 

53.3.2 PRE-TEST ANALYSIS 

A test grid comprising 76 points (Figure 5.65) was investigated in the pre-test analysis. The FE model 
developed in the pre-test analysis (Figure 5.67) was considerably more complex than the models used for 

floor Structures A and B. The model was developed by employing a solid modelling technique available in 

the ANSYS FE code (ANSYS, 1995a). By defining the so called 'keypoints' in the FE model at the locations 

of all of the selected test points, each test point was mapped to a single node in the FE model. Similarly, as 
for Structures A and B, vertical modal displacements at these 76 nodes, obtained through analytical FE 

modal analysis, were then used to calculate an Auto-MAC matrix and check the spatial aliasing. 

Although some rotational restraint existed at every support point of the real floor structure in the pre-test 
analysis, to follow the spirit of CSTR43, it was again assumed that all support points for the FE model were 
pinned (Figure 5.67). This was assumed at the points where the floor was supported not only by columns and 
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U211s , but also by edge beams. This was done to simplify the initial modelling and avoid using beam 

elcmcnts at this stage. Apart from being pin-supported, the connection along the boundary between the 'main' 

3M'core' areas was assumed to be fiffly continuous. All floor openings were treated as permanent holes. 
Appropriate rotations were restrained along the support lines corresponding to walls. 

As no additional information about the concrete material properties existed, the dynamic modulus of 

elasticity of concrete, designed as grade 50, was taken as 38 GPa, whilst the concrete density was taken as 
2400. kg /M3. 

Men analysed as a 3D system, the 'ribbed' zone of the 'main! area acted structurally as an orthotropic plate 
having greater bending stiffnesses in the main span (N-S) direction than in the lateral (E-W) direction. This 

orthotropy was modelled by using SHELL63 elements. However, the main problem was how to determine 

the lateral stiffnesses for this finite element which would represent the effects of the 110 min integral slab. 
Men 'smeared' over the I in width of the slab, the series of 350 min deep T beams have an order of 

magnitude greater bending stiffness thaii the I 10 mm thick slab spanning in the lateral E-W direction. 

However, the configuration of this ribbed floor was unusual because the ribs were wide and shallow and 

there was only approximately a 350 min gap between them (Figure 5.67). This means that the wide and 

shallow beams could stiffen the E-W direction as well. The lateral stiffhess of this in-situ cast concrete floor 

uas one of the generally unknown FE modelling parameters about which little has been published. 
7licreforc, an attempt is made in Chapter 6 to determine it through FE model updating based on the 

experimental measurements. At this stage, for the purpose of pre-test analysis, the lateral stiffness was 

modelled in the pre-test analysis by taking into account only the 110 mm slab (Szilard, 1974). 

Ilic stiffness of the remainder of the floor surfitce in the 'ring' zone and 'core' area was modelled using 
isotropic SHELL63 elements having 350 mm and 300 mm thicknesses respectively. Slightly different 

pcrmancnt surface loads which existed in the core area were modelled by adjusting the density of material in 

SHELL63 clements. in total, four different groups of SHELL63 elements were used to represent the various 
differing properties of this floor. Tlicse are indicated by different colours in Figure 5.67. 

Figure 5.68 shows a satisfactory Auto-MAC matrix based on the calculation (Equation 5.1) of the first 10 

mode shapes shown in Figure 5,69. It should be mentioned here that a number of more rcfined meshes was 

tried as well. However, these did not produce any noteworthy difference in the lowest modes of vibration 

considered to be of greatest interest here. The natural frequencies calculated are summarised in Table 5.14. 

Table 5.14: Structure C- Calculated natural freauencies in pre-test analysis 

Mode No. 
Natural frequency 

[Hzl 
5.2 

2 5.5 
3 6.6 
4 7.9 
5 9.3 

11.5 
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Mode No. Naturalfirequency 
[HzJ 

7 13.9 
8 14.4 
9 14.8 
10 16.8 

Being shorter and supported by many walls and beams, the 'core' area was not moving very much in any of 
the first 10 modes calculated. Through the continuity (i. e. rotation restraining) conditions along the 
boundary between it and the 'main' area, the 'core' area clearly stiffened the 'main! area. The first four natural 
frequencies calculated indicated that the floor could be considered as a 'low-frequency' one excitable by the 
X4 or 4dharmonic of normal walking. 

5.5.3.3 ExcrrAnoN AND DATA CoLLEcnoN 

During the first round of testing in December 1995 another attempt was made to use the old 4-channel 
RAC, AL Store 4 tape recorder (Figure 5.70) and simultaneously acquire one hammer and three accelerometer 
analogue signal channels (Figure 5.71). Unfortunately, right at the beginning of the testing, an accident 
happened when workers from the floor above unintentionally unloaded rubble through a floor opening 
directly onto the tape recorder. The tape recorder was damaged and could not be used any more in this round 
of testing. Therefore, the only data acquisition facility available was the dual-channel spectrum analyser 
D12200. 

533.4 PRELIMINARY INVESTIGATION 

A full set of QA checks was performed, as there was a major concern that considerable extraneous excitation 
would prevent any meaningfiil FRF measurements. 

To illustrate this, three examples are given. Firstly, Figure 5.72, shows a 16 s acceleration response at TP32 

to a hecl-drop applied at T? 38. It can be seen that the floor vibrated before the heel drop and, approximately 
12 s after the data acquisition started, the floor was again excited by a tool which was dropped on the floor 
below. It should be noted here that a hecl-drop, in principle, causes peak accelerations which are an order of 
magnitude greater than the response due to normal walking. Tberefore, a visual inspection of Figure 5.72 

indicates that vibration responses to ambient excitations were roughly of the same magnitude as, or even 
larger than, the acceleration responses due to normal walking. Under such circumstances no meaningful 
measurements of the walking responses was possible. 

Another direct consequence of relatively large extraneous excitation is given in Figure 5.73 which shows an 
'immediate repeatability' QA check. This check was made by subsequent measurements of two, nominally 
identical, FRF transfer mobilities between TP32 and TP35. The second series of 10 averages was completed 
two minutes after the first. The last illustration is given in Figure 5.74 which is a 'reciprocity' QA check 
between TP32 and T? 38. Obviously, the FRFs collected during the QA checks were not ideal. 
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IIo%%-cvcr, by examining the data collected during the QA checks, it was concluded that the extraneous 
excitation could be treated as uncorrelated as the difference between the supposedly identical FRFs was 
being reduced by calculating more averages. It was decided to perform 10 averages per point as the testing 
time constraints did not allow for more. The key data acquisition parameters determined during the 
prefiminary investigation and adopted for modal testing of Structure C are given in Table 5.15. 

Table 5.15: Structure C- Main digital data acquisition parameters adopted for FRF measurements with 
TP32 as the reference point. 

Parameter description Parameter value 
Data acquisition time los 
Frequency resolution 0.1 Hz 

Frequency range of interest 1-21 Hz 
Total number of samples 512 

Number of frequency lines 200 
Number of averages 10 

Exponential window time constant (TC) 10 

Another outcome of the QA checks was a reduction of the test grid from 76 to only 33 points. All test grid 
points in thc'core'area and along the edges of the'mailf area were abandoned due to very poor quality of the 
FRFs corresponding to these points. Application of the sledge hammer excitation at these points, situated at 
rcL, Wvcly stiff areas of the floor (edge beams, columns, lift shafts, 'core' area, etc. ), could not excite the floor 

properly. Therefore, the test grid comprised three rows of 11 points: from TP17 to TP27, from TP30 to 
TP40, and from TP43 to TP53 (Figure 5.65). 

Finally, it should be mentioned that due to unforeseen interruptions caused by working in an active building 

site, the cold weather conditions, problems in establishing valid test grid points and difficulties in 

Communication with the hammer operator in a very noisy environment, the preliminary investigation took 
almost two out of the three scheduled field testing days. 

5.53.5 FRF DATA AcQuismoN AND INMAL DATA ANALysis 

As it was determined that it would not be possible for meaningful response measurements to be made due to 

extraneous excitation, the last day of testing was devoted entirely to the modal testing. A hammer swipe 
(Figure 5.7 1), having the accelerometer at TP32 as the selected single reference point, lasted six hours. There 

%%as no time to perform another sweep and acquire another row of the FRF matrix. The acquired FRF data 

were, nevertheless, processed in situ in order to spot any flaws and, if required, repeat a limited number of 

measurements. This was done because the repetition of any FRF measurement after return to base was not 

possible. 

After acquiring all 33 FRFs, a MIF, based on the squared imaginary parts of the FRFs measured (Equation 
5.11), was calculated and is shown in Figure 5.75. Although produced from 'noisy' FRFs of the kind shown 
in Figures 5.73 and 5.74, the MIF clearly indicated that six modes of vibration have been picked by the 

experimental set-up used. A quick in-situ processing of the FRFs using MDOF parameter estimation 
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(ICATS, 1995) produced results shown in Figure 5.76. The estimated mode shapes were very encouraging, 
as they appeared to correlate very well with the pre-test analysis results. This was sufficient to conclude that 
FRF data of usable quality was collected. 

After returning to base, the FRF data were re-processed, the effects of the exponential window removed, and 
the complexity of the modes examined. The natural frequencies and modal damping ratios are given in Table 
5.16, %hereas the complexity of the modes is shown in Figure 5.77. 

Table 5.16: Structure C (Unclad) - The estimated natural frequencies and modal damping ratios after the 
first round of modal testing in December 1995. 

Mode No. Frequency Modal Damping Ratio 
[Hzj 

1 6.0 0.75 
2 6.5 1.02 
3 8.1 0.92 
4 9.7 N/A 
5 11.6 0.75 
6 14.3 0.64 
7 17.2 0.89 

By comparing the pre-test FE (Figure 5.69) and experimental (Figure 5.76) mode shapes, it appears that the 
measurements missed the fourth analytical mode. This happened because the reference point T? 32 was close 
to the nodal line of this mode. However, by re-examining the FRFs measured it appeared that this mode had 
a ficqucncy of 9.7 Hz. Also, similarly as for Structure B, the measured natural frequencies (Table 5.16) were 
considerably lower than those predicted by the pre-test FE model (Table 5.14). 

5.5.3.6 LEsSONS LEARNED 

One of the numerous lessons learned was to use hands-free operated radios in similar situations in the future 
in order to improve communication with the hammer operator. 

5.5.4. June 1996: Modal Testing of a Bare Floor in the Clad Building 

5.5.4.1 ENVIRONMENTAL AND BouNDARy CoNDMONS 

In June 1996, the building was completely clad and it was possible to perform the tests after hours when the 
building site was not in operation. This resulted in a much quieter environment leading to better quality FRFs 

and the ability to acquire more representative walking response measurements. Many of other problems 
experienced during the first round of testing did not occur again. This time, the floor surface was again bare, 
but complete services, including air-conditioning ducts and piping, were attached underneath (Figure 5.78). 
Also, as the building was clad, a number of non-structural masonry facade walls existed between the RC 
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columns. The brickwork was erected fall height between the 1050/300 mm edge beams and was supporting 
large window frames. These architectural details are not shown in Figure 5.66. 

71is %2s the first test when the writer had an opportunity to use the newly acquired 8-channel RACAL VL 
(Figure 5.79) tape recorder. All this and the experience with the test site resulted in more effective testing 
time management which allowed more detailed modal testing and response measurements to be made. 

71is was, however, hampered to some extent by the fault of one of the four accelerometers (Dytran A4 
accclcromcter), so that only three response channels were recorded. Interestingly, the fault, manifested on 
site by large low-frequency drifts of time-domain signals, could not be replicated after returning to base and 
no further action was taken to repair this accelerometer. 

53.4.2 , PRELRvflNARY INVESTIGAT71ON 

AJI FRF measurements in the second round of testing were performed overnight, starting after 7pm. 
Preliminary investigation was done in the same way as for the first round of testing, and its results will not be 
elaborated in greater detail. It suffices to say that an outcome of this investigation was to use the same data 
acquisition parameters as in the first round of testing (Table 5.15). It is interesting to note that, compared 
%ith the first round of testing, the averaging produced much more stable FRFs towards the IOh (last) 
average, as illustrated in Figure 5.80. 

53.4.3 FRF DATA ACQUISMON AND INrnAL DATA ANALYSIS 

For the main hammer swipe, the same reduced test grid of 33 points was used (Figure 5.65). The hammer 

swipe took one night of testing. Three rows of the FRF matrix were measured having TP32, TP38 and TP51 
as references. In addition to being recorded on the tape recorder, signals from the hammer and one 
accelerometer channel (TP32) were processed in parallel on the spot by the spectrum analyser. At the end of 
the modal testing 33 FRF acquired in this way were processed. 

A MIF (Equation 5.11), which corresponded to TP32 as the reference, was calculated in-situ and is one of 
the three MlFs shown as the red line in Figure 5.8 1. The peaks in this MIF proved to be natural frequencies 

of 7 modes of vibration which frequencies and mode shapes are shown in Figure 5.82, including the 

complexity for the estimated modes. After return to base, further processing of all of the acquired FRFs 

confirmed the natural frequencies and mode shapes estimated in-situ. Two more MIFs were calculated using 
Equation 5.11, this time for TP38 and TP51 as the reference points, and are also shown in Figure 5.8 1. The 

estimated frequencies are summarised together with the modal damping ratios in Table 5.17. 
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T'able 5.17: Structure C (Clad) - The estimated natural frequencies and modal damping ratios after the 
first round of modal testing in Junc 1996. 

Modc No. Frequency 
jHzI 

Modal damping ratio 
-/,, I 

1 6.4 9 -; 
2 6.9 1.29 
3 8.2 1.00 
4 10.2 N/A 

11.9 1 
6 15.0 1.86 
7 17.4 2.32 
8 18.2 0.89 

Compared with the first round of testing (Table 5.16). all natural frequencies increased. c1cark sho" Ing that 

the floor structure Nvas somehoNN stiffened between December 1995 and June 1996. Although there is a 

general trend towards increased damping in the second round of testing. the estimated modal damping ratios 

of all lo%Ncr modes of vibration excitable by normal walking were less than 1.5%, even %Nith some services 

attached underneath the floor. 

Another interesting point is that the 4t" mode of vibration was missed again, although not one but three 

reference points were used. It appears that all three accelerometers were on nodal lines of this mode. Two of 

them %%ere on the same N-S grid line from TP25 through TP38 to TP51 (Figure 5.65). With a hindsight. these 

tv%o accelerometers should not have been on the same N-S line. Ho%-, cvcr. a visual inspection of the 

calculated MIFs (Figure 5.8 1), showed that the frequency of this mode was likely to be around 10.2 Hz. This 

is consistent with its lower 9.7 Hz counterpart estimated from the data gathered from the first round of 

tcsbng of the unclad building (Table 5.16). 

Finally, it should be mentioned that using TP51 as the reference point produced poorer quality FRFs than 

%%hen TP32 and TP38 were used as the references. 

5.5.5 June 1996: Response Measurements 

The very quiet overnight environment allo%%cd %%alking response measurements to be made. A quick check 

sho, Acd that vibrations due to ambient excitation were about an order of magnitude lower than the vibrations 

mimsured N%hilc somebody was walking on the floor. 

Ile main focus of the measurements Nvas the excitation of the tN%o lovcst modes of vibration by the 3d 

harmonic of walking. The effects of the 4 th NNalking harmonic on the 3"' mode of vibration at 8.2 Hz were not 

investigated. 

Figure 5.82 shows three NNalking paths selected to excite modes I and 2. Whereas all three paths %%ere 

relevant for mode 1. only WPs I and 3 were considered in the case of mode 2. According to tile floor 

designer's brief. WPI, running in the E-W direction. was unlikely to exist in a real-lifc situation but %%as 
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investigated because it provided the longest time for a single walker to build up the vibrations. WP2 was 

much shorter, but was also more realistic as it linked the lift shafts (Figure 5.66) and people using the floor 

were likely to use this path. The diagonal WP3 was less realistic than WP2, but was longer and it passed 

through the area where modes I and 2 were likely to have inaximurn modal amplitudes. 

Table 5.18: Structure C- Summary ofresults of 10 s RMS trend analyses of 120 s long acceleration turic 
histories. 

est 
Mode and 
frequency 
excited 

Excitation 
harmonic Walking path 

(pacing rate) 

rement Measu 
point 

10 s RMS peak 
acccleration 

[gRMS] 
I. Ia 1 (6.4 1-1z) 3 rd ( 128 spin) I TP32 0.0770% 

Ib 1 (6.4 1 lz) 3"' (128 spin) TP35 0.0841% 
IC 1 (0.4 liz) P (128 sorn) F1138 0.08ýs% 

Ia1 (6.4 11/) 
---- 

3 128 spin) 2 T1132 0.0550% 
11h 1 (6.4 1 Fz) 3'ýT 128 spni) 2 T1135 0.0820% 

ic 1 (6.4 1 Tz) T728 snin) 2 T1138 0,05770, 'o 

Again, every ef! 'Orl was made for an average male test subject weighing 75 kg, who has considerable 

experience in similar exercises, to make the prescribed number of steps per minute. The pacing rate was 

controlled by a metronome. When the pace was unintentionally lost, tests were repeated. Therefore, the 

measured responses, presented in Table 5.18 in terms of peak 10 s RMS trend values, correspond to the best 

possible attempt to excite, as much as possible, the two lowest modes of vibration this floor by normal 

walking. 

Interestingly, the maximum response of 0.0954% gRMS did not occur in the fundamental mode ot'vibration, 

but in the 2 nd mode, while walking along WPL Acceleration time history and RMS trend analysis which led 

to this result are shown in Figure 5.83. However, a considerable peak response of' 0.0820% gRMS was 

caused in the fundamental mode while walking along WP2 (Figure 5.84). Although longer than WP2, WP3 

did not produce as high responses in tests 4.1 and 5.1. 

5.6 Vibration Testing of PT Flat Slab (Structure D) 

Structure 1) is the last and the largest cast in-situ concrete floor investigated in this research. its testing took 

place in August 1996. Tile preparations for the testing, including a selection of the structure, gathehng the 

technical information about it and obtaining permission for its testing, lasted almost a year. 

Ia2 (6.9 liz) Yd ( 138 spin) 3 TP 320.0558% 
3 Tl 13 8 0.0629% 

-L 
Ic2 (6.9 1 lz) 3"' (1A spni) 
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7he main aim of the testing was to investigate vibration performance of a beamless flat slab floor. Although 
this is a common post-tensioned concrete floor configuration, its dynamic behaviour has not been rescarchcd 
vcry much in the past, when compared with other floor configurations which have beams. 

5.6.1 Structural Description 

Structure D was the top floor (Level 3b) of a 24-hour multi-storey car park in the centre of Birmingham, UK. 
Its dimensions were 47.5 m in the E-W direction and 37.5 m in the N-S direction (Figure 5.85). A typical 

panel spanned 8.0m, was 7.5 m wide and consisted of a 225 mm thick slab which was prestressed in two 

orthogonal (E-W and N-S) directions. The total weight of this relatively slender prestressed PT concrete 
floor, having a span-to-depth ratio of 36, was about 1000t. End spans in the E-W direction were shortened 
from 8.0 m to 3.8 m. Being a large car parking area located about 15 m above the ground, the slab had stocky 

upstanding edge beams forming up to a parapet 1.54 m high around its perimeter. These beams were 
designed to prevent accidental falling of vehicles. 

TIW horizontal stability of the floor was provided by two cores made of normally reinforced concrete, 
dcnoted as 'Stairwell' and 'British Rail Duct! in Figure 5.85, and by the system of orthogonal fi-amcs 

comprising the columns and the corresponding floor column strips. Whilst the 300000 mm edge columns 
had 600x6OO mm heads, the main columns were 450A50 mm and having heads flared up to 800x8OO mm. 

5.6.2 Field Test Planning 

Being the top level of a 24h car park, this was the first floor structure tested in a completely open space 
cnviro nment as no cladding or floor above existed. Naturally. under such circumstances, and being in the city 
Centre of Birmingham, the main concern was the effects of extraneous excitation. 

I laving good experience with overnight testing of Structure C, permission was sought to test Structure D 

after 7pm. In addition, the floor had to be completely free of cars as their presence might have affected the 

measurements. Willing to help free of charge, the car park management allowed the modal and response 

testing to take place between 7pm on Saturday 17 August and 5am on Monday 19 August 1996. Ile car park 
Level 3b was fenced off in advance to prevent other people from using it. 

5.6.2.1 SrrE Visrr 

During the site visit before the testing, it was noted that the limited headspace would require two estate cars 
for transportation instead of one high roof van, which was usually used for field tests. Otherwise, as no lifts 

existed, it would be difficult and time-consuming to carry the test equipment manually to the third floor of 



Experimental Work: Results 172 

the car park. In addition, no power supply was available requiring the use of a transportable power generator 
%hich had to be placed away from the floor tested. This, in turn, required long power leads. 

An underground railway station existed four levels below the car park and the excitation caused by trains 

entering and leaving the station was so noticeable that it was possible to hear the trains. Fortunately, as the 
tcsting was scheduled overnight, when the station was not used frequently, this form of extraneous excitation 
did not cause particular problems. 

FirWly, the site visit was used to inform the local police about the forthcoming overnight work for security 

rMsons. 

5.6.3 Modal Testing 

After the site visit, during which it was not feasible to perform any quick hammer testing, it was clear that, as 
in all other tests, there would be not a lot of time to carry out the field work. However, as for the second 

round of testing of Structure C, it was possible to engage three people, including the writer, to perform the 

testing. Ibis eased the pressure on individual members of the test crew. Nevertheless, to gather the required 
data in only 36 continuous hours available for this testing, required very careful planning. 

5.6.3.1 PRE-TEST ANALYSIS 

Two FE models were developed in the pre-test analysis. Both of them utilised only isotropic ANSYS 

SIIELL63 elements. As no additional information existed about the concrete designed to be grade C40, a 
dynamic modulus of elasticity of 38 GPa was assumed together with a concrete density of 2400 kg/m3. The 

columns, supporting walls, and edge beams (Figure 5.85) were modelled using pin-supports (Figure 5.86). 

To simplify the model, the pin-supported boundary conditions were assumed to be perfectly symmetric, of 
the kind shown in Figure 5.86. 

Modal analysis of the first FE model, whose mesh, in addition to the boundary conditions, was perfectly 

symmetric (not shown in Figure 5.86), produced 14 modes of vibration between 7 Hz and 9 Hz. The natural 
frequcncics of these modes are listed in Table 5.19. 

Table 5.19: Structure D- Calculated natural frequencies in pre-test analysis 

Mode No. 
Natural frequency 

[Hzj 
1 7.03 
2 7.47 
3 7.7ý 
4 7.85 
5 7.89 
6 8.00 

8.31 
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Mode No. Natural frequency 
[Hzl 

8 8.36 
9 8.79 
10 8.80 
11 8.88 
12 8.92 
13 8.96 
14 8.99 

Ms indicated that the floor might have plenty of closely spaced modes of vibration. In addition, mode 
shapes looked very similar which would, probably, require a relatively dense test grid across the whole slab 
surface to avoid spatial aliasing. This created a problem of not having enough time to perform the hammer 
swipe across the complete floor surface. Also, there was a serious uncertainty about whether the 
measurements of transfer mobilities between remote points on the test grid spread across the whole floor area 
would produce any meaningful results. Such a test grid should have covered almost 1800 m2 of a thousand- 
tome structure exited by a manually operated hammer weighing only 5.4 kg. 

Considering all this, a decision was made to test a relatively dense test grid comprising 59 points and 
covering approximately only one quarter of the floor area (shaded bottom-right area in Figure 5.87). This 

would reduce the uncertainty about the ability to excite the test area properly. The numbering of the test grid 
was devised to speed up the movement of the hammer operator. Also, the test grid did not contain the points 
above the columns and close to the edge beams where a normal hammer blow was not expected to excite the 
slab sufficiently. This was done considering the experience gained from the previous field tests. 

Nevertheless, it was likely that this test-grid, covering a considerably reduced area of the floor, would 
increase the likelihood of spatial aliasing. This is because only a portion of the slab had to be used to provide 
information about mode shapes corresponding to the whole slab. Although the first pre-test FE model 
produced perfectly symmetric or anti-symmetric mode shapes, realistically, experimental mode shapes could 
not be assumed to be perfectly (anti-)symmetric. This is due to imperfect boundary conditions (walls, ramp, 
etc. ) spoiling the symmetry of the rcal-life structure. As a consequence, the information from one quarter of 
the floor could not be easily extrapolated to cover the whole area by simply assuming (anti-)symmetry of the 
modes. 

7his is a well known problem of 'incompleteness, of the experimental model which happens when only a 
portion of the structure is tested (NAFEMS, 1992b). 

5.6.3.2 CI IECK OF IT IE SPATIAL ALIASING 

To check if the 59 test points are going to be sufficient to describe the measured mode shapes and avoid the 

spatial aliasing of experimental mode shapes, an Auto-MAC matrix was calculated using a rcfined pre-test 
FE model. This is the model shown in Figure 5.86. The only difference between it and the first pre-test FE 

model (which indicated the likelihood of closely spaced modcs of vibration) was that one quarter of it was 
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re-mcshed to create nodes corresponding to the test points (Figure 5.87). This refinement did not practically 
affect any of the mode shapes and natural frequencies of interest calculated using the first model with the 

pcrfWJy symmetric mesh. The first 14 of 30 mode shapes calculated, corresponding only to the limited test- 
grid area are shown in Figure 5.88. This presentation of the mode shapes calculated using the FE model, 
,A hich represented the whole floor, was chosen to simplify the comparison with the measured mode shapes, 

To check if 59 test points were going to be enough to avoid spatial aliasing, exactly 8011 of 8070 DOFs in 

each of calculated FE mode shapes covering the whole floor area, were deleted. The FE mode shapes were 
reduced to only 59 vertical displacements corresponding to the adopted test grid area only. Ile Auto-MAC 

matrix calculated after this reduction of the FE model is shown in Figure 5.89. Clearly, there is a number of 
off-diagonal mode shape pairs having Auto-MAC of more than 60% indicating that it would be difficult to 
distinguish between them. A comparison of four pairs of such 'problematic' mode shapes is also given in 
Figure 5.89. For example, an element of the Auto-MAC matrix corresponding to modes 2 and 5 is 65% 
indicating that these two modes could be swapped and/or mistaken for each other. Indeed, a visual inspection 

of modes 2 and 5 in Figure 5.88 confirms this as the two modes look very similar. It appeared that 59 test 

points corresponding to one quarter of the floor were likely not to be enough to avoid the spatial aliasing of 
the measured mode shapes. More test points to describe the experimental mode shapes were required to 

reduce the possible problem of spatial aliasing. Unfortunately, 59 points were the practical upper limit of the 

number of points on Structure D that it was possible to test within the severely limited time scales. 

On the other hand, Figure 5.90 shows the Auto-MAC matrix obtained after the FE mode shapes, reduced to 

only 59 elements, were expanded back to the full set of FE DOFs using the ICATS (1995) software which is 

based on the procedure described by Imregun and Ewins (1995), and Maia. et al. (1997). Naturally, the MAC 

matrix 4 now almost diagonal demonstrating clearly the limitations of the reduced number of test points to 
describe the mode shapes of Structure D. This fact had to be borne in mind when interpreting the modal test 

results. As the main aim of the modal testing was to identify as many of the lowest modes of vibration as 

possible, TPI, T? 3, T? 26 and TT51 (Figure 5.87) were selected as the references for four rows of the FRF 

matrix planned to be measured. This was done by a visual inspection of modes shown in Figure 5.88. 

5.6.3.3 PRELMNARY INVESTIGATION 

The test equipment used for testing Structure D is shown in Figure 5.91. it can be seen that instead of one, 

two notebook PCs were used this time. One PC was used for downloading the measured FRF data from the 

spectrum analyser whereas the other was used for the curve fitting of incomplete sets of downloaded FRFs. 

This was done to speed up the in-situ initial data analysis. It was anticipated that parameter estimation for 

this structure, possibly having many closely spaced modes of vibration, was going to be a difficult and time 

consuming task so data acquisition and analysis had to be done in parallel. 
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Tbe data acquisition 'centre' was positioned on the slab tested, but not within the test grid. The equipment 
'A"as placed in a small area above one of the columns in the top right comer of the floor (see Figure 5.87). 
Mx aim was to reduce the effects of the presence of the test crew on the floor during the measurements. 

The first QA check during the first day of field work was the check of ambient vibration levels lasting 20 

- The measurement took place at about 7: 30pni in broad daylight and sunshine. This detail is 
iniportant as during this measurement accelerometer A4 developed a fault similar to the one already seen 
%hcn testing Structure C in July 1996. Large low frequency drifts of the kind shown in Figure 5.92 made the 
selection of an appropriate dynamic range for this accelerometer impossible. Therefore, accelerometer A4 
was discarded from the remaining measurements. 

Later, it was established that one common circumstance while testing Structures C and D (when A4 failed) 

, was a relatively high air temperature of about 20-300C. It appears that the compression (as opposed to shear) 
design of this accelerometer proved to be particularly sensitive to higher environmental temperatures, as 
mentioned in Chapter 4. This was probably the reason why in cooler laboratory conditions this problem 
could not be replicated. Interestingly, nominally identical Dytran accelerometer A3 also showed some low 
frequency drifting, but of a much lesser magnitude. Both AI and A2 Endevco accelerometers were not prone 
to this problem. After noting this behaviour, as a precaution, high pass filtering was applied when processing 
the acceleration response data using DATS (1995) signal processing software after the testing. This filtering 

removed frequencies lower than I Hz in all acceleration response measurements. Nevertheless, very little 

change between the properties of unfiltered and filtered signals was observed. 

The instrumented sledge hammer was operated in a similar way as for the other tests, the only difference 
being the hands-free voice-activated radio communication used to pass instructions to and from the hammer 

operator more easily (Figure 5.93). 

The preliminary investigation took place during the first night of testing which was very calm. Without going 
into details of these checks, some illustrations of the results produced while performing them are presented. 
Figure 5.94 shows an FRF reciprocity check between T? I and T? 3, which were relatively close to each 
other. Figure 5.95 shows the reciprocity check using transfer mobility measurement between two remote 
points: TP I and TP 5 1. In both cases, although the floor was the heaviest of the four structures and was 
tested in a completely open space environment, the checks produced remarkably good results. Finally, Figure 
5.96 shows a satisfactory homogeneity check when measuring point mobility at T? I using soft and hard hits. 
As all FRFs measured in the preliminary investigation were 'settling down' quickly, 10 averages and an 
cxponcntial window constant of only TC =5 were deemed to be sufficient for the main hammer swipe over 
59 points (Table 5.20). 

Table 5.20: Structure D- Main digital data acquisition parameters adopted for the in-situ FRF 
measurements when TP I is the reference point. 

Parameter description Parameter value 
Data acquisition time los 
Frequency resolution 0.1 Hz 
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Parameter description Parameter value 
Frequency range of interest 1-21 Hz 
Total number of samples 512 

Number of frequency lines 200 
Number of averages 10 

Exponential window time constant (TC) 5 

5.6.3.4 FRF DATA AcQuisrrioN AND lNniAL DATA ANALYSIS 

Being encouraged by the quality of the measurements in the preliminary investigation, the writer decided not 
to %%-ait until the evening of the second day of testing to start the main hammer swipe. Hence, the hammer 

swipc was performed between II am and 5pm on Sunday 18 August 1996. That day was warm, and also very 

calm so the FRFs measured still performed well. The three accelerometers available were positioned at T? 1, 

173 and TP26. Their signals and the corresponding hammer analogue signal were stored on four VHS tapes 

recorded by the RACAL VL tape recorder (Figure 5.91). In parallel, signals from the hammer and the 

accelerometer positioned at T? I were processed by the spectrum analyser. This resulted in 59 FRFs 

(acquired using the parameters shown in Table 5.20) at the end of the modal testing swipe. 

Interestingly, towards the end of testing it was noted that the Plastic tip of the hammer was very soft and 

urf ce wh practically half-melted. This happened as a result of the hammer hitting the car park sa, ich was 
%armed by intensive afternoon sunshine, more than 600 times. The tip had to be replaced. Also, while testing 
TP 47, a coaxial lead connecting the BNC socket at the end of the hammer handle with one of the long cable 

recls failed and had also to be replaced. This again proved that cables with BNC connectors are not suitable 
for field work of the kind performed in this research. 

A MIF Im2(Hj, 
Bum(ca)), calculated on the spot using imaginary parts of all measured FRFs HI. j(co) 

0=1,..., 59), is shown in Figure 5.97. As the first clear peak was observed at 8.5 Hz, the frequency range of 
intcrest was sct between 7 and 17 IH[z. The MIF indicated at least seven frequencies (8.5 Hz, 8.9 Hz, 9.9 Hz, 

10-5 Hz, 11.9 Hz, 12.7 Hz and 16.7 Hz) likely to correspond to modes of vibration in this region (Figure 

5.97). A number of less emphasised peaks also existed, clearly showing that the floor as a dynamic system 

may be characterised as having a high modal density. The pre-test FE analysis, again, revealed prior to the 

test an important feature of the test structure. 

After pcrforming MDOF curve fitting by using the whole set of 59 directly measured FRFs, the first two 

modes of vibration excitable by normal walking which were identified had natural frequencies at 8.52 Hz 

and 8.92 liz. I'heir mode shapes are shown in Figure 5.98. Naturally, and as for all other floor structures 
tcsted, only the in-situ estimated modes were used to establish the walking paths (Figures 5.87 and 5.98) and 

pacing rates. 
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5.6.3.5 FURTHER FRF DATA ANALySIS 

177 

Aftcr returning to base, an additional two rows of the FRF matrix, having T? 3 and TP26 as the reference 
points , were calculated by replaying analogue data from the four VHS tapes. Having re-analysed in total 
three sets of 59 FRFs each, the estimated natural frequencies and mode shapes are shown in Figure 5.99, 
%hCreas the natural frequencies and modal damping ratios are summarised in Table 5.21. Figure 5.99 also 
shows the reference points used for identification of each particular mode of vibration. All modes of 
vibration developed considerable complexity. 

Table 5.2 1: Structure D- The estimated natural frequencies and modal damping ratios after the first 
round of modal testing in June 1996. 

Mode No. Frequency Modal damping ratio 
[HzJ IOXII 

1 7.99 1.57 
2 8.52 0.93 
3 8.72 0.84 
4 8.92 1.48 
5 9.28 1.20 
6 9.94 0.71 
7 10.39 1.11 
8 11.07 1.99 
9 11.17 0.63 
10 11.93 1.23 
11 12.65 1.22 
12 16.72 0.79 

In addition to Im'(H,,. ((z)), two new MlFs, IM2 (H3, 
sum 

6))) and Im2 (H26, 
suin were calculated (Figure 

5.100) and used in this rather difficult modal identification of Structure D. The three MlFs in Figures 5.97 

aild 5.100 clearly show that numerous modes were likely to exist in the frequency range of interest. Different 

reference points were useful to indicate different modes of vibration, but they also created a number of 
identical modes with slightly different natural frequencies and damping factors. As the experimental mode 
shapes were not perfect, it was extremely difficult to judge which modes are identical and which are not 
identical but closely spaced. The repetition of curve fits, the use of animation and the Auto-MAC 

calculations to compare pairs of experimental modes, helped climinate identical modes estimated from 
different rows of FRFs. The final l2xl2 Auto-MAC matrix, generated using 12 experimentally estimated 

modes, is shown in Figure 5.101. All off-diagonal values are less than 60% indicating that the 12 

cWtimental modes are reasonably orthogonal, as would be expected. 

Finally, it should be said that a visual inspection of analytical and experimental modal properties shown in 
Figures 5.88 and 5.99, reveals once again that the pre-test FE model lacked stiffness as its natural 
frequencies were considerably lower than the measured ones. 
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5.6.4 Response Measurements 

7be main focus of the walking response measurements was on the excitation of the two modes of vibration 
shown in Figure 5.98 and estimated from the FRF data available in-situ. Visually, the mode shapes of these 
No modes correlated well with the two lowest modes calculated in the pre-test analysis (Figure 5.88). Based 
on this information, two walking paths were prescribed (Figures 5.87 and 5.98). 

%Valking at a rate of 128 steps per minute along WP I would excite the 8.52 Hz mode by the 4' harmonic of 
%alking. The excitation by the 3rd harmonic would require a pacing rate of 170 spm, which was too fast for 

normal walking. Similarly, WP2, walking at 134 spm, was designed to excite the 8.92 Hz mode again by the 
4'b harmonic. As in the previous tests, the pacing rate was controlled by a beeping metronome and every 
Cffort was made by an experienced average male walker of 75 kg to maintain the prescribed pace. Walking 

along one length of WP I lasted approximately 24 s, whilst slightly faster walking along the longer WP2 was 
taUng in average 28 s. A short survey of ambient vibration levels was performed before each walking test 

and Listed approximately 20-30 s (see Figures 5.102 and 5.103). 71c level of ambient excitation was 
considerable as would be expected from an open-space car park structure. This point had to be borne in mind 

%hcn interpreting results from this set of response measurements. Nevertheless, the acceleration response 
data %%-as processed in the same way as for Structures A, B and C. 

A summary of the peaks of 10 s RMS trend analyses of the accelerations, recorded at TP 1, TP3 and TP26 
during the most successful attempts to excite the floor resonances by walking is shown in Table 5.22. 

Table 5.22:. Structure D- Summary of results of 10 s RMS trend analyses of 120 s long acceleration time 
histories. 

Tcst 
No. 

Mode 
(frequency 
excited) 

Fx-citation 
harmonic 

! ýacing rate) 
Walking path 

Measurement 
point 

10 s RMS peak 
acceleration 

[gRMS] 
1.1a 1 (8.52 Hz) 4 u'(128 spm) I TPI 0.1579% 
1.1b 1 (8.52 fi[z) 4 "' (128 spm) I TP3 0.1164% 
LIC 1 (8.52 Hz) 4 "' (128 spm) I TP26 0.0847% 
2.1a 2 (8.92 Hz) 4 ' (134 spm) 2 TPI 0.2200% 
2.1b 2 (8.92 Hz) 4 ' (134 spm) 2 TP3 0.1980% 
2.1c 2 (8.9ýý 4" ' (124 spm) 2 TP26 0.1059% 

Ile accclcmtion time histories leading to the maximum responses registered at TP I in both tests are shown 
in Figures 5.102 and 5.103. The figures show that each Pass along the single length of Wps I and 2 produced 
similar peaks of the calculated 10 s RMS acceleration trends. Surprisingly, although the floor was almost 
twice heavier than Structure C, and excitation was not by the 3 rd but by the e harmonic of walking, the peak 
10 s RMS responses were consistently greater than for Structure C. Also, the higher mode of vibration at 
8.92 Hz was more excited than the lower mode at 8.52 Hz. Further analysis and discussion of these 

phenomena will be given in Chapters 6 and 7. 
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Figure 5.1: 5yotern caMration - Concrete cul? e weighing 516kg uoecl in the mea5urerrent 
oyotern calil7ration. 
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Figure. 5.19: Structure A- Keciprocity check. 
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Fieure 5.22: Structure A- 'End-of-tceit'rep&ataMlity check. 
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Figure, 5.23: 5tructure A- Fbint mohlityOTP14. 
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Figure . 5.29: 5truct; ure A- Excitation of the otructure 17y walking ao clooe ao practical to 
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Walking Teot: 2nd 'Harmonic' Excitation 
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Figure b. 30: 5tructure A- Acceleration reoponoe OTF14 (mid poitit), amd 100 KM5 trend 
analyr, io due to excitation 12y the 2mI *harrnonic' of walking (an average male traveroino 
the Olab continuouoly for two rrinutco at a rate of 135 otcpO per minute). 
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Figure 5.31: 5tructure A- Aczeleration reoponoc VTF'14 (mid point) and 10E5 RMO trend 
analyoio clue to repeated excitation ýy the 2rldl 'harmonic'of walking (an average male 
traveroing the olaý continuouoly for two minuteo at a rate of 135 otep! 3 per minute). 
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Experimental Work: Results 

Walkitie Teot: 3reý 'Harmorlic' Excitatioti 
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Figure b. 32: 5tructýure A- Acceleration reoponoc OTF'14 (rnid point) and 10o KM5 trend 
analYOiO clueto excitation L? ythc 5rd 'harmonic'of walkin, 3 (an average male traveroing 
the OlaI9 continuouoly for two minutec, at a rate of 90 otepo per minute. ). 
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Figure b. 33: 5tructure A- Accelcration reeponoe OTP14 (mU point) an'l 10o KM5 trend 
analyoic, duc to rcpeated excitation ýy the 3rd'harmonic'of walking (an average male 
traver6iq the olal: 2 continuouely for two minuteo at a rate of 90 otcpo per min ute). 
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Walking Teot: 2nd 'Harmonic' Excitation 
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ana[YOiO due to excitation ý7ythc 2nd 'harmonic' of tranoient walkine (an averaoc male 
traveroino the. olaý for approximately 5! 5 at a rate of 155 otepo per minute). 
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Fi, 3urc 5.35: 5tructure A- Acceleration reoponoc CRTF14 (mid point) am6l 10E5 KM5 tren4 

arialyeiio Glue to excitation ýythc 3rd 'harmomic'of tranoient walkino (an aver-a0c male 
travcroin, 3 the olalý for approximately 5o at a rate of 90 otepo per minute). 
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Fi, 3ure 5.37: 5tructure A- Acceleration reoponoe OTF'14 (micl point) and 105 RM5 trend 
arialyoio due to excitation ýy treadine in place OTF'14 at, a pace correoponclime to the, 2nd 
'harmonic'of walkine (an averaec male otomping forapproximat-ely 22o at a rate of 135 
otepo per minute). 

5tornping Teot: 2rid 'Harrmomic' Excitation 
(5hort) 

198 



Experimental Work: Results 

cf 
L) H 

0 

0 

(S 

0 

(i) 
2 

190 
4 
q0 

Ch 

PO 
Is 

cl 

E 

IL 

C; z 

cl to 

L. 

z LIJ 
M 
LU 
(-D 
z 

z 
LU 
ýD 
dE 
LU 

cr_ 

-9 

199 



Experimental Work. Results 

Fieure 5.39: 5tructure. 13 - Reinforcement placement ancl caoting of columno prior W olab 
concrctýing (courtcoy of Taywood Engincerine Ltl). 

1. - 

200 

Floure 5.4-0: 5tructure 15 - 5tatic loalirig teot octup uoino 36 hyciraulojackc, (courteoy 

of Taywood Enoiticerine Ltl). 
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Fieure 5.41: Structure. 5- FE rrodel developed for pre-tcot, anaýyoio,. 
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Fi, 3ure 5.43: 5truct; ure 5- Arialytkally calculat-M natural frequencico and moole ohapeo 
u5ino the pre-teot analyoic, FE moclel. 
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Fioure 5.44: 5tructure 5- 5aticfactory Auto-MAC calculationo for the tcot OrW 
oe lectecl. 
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Fioure b. 4b: 5tructure D (Uncrackel) - Limitc6l equipment, conoiotino of a clual-channel 
ýpcctrum arialyceranl portaHc PC (for in-rvitu parameter e9timation), ucccl for fielcl 

teeting ofthirv i5tructure. 
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Fiýura 5.47: 5tructure 5 (UtlcrackeJ) - Reciprocity check (12etween TF'b and TF'12). 
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Fieure 5.4(55: 5tructure L3 (Uncracked) - Hammer excitation ancl Clata acqui0ition. 
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mol7ility H(1,5,5) bertween TF5 and TF15. 

Fieure 5.49: 5tructure E5 (Uncracked) - FKF ohape check for point moHity H(12,12) at 
Tf'l 2. 
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Fieure b. 51: 5tructure D (Uncracl(M) - Complexity of the c5tirmated M06160 of vil0ration. 
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Figure 5.50: 5tructure E5 (Cracked) - Iwo IvIll'o, ýeing the ournmation of oquared 
imaginary partc, of all FRFE, in one row of FRF matrix, calculated for T1135 and TF5 ao the 
FRF reference pointei. 
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Figure 
. 5.57: 5tructure 15 (Cracked) - The experimentally ceitimated mode ohapeo and 

natural frequencico. 13laGk doto ohow which FKF reference point waei uocd to identify the 

particular mode of vibration. 
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Figure 5.55: 5tructure D (CrackM) - Walking patho arld the location of the. reoponge 
mcaourement accelerometero. 
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Walking Teot M: 2nd 'Hamomic' Mode, 1 Excitation 
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Fieure 5.61: 5tructure. f3 - Maximum acceleration rcopotloc ot7tainc, ý in Toat 1.1 (regiotervJ 
at, TF25). 
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Walking Teot 2.1: 2M 'Harmonic' Mode 2 Excitation 
(Walking Fath: TF43-TF49) 
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Figure . 5.62: 5tructure f5 - M-aximum aoccleration reoporoc otMaitlect in Teot 2.1 
(regiotered at TF'4-6). 
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Figure 5.63: 5tructure E5 - Maximum acceleration reoponeic oftainc&I in Teot 3.1 
(regiýterecl at TF22). 
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Figure 5.04: 5truGture b- Maximum acceleration reoponee oýtainM in Tcot- 3.2 
(regioterecl at TF22). 
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Fieure 5.05: 5tructure C- Toot oricl. 
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Figure 15.05: 5tructure C- 5atiofactory Auto-MAC calculatioric, for the te5t griel 

laclected. 
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Fieure 5.71: 5tructure C (Unclad) - Hammer excitation at Tf'35. 
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Floure . 5.70: 5tructure C (Unclad) - Hardware for data acquif5itiorl octup. 
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Figure b. 72: 5tructure C (Unclad) - Acceleration reoponoc at TF'32 due to heel drop at 
TF'32 and other arnbient excitation. 

imme, liate Kepeatability Check 

0.25- 

0.2 

0.15 

0.1 

O. Ob 

0 

ro 1 ra 21 

Frequency [Hz] 

F-L: 
HC-TP32 & AlOTP3b (lot wrieo) HOIP32 & AlOTP3b (2nd wrico) 

Fioure b. 73: 5tructure C (Unclad) -'Immediate repeata 17dity' check.. 



Experimental Work: Results 

Reciproicity Check 

0.3- 

0.25 

S7 0.2 

0.15 

0.1 

0.05 

0 

Fioure 5.74: 5tructure, C (Unclal) - Reciprocity check ýetween TF32 arid TF35. 

220 

1234 
.5 ro 769 10 11 12 13 14 15 16 17 15 19 20 21 22 

Frequency [Hz] 

HOTP32 & AlOTP36 - HOTP35 

Fieure 5.7b: 5tructure C (Unclael) -A MIF, ýeino theourrimation of eiquarel imaoinary 

parto of all FPF! 5 havino TF'32 ao the reference point, clearly identificel the likely 
frequenciec, of oix modeo of vibration. 



Experimental Work: Results 

Mo6le 1: 6. OHz 

AlOTP32 

Mode 3: 5. lHz 

AlOTP32. 

Mocle 6: 14.3Hz 

AlOTP32- 

M o4le 2: (5.5 Hz 

Nodal line-' 

Mode t5: ll. OHz 

AlOTP32 

Mode 7: 17.2Hz 

Fieure 5.70: 5tructure C (Unclal) - The experimentally er2timateel moJe ohapeO an6l 
natural frequencico. Mole 4 coull not be meaourcA. 

MODE -I 
FREQUENCY - 6.0 Hz 

MODE =2 MODE -3 
FREQUENCY - 6.5 Hz FREQUENCY - 8.1 HZ 

MODE =6 
FREQUENCY- 17.2Hz 

221 

Figure 5.77: 5tructure C (UnclM) - Complexity of the cotimated rnodeo of vR7ration. 
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Fioure 5.79: 5tructurc C (Clad) - Hardware uoecl for data acqui0itioll. 
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Figure -b. 81: 5tructure C (Clad) - Three MlFo having TF32 (red line), lf'35 (Mack line) arld 
Tf'bl (green line. ) aei the reference poinV5. 



Experimental Work: Results 

4sa 
---JLýjj 12 13 1.15 

Isif 26 
721 on 921 

24 25; * 2i 25 

3i M 3ý 3S 36 3i 311 * 411 41 

42-iý 4-4 -4-5-4r4-77-if-tqý -Xsl 

S --iS S7 ýS$50 46WO M' 62 63 64 ig 66 
6ý1-w 70-71-72-73-N 757-76 

Mocle 1: 6.4Hz 

Path 1-/ Path 2/ 

'V 

Path' 3 

flat-h 3 
Mode 2: ro. 9Hz 

Path 1-/ 

Mode 4: 11.9Hz 

Mode 6: 17.4Hz 

Mode 5: 8.2Hz 

Mocic 5: lb. OHz 

Mode 7: 18.2Hz 

MODE 1 MODE 2 MODE 3 MODE 4 MODE 5 
FREQUENCY - 6.4 Hz FREQU15NCY- G. SFU FREQUENCY -82 KI FREQUENCY - 11 .9 Hr FREQUENCY- l5jOHZ 

67 MODE MOD 
FREGLEWY- 17.4tir fIT-QUENCY - 18-2 Hz 

Fieure 5.52: 5tructure C (Clad) - The experimentally eotimatM mode ohapeo and natural 
frequencico after the occond round of teoting in June 19900, including walkine patho and 
indication of modal complexity. 

224 



Experimental Work: Results 

Walking Teot 2.1: 5rd 'Harmonic' Mode 2 
Excitation (Walking flath 1) 

0.10% 

0.09% 

0,6% 0.05% 

0.4% 0.077. 

O. M. O. OEO% 

OD% 0,05% 

-O. Z/ 0.04% 

0.4% 0.03% 

0.0 Z/. 

-O. b% 0.01% 

-lD% 0.00% 

0 10 20 30 40 50 650 70 50 90 100 110 120 

1 im c [o] 

Acceleration Reoporic, - - 10o Acceleration KM5 Trend Analyaii, 
], 
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Fioure b. 54: 5týruoturc C- Maximum acceleration rcýponoe oýmainccl irl Test 3.1 
(re0ioterecl at TF'35). 
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Fieure 5.56: 5tructure 0-A refimeA pre-t-cot FIE model havim, 3 modes at all test poiMt6. 
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Fiqurc, 5.90: 5truct-ure 0- A4"-MAC rnstrix oKaincd from expanclotl FE rnole Eihapeo 
which were rrAuceAto the t-estgrid co-ortlinAt--s. 
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Figure 5.94: 5tructum 0- Reciprocity che-cck using t-romsfer mohlitics t7etween Tfj and 
TF'3. 
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Fieure 5.99: 5tructure P- ExperOmemtolly rmemsurwl rnoAe -5hmpee amel natural 
frcýquencic6. 
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Fieure 5.100: 5truct-ure P- Two MIF9 producul sfter return to t7see and corrc5porldirlO 
to TP205 (green line) snJ TF3 (reA line). 
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Fi, 3ure b. 101: 5tructurc 0- Auto-MAC matrix GAIGulfitZzl Liaine 12 experimentally 
cstimatcA made shapes, 
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6.1 Introduction 

Ihis chapter describes the development of updated FE models which then served as test-beds for numerical 
simulations of walking excitation. The simulations were made by changing various parameters, including: 

1. the nature of the forcing function (stationary or moving; steady-state or transient), 
2. pacing frequency, 
3. step length, and 
4. position of the walking path. 
Based on the comparison of these analytically calculated responses with their experimentally obtained 
counterparts, the performance of the selected excitation models will be assessed. 

6.2 Structure A: Parametric Investigations 

The general procedures used for the 'manual' FE model updating and analytical response calculations are 
presented first in considerable detail for Structure A, which was the simplest structure tested. 

6.2.1 Structure A: FE Model Correlation and Updating 

By companng pre-test analytical results (Table 5.3 and Figure 5.13) with the measured modal properties 
(Table 5.5 and Figure 5.26), the measured and calculated frequencies for the 2d and 3' bending modes can 
be seen to correlate very well. However, the main interest here is in the first mode excitable by normal 

%-alking, which had a measured natural frequency (4.5 Hz) higher than that calculated (4-3 Hz). Therefore, 

the FE model had to be 'tuned! to match the experimental data which were assumed to be correct. 

MATERIAL PROPERTIES 

7he discrepancy between the measured and initially calculated fiindamcntal frequencies was attributed partly 
to the concrete density of 2400 k g/M 3 assumed in the pre-tCst analysis- As the modal and dynamic response 
tests were performed immediately after the slab was built, it was not practical to measure the density of the 
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concrete specimens taken during the casting of the slab and use this in the pre-test analysis. However, after 
the testing, specimens of known volume were weighed and it was established that 2300 kghn' material 
density was a more appropriate value for the FE modelling. This increased the first calculated natural 
ftcquency to 4.4 Hz. In addition, to match the measured frequency of 4.5 Hz, E,,,, yn, another global material 
property which affects all modes of vibration, was increased from 3 8.0 GPa to 40.7 GPa. 

61.1.2 MODEL MESHNG 

The amended material properties were used to rc-calculatc the natural frequencies using FE model I shown 
in Figure 6.1. The FE model was developed using ANSYS SHELL63, instead of BEAM4 elements used in 

the pre-test FE model. Although the pre-test modelling based on the grillage analogy produced quite 

reasonable results, the utilisation of SHELL63 was considered to be more appropriate and easier having in 

mind the practicalities when performing a manual FE model updating. Such shell elements were modelled as 
isotropic and had constant thickness of 275 mm. 

The meshing was performed by the solid modelling technique where the number of divisions of solid 

modelling lines was controlled so that a model of a reasonable size was produced without losing accuracy. 
This was achieved by performing a number of trial studies in accordance with the NAFEMS (1992b) QA 

guidelines during which the mesh density and shape of the elements were varied. 

Although the adopted mesh of FE model I shown in Figure 6.1 may look odd, during these trial QA runs it 

produced Practically the same lowest natural frequencies and mode shapes as the more regular, detailed and 

expensive meshes. Apart from this, the adopted mesh also satisfied two additional requirements. Firstly, it 

had nodes at the geometric locations of the 27 test points, and, secondly, it had nodes every 0.3 m along the 

walking path line (Figure 6.1). The latter was required as the updated FE model had to be used to simulate 

responses due to a spatially varying force which moves from node to node along the walking path 
(representing a single pedestrian), and which also varies with time during this movement (Figure 6.7). 

A comparison of the first five natural frequencies, measured on the prototype floor and calculated using FE 

model 1, is shown in Table 6.1. 
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Table 6.1: Structure A- Comparison of correlated (measured and calculated) natural frequencies using 
updated FE models I and 2. 

Mode Measured Pre-test grillage Updated FE Updated FE 
No. Description frequency FE model model I model 2 

[Hz] [Hzj [HZI [Hzl 

I V vertical 4 5 4 3 4 5 4.5 bending mode . . . 
2 2nd vertical 

bending mode 
17.0 17.0 18.0 18.0 

3 1" torsional 
' 26 1 No correlation No correlation No correlation ( rocking) mode . 

4 2' torsional 
' 29 1 45 7 35.8 34.4 ( bending') mode . . 

5 3' vertical 37 6 38 1 40.8 40.6 bending mode . . 

The results in Table 6.1 show that the FE model based on SHELL63 elements seems to be more appropriate 
to represent the torsional mode than the grillage model. However, although the first natural frequency of FE 

model I is now matched with its experimental counterpart, the correlation between the measured and 

calculated natural frequencies for the 2 nd and 3 rd vertical bending modes has worsened, compared with the 

pre-test model. 

6.2.1.3 BouNDARY CoNDmoNs 

This indicated that boundary conditions, as another important modelling parameter, might require updating 
too. Considering that a visual inspection of the 'knife edge' line supports of the slab showed that they were 
imperfect, the gaps observed, as mentioned in Chapter 5, were modelled by removing the pin-supports as 

appropriate. This is resulted in the model I being amended to model 2, as shown in Figure 6.1. 

The most significant effect of the change in the boundary conditions was the reduction of the frequency of 

the torsional mode. The frequencies of the fundamental and the 2 nd (vertical bending) modes were practically 

unaffected by this change, whilst the reduction of the natural frequency corresponding to the Yd vertical 

bending mode was relatively small. 

Further improvement of the FE model wai likely to be possible by replacing the pin-supports by rotational 

and translational elastic springs and adjusting their properties to fit even better the experimental data. 

However, considering the dynamic properties of this particular structure and the purpose of the exercise, 

ftirther improvement of the FE model was not deemed necessary. This is because Structure A has a well 

separated fundamental mode of vibration which was practically the only mode excited by walking. Also, in 

addition to matching the measured fundamental natural frequency, the updated FE model was capable of 

representing the modal mass m, of this mode quite well. 

I'lie latter was established by using the measured row of the FRF matrix which corresponded to the mid-span 

point (T? 14, Figure 5.11) as the reference. Curve fitting was used to experimentally determine modal mass 
ml. x (ICATS, 1995; 1997). This procedure will be outlined. 
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6.2.1.4 CALCULATION OF MODAL NWS: EXPERIMENTAL APPROACH 

Recalling the various types of FRF receptance equations given in Chapter 4 (Equations 4.4 or 4.5), the 
numerator for each element of the sum of modal contributions corresponding to, say, the r'h mode may be 
witten as: 

rAik =I 
(Týr x4fkr 

Mr 
Equation 6.1 

%%here , 
Ajk is termed the modal constant. For the FRF point mobility measurement which is made at the 

antinode (maximum displacement) point of the unity scaled shape of the rl'h mode, it can be assumed that 
j=k and that: 

(Xvj, ) = (IV,, ) = 1.0 Equation 6.2 

In this case, the modal constant rA jj, estimated from the curve fitting, will be: 

rAý =I-1.0 =I Equation 6.3 
M, M, 

%%here m. is the modal (or effective) mass corresponding to the unity scaled r th mode shape- Obviously, this 

modal mass can be calculated as an inverse of the modal constant .A jj , 

Hence, to determine experimentally the modal mass for the fundamental mode of Structure A, an assumption 
was made that the pertinent antinode was at the slab strip mid-point (T? 14). This was one more reason why 
this point was useful as the FRF reference point. The experimentally estimated modal mass mj, x = 6289kg 
compares favourably with the analytically (by ANSYS) calculated modal mass Of MI, A = 6739kg for the 
unity scaled fundamental mode of model 2. 

Matching the modal properties of the experimental and analytical fundamental mode of Structure A by 
changing the global material properties, such as the density and dynamic modulus of elasticity, affected the 
correlation of the higher modes to some extent. This is not particularly relevant in the case of the relatively 
simple Structure A, where only the fundamental mode is considered to be important. However, for the other, 
more complex structures tested, there was a need to establish how well not only the fundamental, but also the 
higher analytical and experimental modes correlated. For this, four methods for comparing the modal 
properties were used (ICATS, 1995; 1997; Ewins, 1995): (1) comparison of natural frequencies, (2) 

graphical comparison of mode shapes, (3) the Modal Assurance Criterion (MAC) and (4) the Co-Ordinate 
Modal Assurance Criterion (COMAC). These correlation methods are available in the ICATS suite of 
Programmes and will be briefly introduced here, using Structure A as an example. 
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6.2.1.5 CoNvARisoN oF NATuRAL FREQuENciEs, MAC, MoDE SHAPEs AND COMAC. 

Tabulating and plotting of experimental vs. analytical natural frequencies is a simple but effective way of 
comparing the two sets of data. Table 6.1 and Figure 6.2 show that the experimental frequencies (data Set 1) 
for the 2d and higher modes are all lower than their analytical counterparts (data Set 2). 

7be MAC matrix element corresponding to the i" experimental Jýx ), and ith analytical 4A )j mode shape is 
defined as (Maia et al., 1997): 

4x 4* 

312 
MAC(JýJ,, 40) 

ri 
A) 

P) 
. Equation 6.4 

T 4A (4XY. 4ý)JX4A 

j) 

Figure 6.2 shows the MAC matrix for Structure A. It indicates a very good correlation (MAC of 80% or 
greater) between the Is'. 2nd , and 5th experimental (data Set 1), and I", 2nd and 4d' analytical (data Set 2) 
mode shapes, respectively. 

However, caution is necessary when interpreting these results, as the MAC matrix also shows that the 3 rd 

analytical mode shape (torsion-bending at 34.4 Hz) correlates well with two experimental modes (torsion- 

rocking at 26.9 Hz, and torsion-bcnding at 29.1 Hz). It is likely that imperfect and relatively complex 
boundary conditions allowing vertical displacement caused the torsion-rocking experimental mode to occur 
before the torsion-bcnding mode. Tle torsion-rocking could not be simulated by FE model 2 which was pin- 
supported. Tberefore, the good MAC correlation between the Yd modes in Sets I and 2 is actually false and 
should be discarded. All (un)correlated pairs of experimental and analytical modes of vibration, as indicated 
by the MAC matrix (Figure 6.2), are shown in Figure 6.3. 

Whilst the MAC provides a good measure of global correlation between the mode shapes, when the 

correlation is not so good it fails to pinpoint geometrically the source of the error i. e. the DOFs generating 
the lack of correlation. Such a localisation of the error can be done by calculating the COMAC for each 

correlated DOF (Maia ct al., 1997). The number of COMAC values, typically, matches the number of 

experimentally measured DOFs. Each COMAC value, which ranges between 0 and 1, assesses the 

performance of the corresponding DOF averaged over the set of correlated mode pairs. The COMAC for ih 

DOF in the mode shape is defined as (Maia et al., 1997): 
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%here riche is the number of the correlated mode pairs. Lower values of the COMAC indicate poorer 

performance of the particular DOF and possible errors either in its measurement or modelling. 
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In the case of Structure A, there are four correlated mode Pairs (circled in Figure 6.2), so ncle = 4. Figure 
6.2 shows the COMAC values for the measured DOFs of 27 test points. It indicates that the DOFs 
corresponding to the support points (T? I, T? 10, TP18, T? 19 and T? 27) do not correlate well between 
experiment and analysis. These zones could have benefited from additional improvements of the boundary 
conditions in the analytical model, as mentioned earlier. 

6.2.2 General Considerations of Response Calculations 

To simplify the response calculation problem, practically all guidelines on the modelling of a single person 
%alking treat the excitation as a stationary force. Not surprisingly, this is the key assumption of the three 
%%21king excitation models to be investigated in this thesis. Ibesc are: 

Walking Model I (WMI): proposed by the CEB (1991) and described by Bachmann ct al. (1991b, 
1995b) (Equation 3.22 and Table 3.1), 

0- Walking Model 2 (WM2): proposcdbyEriksson(1994) (Fable 3.3), and 

0 Walking Model 3 (WM3): proposed by Willford (1997) (Table 3.2). 

These three walking excitation models are not the only ones available in the literature, as indicated in 
Chapter 2. However, due to the time limitations for this project, only these three models were selected to test 
their performance against experimental results for the following specific reasons. 

Firstly, WM I is interesting as it has been officially recommended by the CEB as appropriate for checking 
the vibration serviceability of concrete structures including long-span concrete floors. As such, this model 
deserves detailed scrutiny in this thesis. Secondly, WM2 is the result of very recent state-of-the-art research 
(Eriksson, 1994). However, as recommended by its developer, it requires fiirthcr and independent 

Performance testing, which will be done here. Finally, WM3 is used by Ove Arup & Partncrs, one of the 
biggest UK consultants in day-to-day design and, as such, would benefit from experimental verification. All 
three models consider a single person walking and are described in detail in Chapter 3. 

An additional common feature of these excitation models is that the dynamic force caused by human walking 
may be assumed to be a sinusoid which frequency excites the steady-state resonance. Also, to simulate the 
worst case scenario, the force should, preferably, be applied at the antinode point of the mode excited 
(Eriksson, 1994; CEB, 1991). 

However, the models differ considerably in the range of frequencies and amplitude of the sinusoid which 
represents the 'offending' harmonic of walking which excites the floor resonance (Figure 6.4). Sometimes 

this is a function of the weight of the person (WM I), sometimes it is not (WM2 and WM3) in which case an 
average person! s weight (typically from 700 to 800 N) is implicitly assumed. 
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An assessment of the performance of such different excitation models which are, in principle, representing 
the same thing (i. e. an average person walking) is clearly warranted. This was done by performing the 
following two types of response analysis using the ANSYS FE code: 

T)Pe 1: Harmonic analysis in the frequency domain. Here, a stationary steady-state sinusoid having 
1.0 N amplitude is applied at the antinode point of the pertinent mode. Assuming pure steady- 
state conditions, a point mobility FRF corresponding to this point is calculated. Its peaks are 
then scaled to accommodate for the different amplitudes of the sinusoids representing the 
walking excitation models investigated. 

Type 2: Time domain transient analysis assuming a moving excitation force. Here, the same force 

models as in the previous steady-state analysis are moved along prescribed walking paths for a 

prescribed amount of time and with a prescribed speed. 

However, to investigate the effects of the time required for steady state vibrations to build up, Structure A 

only was also subjected to a third type of excitation. Here, a single resonant sinusoid (WM2 and WM3), or a 
number of harmonics, of which one is resonant (WM I), as proposed by the CEB (1991) (Equation 3.22), are 
exciting an antinode of the appropriate mode shape only for a prescribed amount of time. Therefore, the 
response to this stationary excitation is transient in essence and requires time-domain calculations. 

6.2.3 Structure A: Harmonic Analysis 

Figure 6.5 shows the point mobility FRF corresponding to the middle of the slab strip. This was the antinode 
of the fundamental mode shape calculated using the updated FE model 2. The first five analytical modes 
shown in Figure 6.3 were used in the FRF calculation together with the measured modal damping ratios for 

the correlated experimental modes (Table 5.5). The peaks at 4.5 Hz and 40.6 Ulz correspond to the 

analytically calculated Is' and Yd vertical bending modes (Figure 6.3). The FRF peak value at 4.5 liz is 
0.0 123 n-ds2 (0.125% g). After being scaled, the resulting acceleration responses are shown in Table 6.2. 

Table 6.2: Structure A- Analytically calculated maximum steady-state resonant responses exciting the 
4.5 Hz resonance. 

Walking Model Excitation amplitude 
IM 

Sinusoidal peak 
acceleration 

1% g] 

RMS accelcration 
[%gRMS] 

I (excitation by F harmonic) 75 9.4 6.6 
I (exci ion by 3' harmonic) 75 9.4 6.6 

2 56 7.0 4.9 
3 96 12.0 8.5 

It should be noted that in the case of WM I, out of the three harmonics (Equation 3.22), only the 2 nd or the P 

harmonic was taken into consideration, which is a simplification suggested by the CEB (199 1). In the case of 
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Eriksson's WM2, the RMS force amplitude of FRW = 180/f [NJ was multiplied by the FRF peak to obtain 
the RMS accelerations given in Table 6.2. 

A comparison of the estimated responses in Table 6.2 with the measured values (Table 5.7) is given in 
Tables 6.3 and 6.4 for the 2d and 3rd harmonic excitation, respectively. 

Table 6.3: Structure A-A comparison of analytically calculated and experimentally measured 
maximum responses for the resonant excitation caused by the 2 nd harmonic of walking 
excitation (f, = 2.25Hz). 

Walkin Analytically calculated 
Measured response to 

i i 
Measured response to 

i i g continuous exc tat on transient exc tat on 
model response 

[%gRMS] [%gRMS] [%gRMS] 
(Error) (Error) 

1 6 6 3.10 1.72 
. (113%) (284%) 

4 9 3.10 1.72 
. (58%) (184%) 

3 8 5 3.10 1.72 
. (174%) (394%) 

Table 6.4: Structure A-A comparison of analytically calculated and experimentally measured 

- maximum responses for the resonant excitation caused by the 3 ' harmonic of walking 
excitation 1.50Hz). * 

Analytically calculated 
Measured response to Measured response to 

Walking continuous excitation transient excitation 
model response 

[%gRMS] [% gRMSj [%gRMS] 
(Error) (Error) 

1 6 6 0.92 0.42 
. (6 17 */o) (1471%) 

2 4 9 0.92 0.42 
. (432%) (1066%) 

3 8 5 0.92 0.42 
. (823%) (1923%) 

The experimental results indicate that very large overestimation errors are possible when compared with 
those determined analytically. This is particularly true for shorter transient excitations where the 
overestimation varied between about 2 to 20 times, depending on which walking harmonic excites the 
structure and which excitation model is used. Also, it appears that the continuous experimental excitation 
could not manage to establish the steady-state resonant conditions assumed by all three walking models. 
Although the 2nd harmonic of continuous excitation was relatively well modelled leading to smaller errors 
(Table 6.3), the responses to the Yd harmonic were overestimated roughly between 4 and 8 times (Table 6.4). 

According to wyatt (1989), the 3rd harmonic excitation is particularly important when checking the vibration 
serviceability of building floors, so the comparisons presented indicate the potential for the walking 
excitation models to be overconservative when steady-state resonance is assumed. 
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6.2.4 Structure A: Transient Analysis under Stationary Walking Excitation 

Figure 6.6 shows the build up of the acceleration response due to a stationary 4.5 Hz sinusoid of 1.0 N 
amplitude exciting resonance at the mid-point. Only the fundamental mode was assumed to participate in the 
response and the modal damping ratio was taken as 0.59% (Table 5.5). After approximately 6 seconds, 
%hich corresponds to the duration of a single pass across the floor corresponding to a pacing rate of 

_f, 
= 2.251HIz (2 nd harmonic of walking creates the resonance), the acceleration peak response was 

0.0075 M/S2 (0.076% g). This is only 60% of the resonant peak acceleration (Figure 6.6). 

This quantifies the possible significance of the time required to build up the resonant response in floors 
having low-frequency and low damping. In principle, if this parameter was taken into consideration, then 
predicted responses corresponding to the 2 nd harmonic of transient walking which lasted approximately 6s 
oDuld safely be reduced to 60% of their original steady-state value. This would make the excitation models 
more reliable and would reduce the large overestimation error in the case of short lived excitation. However, 
this modelling is still not realistic as it considers the walking as treading in place. 

6.2.5 Structure A: Transient Analysis under Moving Excitation 

By the very nature of walking, the point of application of force moves as the walker traverses the floor. 
Therefore, the physically most representative walking forcing function, but also the most difficult to model, 
is one which changes in time and moves in space. 

Considering that Structure A could be excited either by the 2 nd or by the 3d harmonic of walking, and that the 
stride length depends on the pacing rate (Figure 3.6), an attempt was made to simulate this situation using the 
updated FE model 2. To do this, ANSYS (1995a; 1995b) Parametric Design Language (APDL) was 
employed to develop a relatively simple programmable routine within the FE code which simulates the 
moving force along the prescribed walking paths. 

6.2.5.1 TIIE MOVING FORCE MODELLING 

The idea behind this simulation is based on that used by Smith (1988) to calculate responses of footbridges 

under a human-induced moving load. The simulation assumes that a single point force spends a prescribed 
time interval at a single FE node on the walking path. This interval is equal to the time T. required for 

making a single step, where: 

T. Equation 6.6 
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During the period Ts, the force acting on a single node is assumed to vary only with time as it is stationary. 
After each time interval Ts, the force instantaneously advances to another node along the walking path for 
the prescribed length and continues to change in time (Figure 6-7). 

Compared with Smith's formula, developed for a simplified SDOF system, the advantage of the procedure 
developed here using APDL programming is that it is backed by the powerful FE code. This makes it very 
flexible and applicable to a very wide range of 2D and 3D structures, and it takes into account as many 
modes of vibration as necessary. 

However, to simplify the FE model updating and the APDL programming, it was assumed in all simulations 
that an average person makes a single step of 0.6 m during a slow walk when f,: -! ý 2.011z, whilst the step is 
0.9 m during the fast walking assumed to happen when f. > 2. OHz. This is consistent with the graphical data 

given in Figure 3.6. Ilerefore, a walking path having equidistant nodes every 0.3 m was suitable for 

simulating both pacing rates, and was incorporated in the updated FE model, as mentioned before. 

In the case of slower walking simulations, the force moved two 0.3 m segments every 0.67 s (= 1.5-1 S) 
whilst in the case of the faster walking the force moved three segments every 0.44 s (= 2.25-1 s ). These times 

corresponded to a single stride. Therefore, to cross the 10.8 m. beam, the force was applied for a total of 12 s 
%%hcn &=1.50 Hz, and 5.3 s for a pacing rate of 2.25 Hz. The developed APDL software routine allowed for 

the change of the pace length while keeping the pacing frequency constant. For example, walking with the 

Pacing rate of f. =1.50 Hz could be done in 8s instead of 12 s if the stride length was assumed to be 0.9 rn 
instead of 0.6 m. This is more realistic in terms of what was actually observed during the measurements 
(Figure 5.35), but is less realistic in terms of what is shown in Figure 3.6. 

6.2.5.2 STRUCTURE A: WM I SIMULATING A SINGLE CROSSING 

Figure 6.8 shows the acceleration response to the excitation from WM I tuned to the pacing rate of 2.25 Hz 

%hich lasted 5.3 s. Due to the relatively short acceleration time histories calculated, the comparison between 

the experiments and analytical modelling is given in terms of peak acceleration responses instead of 10 s 

9RMS values. 

The stride length assumed was 0.9 m and all three excitation harmonics (Equation 3.22) were taken into 

account. The figure shows the time required to build the vibration and this, together with the calculated peak 

acceleration of 0.3635 M/S 2 (3.71% g), compare favourably with the measured response shown in Figure 

5.43. Interestingly, and apparently only by chance, the measured peak response was also 3.7 1%g. 

Figure 6.9 shows the simulation of the Y'd harmonic excitation (f. = 1.501-1z) using WMI where the force 

moved 0.6 m per stride. As the excitation model WM I assumes the same dynamic loading factors for the 2 nd 

and 3 rd harmonics (CE2 = a3 = 0.1), and as the slower moving force spent more time on the structure, the 

calculated response to the Yd harmonic excitation was greater than for the 2 nd harmonic excitation (Figure 

6.8). T'his is contrary to what was observed in the experiments where the 2 nd harmonic excitation produced a 
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considerably greater response. The simulated peak response to the 3 rd harmonic excitation of 0.505 nL/s2 
(5.15% g) (Figure 6.8) is almost six times greater than its measured counterpart of only 0.89% g(Figure 
5.35). In the case when the length of a single stride is extended to 0.9 m, the simulated peak response was 
reduced to 0.439 m/S2 (4.48% g), but this is still five times greater than the maximum experimentally 
observed peak response. 

6.2.5.3 STRUCTURE A: WMS 2&3 SHAUIATING A SINGLE CROSSING 

WMs 2 and 3 are based on a single sinusoid and are the same in nature, the only difference being the 

amplitude of the sinusoids at various frequencies (Figure 6.6). Therefore, the responses to WM2 excitation 

were scaled as appropriate to obtain their counterparts for WM3. 

As WMs 2 and 3 are not meant to be used as 'moving' forces, they do not make assumptions about the pacing 
frequency f. and the duration of walking. Therefore, assumptions had to be made as to how the sinusoidal 
force moves. The obvious choice was to investigate the same three cases as for WMI. Firstly the fast 

walking at 2.25 steps of 0.9 m each per second, then the slower walking at 1.50 steps of 0.6 m each per 

second, and, finally, 1.50 steps of 0.9 m each per second. 

After scaling the results to obtain responses to WM3, a comparison of the experimental and analytical peak 

responses is shown in Table 6.5. 

Table 6.5: Structure A- Comparison of experimental peak responses with their analytical counterparts 
for moving WMs 2 and 3, single pass. 

Maximum measured Peak response for WM2 Peak response for WM3 Excitation experimental peak [% g] 1% g] harmonic acceleration (Error) (Error) 
1% g] 

2'd(f. = 2.25Hz) 2.48 4.25 
0.9 m/stride 

3.71 (- 33 %) (15-10) 
Yd(f. = 1.5OHz) 3.74 6.41 

0.6 m/stride 
Not measured (N/A) (N/A) 

3'd(f. = 1.50]H[z) 3.14 5.39 
0.9 m/stride 

0.89 (252%) (506%) 

Again, the results in Table 6.5 show that even the moving forces Of WMs 2 and 3 overestimate significantly 
the responses to slower walking of 1.5 strides per second (P harmonic), which could be important for floor 

vibration checks. Nevertheless, the possibly beneficial effects of the transient analysis of moving loads are 

evident, as the amount of error has been considerably reduced when compared with the steady-state resonant 

modelling using the same forcing function (Table 6.4). 
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6.2.5.4 STRUCTURE A: WM I SmnjiATTNG MuLTipLE CRossiNGs LAsTING 120 s 

The ANSYS APDL routine developed for simulating a single strip crossing was used to generate several 
passes along the slab-strip (from 'Start' to 'End' and back, as shown in Figure 6.1). The total duration of the 
simulation was 120 s. Figure 6.10 shows the simulated acceleration response at mid-point of the slab strip to 
the 2 nd harmonic of WMI excitation. 'Me stride length was assumed to be 0.9 m, as appropriate for the 
Pacing rate of 2.25 steps per second. The 10 s RMS trend analysis of the 120 s long acceleration time history 
having a maximum of 2.1 % gRMS is shown in Figure 6.14. This is lower than the measured peak value of 
3.1%gRMS (Figure 5.35). The general shapes of the measured (Figures 5.30 and 5.31) and calculated 
(Figure 6.10) acceleration time history are however comparable. 

Regarding the simulation of the 3 rd harmonic excitation, Figure 6.11 shows the calculated acceleration time 
history assuming a 0.6 rn stride length only. Its RMS trend analysis is shown in Figure 6.14 and should be 
compared with the measured data shown in Figures 5.32 and 5.33, and in Table 5.7. The calculated peak of 
2.3% gRMS is 2.5 times higher than 0.92% gRMS, which was the maximum measured RMS acceleration. 
Although the amount of overestimation error in calculating the 3rd harmonic responses has been reduced 
from 617% (see Table 6.4) to 250%, after the excitation was assumed to be transient and moving instead of 
steady-state and stationary, the error is still significant. This is, again, a strong indication that there may be 
problems in the modelling of the 3d harmonic in WM I. This is particularly so as the calculated peak RMS 
responses shown in Figure 6.14 are higher for the slower Yd than for the faster 2d harmonic excitation, 
which is totally inconsistent with the experimental data shown in Table 5.7. 

6.2.5.5 STRUCTURE A: WMS 2&3 SmnjlA-nNG MULT-IpLE CRossiNGs LAsTTNG 120 S 

Similar analysis as for WM I was performed for the remaining two walking models. Figures 6.12 and 6.13 

show 120 s of simulated acceleration response to WM2. The assumed pacing rates were 2.25 (0.9 m stride) 
and 1.50 steps (0.6 rn stride) per second, respectively. The corresponding pair of 10 s RMS trend analyses 
are given in Figure 6.15. 'Me comparison between the measured and calculated peak gRMS values is given 
in Table 6.6. This table also contains results pertinent to WM3, produced after the appropriate scaling of 
WM2 data. 

Table 6.6: Structure A- Comparison of the measured and calculated RMS trend peaks obtained for 
moving WMs 2 and 3, multiple passes. 

Calculated peak RMS Calculated peak RMS 
Measured peak RMS acceleration using acceleration using 

Excitation harmonic acceleration WM2 WM3 
[%gRMS] [%gRMS] [% gRMSI 

(Error) (Error) 
2d(f, = 2.25]H[z) 1.56 2.67 

(0.9 m, /stride) 3.10 (-50-Y. ) (- 14 */o) 
3' (f. = 1.50Hz) 1.66 2.84 

(0.6 m/stride) 
0.92 (80%) (209%) 
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These results will be discussed further in Chapter 7. 

6.3 Structure B: Parametric Investigations 
Ihe parametric investigations pertinent to Structure B were: 
1. FE model correlation and updating of uncracked Structure B, 
2. FE model correlation and updating of cracked Structure B, and 
3. Response simulations using the latter updated model. 

6.3.1 Structure B (Uncracked): FE Model Correlation and Updating 

The aim of the manual updating of uncracked Structure B was to match the lowest three measured modes of 
vibration with their analytical counterparts. "Me first FE model updating step, taken to address the observed 
lack of stiffness in the pre-test FE model, was to model the 300000 mm columns. 

The FE modelling was initially performed using a regular symmetric mesh of isotropic SHELL63 elements. 
The four columns, having 1.6 in clear height (Figure 5.38), were modelled using four identical BEAM4 
elements. The columns were assumed to be rigidly connected to the HSC slab and filly fixed at their bottoms 
(Figure 6.16). The main FE model tuning parameters were the length of the columns, assumed to be fully 
fixed at their bases, and the dynamic modulus of elasticity of concrete assumed to be the same in the slab and 
columns. 

After a number of trial and error attempts, a length of 1.925 in of column system lines and a dynamic 

modulus of elasticity Ed,, = 46.7 GPa for the HSC produced analytical modes which correlated well with 
the selected three lowest measured modes of vibration. This is illustrated in Figures 6.17 and 6.18. Ile MAC 
matrix in Figure 6.17 shows that the 3 rd analytical mode shape (data Set 2) did not correlate with any of the 
measured modes (data Set 1), whereas the 4th analytical mode clearly corresponded to the 3d measured mode 
(Figure 6.18). 

This updating exercise showed that: 
1. high-strength concrete can be expected to have a significantly increased dynamic modulus of elasticity 

compared to concretes of normal strength, and these increased values may be used in vibration 
serviceability calculations, 

2. the in-situ cast columns supporting uncracked in-situ cast concrete floors can be expected to have a 
significant stiffening effect and should not be modelled as pin-supports, and 
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I if the concrete floor of a flat plate configuration is uncracked, very reasonable FE modelling can be 

achieved by using isotropic shell elements, such as SHELL63 in ANSYS. 

6.3.2 Structure B (Cracked): FE Model Correlation and Updating 

Considering the cracking patterns in the slab and columns (Figures 5.53 and 5.54) and the required walking 
paths (Figure 5.58), FE model 2 was developed (Figure 6.19). The slab of this model consisted of four 

rectangular areas (Areas 1,2,3 and 4) and one square area around the columns (Area 5). The dimensions of 
these areas and the orthotropic stiffness of the SHELL63 elements in the five areas could differ between the 
areas and could be parametrically changed during the updating. In addition, the cracked tops (25% of the 
height) of the four columns were modelled with BEAM4 elements whose bending stiffhess could be 

Parametrically changed and be different from that of the BEAM4 elements representing the lower uncracked 
portion of the columns. The three walking paths shown in Figure 6.19 were established in a similar way as 
for Structure A, and equidistant nodes were distributed every 0.3 in along each of them. The first analysis 
performed using FE model 2 (Figure 6.19) was to check it against the results produced by the already 
verified model I (Figure 6.16), when identical material and stiffness (i. e. uncracked) conditions were 
assumed. Model 2 produced the relevant natural frequencies and mode shapes practically identical to model 
I Proving that it was a good starting point for the manual updating aimed at simulating the cracked 
conditions. 

Subsequent exercises related to modelling of the cracked conditions proved to be much more difficult and 
time consuming compared to their counterpart for the uncracked case. The main updating parameters used 
were: 

1. the dimensions of the five cracked areas, 
2. the five pairs of orthotropic bending stiffnesses corresponding to the five areas, 
3. the dynamic modulus of elasticity for HSC, and 
4. the bending stiffness of the cracked tops of the columns. 
The results of the updating pertinent to the bending stiffnesses in the five areas are given in Table 6.7. 

Table 6.7: Structure B (Cracked) - Updated parameters related to the properties of the five areas. 
Rectangular area Rectangular area Percentage of Percentage of 

Area dimension in x dimension in y 'uncracked' 'uncrackcd' 
direction direction bending stiffhess in bending stiffness in 

Imi [m] x direction y direction 
1* n/a n/a 100% 100% 
2 12.6 3.0 100% 58% 
3 2.4 12.0 40% 100% 
4 2.4 3.0 40% 75% 
5 3.6 3.6 90% 35% 

'Area I is uncracked 
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In addition, the updated dynamic modulus of elasticity was 47.5 GPa (increased firoin 46.7 GlIa lior 

uncracked model) and the cracked column bending stiffness was reduced to 78% ofits uncracked stiffness. 
The last result indicates that even the visibly cracked HSC columns could be able to retain a signilicani 

portion of their uncracked stiffness for the level ofexcitation applied during the modal testing. 

The updated FF model representing the cracked state of Structure B is shown in Figure 6.20. The calculated 
analytical mode shapes for the lowest 10 modes of vibration are shown in Figure 6.22 and the calculated 
unity-scaled modal masses for these 10 modes are presented in Table 6.8. 

Table 6.8: Structure B (Cracked) - The analytically calculated natural firequencies and modal masses 
using the updated FE model. 

Natural frequenc% Modal mass Modc 1. ý 

6.81 13ý642 

5 9.57 7,769 
6 10.14 7,536 
7 10.27 23.536 

The comparison of analytical and measured natural frequencies, MAU and COMAC are given in Figure 

6.21. It appears that the improved analytical IT model would have benefited firom further updating, 

especially a refinement ot'distribution ofstiffness in Areas 2 and 3. However, this would be dill'icult to (to 

manually and an automatic updating procedure supported by appropriate sollware would be more c1l'icient. 

I his is. however, beyond the scope of this thesis. 

Nevertheless, a visual comparison of inode shapes (Figure 6.23) shows that the manually update(] FE model 

managed to capture the main features of the measured modes of vibration excitable by walking at 4.7 llz, 

5.0 1 lz and 7.1 1 Iz. Also, it simulates remarkably wel I two higher measured modes at 13.0 11 z and 15.6 1 Iz. 

All this increases the confidence in this FE model as to its suitability to simulate walking excitations. 

6.3.3 Structure B (Cracked) - Harmonic Analysis 

I igure 6.24 shows three point mobility FRFs, calculated using the updated FF model, at antinodes of' the 

analylical modes 1,2 and 4 (Figure 6.22). These antinodes are in fiact at the exact geometric locatiOns of test 

points TP25 (mode I ), TP46 (mode 2) and TP22 (mode 4). Moreover, to simulate responses measure(] at tile 

other two locations in each test (Table 5.13) additional transfer mobilities were created (Figures 6.25-6.27). 

I-or example, Figure 6,25 shows point and transfer mobilities used to simulate responses while walking along 

oI c: II it, hI igh I ed are the an aI ytica I in odes we] I correlated with the experimenta I data. 
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WP I- When using these FRFs it has been assumed that the excitation is always at TP25 (antinode), and that 
responses are at the points where the accelerometers were positioned (TP25,43 and 49). Similarly, Figures 
6.26 and 6.27 present the three FRFs used to simulate walking along WPs 2 and 3. A summary of harmonic 
forces and FRF peaks used in these simulations is shown in Table 6.9. 

Ta ble 6.9: Structure B (Cracked) -A summary of harmonic forces and FRF peak values used to 

- 
simulate resonant excitation b y WM 1,2 and 3. 

Test' Accel Excitation 
NaUnul 

frequency WMI 
Force 

WNU 
Force 

WM3 
Force FRF; FRF Peak [m, /s2] @T? harmonic excited [N] [N] [N] [Hzj 

Lla 25 2' 4.7 75 54 96 H(25,25); 0.00104 
I. lb 43 2nd 4.7 75 54 96 H(43,25); 0.00101 
I. Ic 49 2nd 4.7 75 54 96 H(49,25); 0.00100 
1.2a 25 3 rd 4.7 75 54 96 H(25,25); 0.00104 
1.2b 43 3'x- -4.7 75 54 96 H(43,25); 0.00101 
1.2c 49 3 rd 4.7 75 54 96 H(49,25); 0.00100 
2.1a 46 2 nd 5.0 75 51 48 H(46,46); 0.00 117 
2.1b 28 2 nd 5.0 75 51 48 H(28,46); 0.00124 
2.1c 22 FT 

5.0 75 51 48 H(22,46); 0.00130 
2.2a 46 Tr- 

- 
5.0 75 51 48 H(46,46); 0.00 117 

2.2b 22 3'7- -5.0 75 51 48 H(22,46); 0.00124 
2.2c 28 3 rd 

.0 
75 51 48 H(28,46); 0.00130 

3.1a 22 3 rd 7.1 75 36 48 H(22,22); 0.00302 
3.1b 28 - 3 rd 7.1 75 36 48 H(28,22); 0.00301 
3.1c 27 3 rd 7.1 75 36 48 H(27,22); 0.00168 
3.2a 22 40' 

.1 n/a 36 48 H(22,22); 0.00302 
3.2b 28 4th 7.1 n/a 36 48 H(28,22); 0.00301 
3.2c 27 4' 7.1 n/a 36 48 H(27,22); 0.00168 

Table 6.10 presents a comparison of measured and simulated acceleration responses in terms of (10 s) gRMS 
values. 

Table 6.10: Structure B (Cracked) -A comparison of experimentally measured and analytically 
calculated maximum acceleration responses for the resonant excitation by WM 1,2 and 3 
assumed to be stationary. 

Test 

- Natural 
Excitation frequency 
harmonic excited 

- 
[Hzl 

Measured 
[% gRMS] 

WMI 
simulation 
[%gRMS] 

(Error) 

WM2 
simulation 
[%gRMS] 

(Error) 

WM3 
simulation 
[%gRMS] 

(Error) 
Lla 2n d 

4.7 0.418 0.562 (34%) 0.405 (-3*/o) 0.720(72%) 
Llb 4.7 0.370 0.546 (48%) 0.393 (6%) 0.699 (89%) 
We 4.7 0.368 0.5 41 (4 7/o) 0.389(6%) 0.692 (88%) 
1.2a 4.7 0.200 OýM2 (18 1 %) 0.405 (102%) 0.720 (260%) 
1.2b 4.7 0.176 0.546 (210%) 0.393 (123%) 0.699 (297%) 
1.2c 3 rd 4.7 0.173 0.541 (212%) 0.389 (125%) 0.692 (300%) 
2.1a 2 nd 5.0 0.512 0.632 (24%) 0.428 (-160/o) 0.405 (-21%) 
2.1b Y7 - 5.0 0.489 0.670(37%) 0.454 (-7%) 0.429 (-121/o) 
2.1c Y7 -- 5.0 0.479 0303 (47%) 0.476(-1%) 0.450 (-6%) 
2.2a 3 rd 5.0 0.373 0.632 (69%) 0.428 (-15%) 0.405(9%) 
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Natural WMI WM2 WM3 
Test Excitation frequency Measured simulation simulation simulation harmonic excited [%gRMS] [%gRMS] [%gRMS] [%gRMS] 

[Hzl (Error) (Error) (Error) 
2.2b 5.0 0.342 0.670 (96%) 0.454 (33%) 0.429 (25%) 
2.2c 5.0 0.339 0.703 (1071/o) 0.476 (40*/o) 0.450 (33%) 
3.1a 7.1 0.410 1.632 (298%) 0.778 (90%) 1.045 (155%) 
3.1b 

--- 
3'j-- 7.1 0.368 1.627 (342%) 0.775 (111 O/o) 1.041 (1831/o) 

3.1c 3"r-- 7.1 0.218 0.908 (317%) 0.433 (991/o) 0.581 (167%) 
3.2a 4r-- 7.1 0.332 n/a 0.778 (134%) 1.045 (215%) 
3.2b 4E'- 7.1 0.309 n/a 0.775 (15 10/6) 1.041 (237%) 
3.2c 4ý"'- 7.1 0.162 n/a 0.433 (167%) 0.581 (259%) 

These results show that WMI again overestimated all responses, and particularly those pertinent to the Ird 
harmonic excitation (Tests 1.2,2.2 and 3.1). Performance of WM I regarding the 2 nd harmonic excitation was 
relatively reasonable. However, another shortcoming of WM I is that it does not have a provision for the 4h 
harmonic of excitation, which, as shown by Test 3.2 measurements, may be an issue. In the case of the 
cracked Structure B, this issue was raised almost certainly due to very low modal mass corresponding to the 
mOde of vibration at 7.1 Hz excited in Tests 3.1 and 3.2. The modal mass of 14,569 kg (Table 6.8) is only 
approximately 10% of the total mass of the floor. This illustrates that it is of utmost importance to analyse 
not only the fundamental, but all modes of vibration excitable by normal walking. 
As to the performance of WM2 it can be seen that it overestimates the responses to the 4h harmonic of 
walking, and performs much better than WM I regarding the response to the P harmonic of excitation. 

Finally, WM3 is very conservative regarding the P and 4h harmonic excitation of modes having natural 
frequencies of 4.7 Hz and 7.1 Hz. However, it appears that a sudden halving of forcing amplitudes at 4.8 Hz 
(Table 3.2 and Figure 6.4) was not warranted. 

6.3.4 Structure B (Cracked) - Transient Analysis under Moving Excitation 

'Me three walking models were used to simulate the measured responses assuming that the excitation force 
moves along one of the three walking paths. The pacing rates were adjusted to excite an appropriate mode at 
4.7,5.0 or 7.1 Hz. The step lengths were adjusted similarly as for Structure A: to 0.6 m if a pacing rate was 
less than 2 steps per second, or to 0.9 m if f, >2 Hz. Due to computing limitations, acceleration time 
histories lasting only 60 s (instead of the measured 120 s) were calculated and processed further. Only 
responses at the respective antinodes of modes at 4.7 Hz (025), 5.0 Flz (TP46) and 7.1 Elz (T? 22) were 
calculated. Figure 6.28 shows the simulation of Test I. la using WM I excitation moving along WP I (Figure 
6.19). Using the same walking model, maximum responses in other tests were simulated over 60 s and five 
RMS trend analyses are shown in Figure 6.29. Similarly, Figure 6.30 shows an example of the calculated 
acceleration time-history corresponding to WM2 excitation of the mode at 7.1 liz while moving along WP3 
(Figure 6.19). Figure 6.31 shows the results of all six acceleration trend analyses which correspond to the 
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maximum responses achieved in simulations of Tests 1.1a, 1.2a, 2.1a, 2.2a, 3.1a and 3.2a. Responses to 
WM3 were obtained by scaling the results from WM2, as appropriate. Table 6.11 summarises and compares 
the maximum values of all measured and calculated RMS trend analyses for the cracked Structure B. 

Table 6.11: Structure B (Cracked) -A comparison of analytically calculated and experimentally 
measured maximum responses for the excitation by WM 1,2 and 3, assumed to be =Lng- 

Test 
Natural 

Excitation frequency 
harmonic excited 

[Hzj 

Measured 
[%gRMS] 

WMI 
simulation 
[% gRMS] 

(Error) 

WM2 
simulation 
[% gRMS] 

(Error) 

WM3 
simulation 
[% gRMS] 

(Error) 
Lla 2n" 4.7 

- 
0.418 0.342 (-18'/o) 0.231 (45%) 0.579 (39%) 

1.2a T 4.7 
- 

0.200 0.362 (81%) 0.236 (18%) 0.592 (1961/o) 
2.1a 2; 7 5.0 

-- 
0.512 0.428 (-16*/o) 0.198 (-61%) 0.264 (48%) 

2.2a 3'T 5.0 0.373 0.389 (4%) 0.215 (42%) 0.287 (-23%) 
3.1a 7.1 

- 
0.410 0.536 (31%) 0.222 (46*/o) 0.420 (2%) 

3.2a 4'7 7.1 0.332 n/a 0.260 (-22%) 0.490(48%) 
One measured and three simulated 10 s RMS trend analyses corresponding to Test 1.2a are shown in Figure 
6.32. As indicated in Table 6.11, this figure shows that even when modelled as a moving load, WM3 
significantly overestimates the response, whereas V; W is a fair representation of the measured RMS trend. 
However, Figure 6.33 shows that in the case of Test 3.1a, WM3 is a very good representation of the 
measured trend, while WW underestimates it. In Tests 1.2a, 2.2a and 3.1 a WM I overestimates the response 
to the 3 rd harmonic excitation, but to a much lesser extent then when assumed to be a stationary resonant 
excitation (Table 6.10). 

6.4 Structure C: Parametric Investigations 

The parametric investigations pertinent to Structure C Were: 

1. FE model correlation and updating of the unclad Structure C, 
2. FE model correlation and updating of the clad Structure C, and 
3. response simulations using the latter updated model. 

6.4.1 Structure C (Unclad): FE Model Correlation and Updating 

The main aim of the FE model updating was to match the first three measured and calculated modes as well 
as was practicably possible. The starting model for the manual updating was the pre-test FE model and a 
comparison of its natural frequencies and those measured for the first three modes is given in Table 6.12. 
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Table 6.12: Structure C (Unclad) - Comparison of measured and updated natural frequencies. 
Pre-test FE model Measured natural Updated FE model 

Mode No. natural frequency frequency frequency 
[Hzj RIZI [Hzj 

1 5.2 6.0 6.0 
2 5.5 6.5 6.5 
3 6.6 8.1 8.1 

The first three initially calculated (Figure 5.69) and measured (Figure 5.76) mode shapes correlate well. 
However, their frequencies do not compare well and the first two columns of frequencies in Table 6.12 show 
not only discrepancies between the corresponding frequency values, but also discrepancies in the intervals 
between them. 

The values of measured frequencies and their separations indicated that simply changing a global property, 
such as the dynamic modulus or the density of concrete, which were assumed to be consistent throughout the 
Structure, was not likely to produce much improved results. Therefore, in addition to the concrete dynamic 
modulus and density, a number of other updating parameters was selected. These were: 
I. the floor lateral stiffness, 
2. the column bending stiffness and boundary conditions at the end of the columns, 
3. the stiffhess of the floor support at the lift shaft at the North edge of the floor (Figure 5.66); this was 

necessary as special steel dowels allowing horizontal movements and preventing vertical displacements 
served as the connection between the PT slab and the lift shaf't, and 

4. the torsional stiffness of the edge beams around the 'main' floor area. 

The updating involved about 50 simulations leading to a finally updated model having much improved 

natural frequencies, as shown in Table 6.12. The updated model is shown in Figure 6.34. There were three 
main conclusions of this very interesting but time-consuming exercise. 

Firstly, an unrealistic change of a global updating parameter (say the dynamic modulus of concrete) which 
led to matching one natural frequency also resulted in unmatched values for the other two frequencies. 

Secondly, the updated FE model had to feature columns and these were modelled as elastic bar elements 
rigidly connected to the slab, having aM (clear) height up to the floor above and down to the floor below to 

which they were assumed to be fully fixed. During the updating exercises it became clear that the FE models 
where columns were modelled as pin-supports did not permit the first three natural frequencies to be 

matched while keeping other updating parameters within their realistic boundaries. 

Finally, the frequency separation between the modes was particularly sensitive to the changes in the lateral 

floor stiffness, and, to a lesser extent, to the changes in bending stiffness of the columns along the East and 
West edges and in the torsional beam stifffiesses along the same edges. This behaviour can be explained if 

2) the floor's mode shapes are thought of as vectors which minimise the Rayleigh quotient Xj= Co. given 
as: 
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2- 
4r f [K]4r I 

Equation 6.7 r 10[mbll) 

where (02 is the rh natural frequency of the floor. If lower modes are of interest, as is the case when r 
considering the floor's vibration serviceability, Equation 6.7 indicates that 1, will tend to be minimised 
%% hcn its numerator k, Y IKIM is minimised and denominator (ýr Y [M]{ýj is maximised. These terms are 
proportional to the strain and kinetic energies (NAFEMS, 1992b), respectively, when the structure vibrates 
harmonically in one of its modes of vibration. This is the reason why the lowest floor mode shape is always 
curving gently, so that strain energy is low, but most of it is moving, hence the kinetic energy is high. The 
next higher mode shape will tend to preserve the kinetic energy as much as possible, but also add as little as 
possible strain energy. This is precisely the reason why the fiindamental and several of the higher modes of 
Structure C shown in Figures 5.69 and 5.76 bend more in the less stiff lateral direction while essentially 
preserving the same smooth half-wave deformation shape in the much stiffer N-S direction. The stiffer 
direction essentially controls the lowest Rayleigh quotient i. e. the frequency of the fiindamental mode of 
vibration if the floor is relatively 'weak! in the lateral direction, as is the case with Structure C. Therefore, in 
order to increase the frequency separation between the fundamental and the higher modes, whilst keeping the 
frequency of the fundamental mode more or less unchanged, it is necessary to increase stiffhess in the lateral 
direction, as this stiffness has little influence on the frequency of the fundamental mode and is engaged much 
more in the higher modes. 

Figure 6.35 shows the comparison between the measured results and those from the updated FE model. Five 

Pairs of modes were used for the correlation and it is clear that for the first three pairs, the natural frequencies 

match well with the corresponding MAC values all above 80%. This indicates significantly improved 

reliability of the analytical modelling compared to the pre-test model, the development of which was bascd 

mainly on engineering judgement. A list of starting and final updated parameters is given in Table 6.13. The 
list indicates some fundamental properties related to the dynamic behaviour of in-situ cast PT floors which 
will be discussed further in Chapter 7. 

Table 6.13: Structure C (Unclad) - Starting and final FE model updating parameters- 
Updated parameter Starting model and/or value Final model/value 

Dynamic modulus of concrete 38.0 GPa 40.5 GPa 
Concrete densitv 2400 kg/m3 2400 kglm3 

North lift shaft vertical Pin support (infinite stiffhess) 
750.10' Win per each of five 

stiffness vertical COMBIN14 springs 
BEAM4 uniaxial beam having 

Columns Pin support (infinite vertical and 1500/200 nun cross section; full 

no rotational stiffhess) column height of 2-2.79 m 
modelled; column ends fully fixed 

Lateral floor stiffness in E-W 10% of the stiffhess in the ribbed 25% of the stiffhess in the ribbed 
direction N-S direction N-S direction 

Torsional stiffness of edge 
Stiffness KT corresponding to a 

beams rectangular 10501300 mm cross 5-K T 

section 
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6.4.2 Structure C (Clad): FE Model Correlation and Updating 

The main aim of the FE model updating, based on the experimental results gathered during the second round 
of modal testing of a bare floor in the clad building, was to create a more reliable analytical model suitable 
for the simulation of walking responses which were also measured during this round of dynamic testing in 
June 1996. 

As natural frequencies changed between the bare floor in the unclad and clad building, it was clear that the 
previously updated FE model having the fundamental mode at 6.0 Hz would no longer be suitable for the 
simulation of walking responses measured on the floor now having the first measured natural frequency of 
6.4 Hz- Table 6.14 shows a comparison of the first three natural frequencies measured in the unclad and clad 
building. 

Table 6.14: Structure C- Comparison of the first three measured natural frequencies for the bare floor in 
the unclad (December 1995 measurements) and clad (June 1996 measurements) building. 

Mode No. Unclad building Clad building 
[Hzj [Hzj 

1 6.0 6.4 
2 6.5 6.9 
3 8.1 8.2 

Obviously, something changed between December 1995 and June 1996 which caused the stiffening of the 
floor system and increases in the natural frequencies of interest. Apart from the temperature, which was 200C 
higher in June than in January, other visible changes were the presence of the installations underneath the 
floor (Figure 5.78) and the facade wall. These are difficult to model and it was hoped that the updating 
cxcrcise would provide a better understanding of the effects of the installations and fagade and of their 
modelling. Also, it was possible that some other unforeseen factors might have affected the natural 
frequencies. 

A very good starting point for this round of FE model updating was the already updated FE model for the 
floor in the unclad building (Table 6.12 and Figure 6.34). 

After several trial and error attempts the following parameters were selected for updating: 

" The dynamic modulus of concrete; 

" Ile lateral floor bending stiffhess; 

" The main longitudinal floor bending stiffhess; 
Material density to take into account the weight of additional installations; 

Ile stiffness of columns along the East, West and North floor outer edges (Figure 5.66). 

After approximately 70 simulations, an updated FE model was developed. Its correlation with the measured 
mode shapes and natural frequencies are shown in Figure 6.36. Seven pairs of experimental and analytical 
modes correlated quite well in terms of mode shapes and natural frequencies, and a visual comparison of the 
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first three correlated mode pairs is shown in Figure 6.37. A list of measured and updated frequencies in given 
in Table 6.15. 

Table 6.15: Structure C (Clad) - Measured, starting model and updated model frequencies, and unity 
scaled modal mass of the updated FE model. 

Mode No. 
Measured natural 

frequency 
[Hzl 

Starting FE model 
natural frequency 

[Hzj 

Updated FE model 
natural frequency 

[Hzj 

Modal mass of 
updated modes 

[kgl 
1 6.4 6.0 6.4 72,649 
2 6.9 6.5 6.9 56,264 
3 8.2 8.1 8.2 49,286 
4 10.2 10.5 10.2 60,455 
5 11.9 12.9 12.4 59,745 
6 15.0 15.7 15.3 61,952 
7 17.4 16.0 17.4 55,753 

A list of starting and final updated parameters which led to the much improved matching of frequencies and 
mode shapes in the updated FE model is presented in Table 6.16. All updated parameters are within 
reasonable boundaries. 

Table 6.16: Structure C (Clad) - Starting and final FE model updating parameters. 
Updated parameter Starting mod2l and/or value Final model/value 

Dynamic modulus of 
concrete 40.5 GPa 42.7 GPa 

Additional mass of 0 kg/M3 10 kg/m3 installations 
North lift shaft vertical Pin support (infinite stiffness) 

750.106 N/m per each of five 
stiffness vertical COMBIN14 springs 

North lift shaft rotational 
stiffness along the longer Pin support (infinite stiffness) 

5.106 kNm/m per each of three 
lift shaft edge torsional COMBIN14 springs 

BEAM4 element having BEAM4 element having starting 

Columns 1500/200 mm cross section; HI bending and axial stiffiless values 
(artificially) increased four times; 

column height of 2.2.79 m full column height of 2-2.79 m modelled; column ends fully fixed 
modelled: oIumn ends fully fixed 

'Smeared' stiffness modelled with Main floor stiffness in N- SHELL63 elements corresponding 16% increased staring 'smeared' S direction inribbed' to Im spaced 350 mm deep and stiffness area 65 0 mm wide beams with aI 10 mm 
thick slab 

Lateral floor stiffness in 25% of the stiffness in the ribbed N- 14% of the increased stiffness in the 
E-W direction S direction ribbed N-S direction 

Torsional stiffness of 5. K 5. KT 
edge beams T 

It should be mentioned that the relatively high dynamic modulus for concrete increased ftirther. This increase 
probably accounts for the effect of concrete ageing, whilst the relatively high absolute value may be 
explained by the fact that concrete designed as C50 actually achieved strength of approximately 70 MPa 
(]3cnnett, 1997). 
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Another interesting observation is that the main stiffness of the ribbed area increased by 161/o, whilst the ratio 
of the lateral to main bending stiffness of the floor decreased from 25% to 14%. This re-distribution of 
stiffness may be explained by the stiffening cffects of the services which were attached to the soffit of the 
floor (Figure 5.78). Also, as the whole floor area was cast without any construction joints it is possible that 
due to creep and shrinkage in the longer E-W direction (which was not prestressed), some micro-cracking 
occurred in the N-S direction. This micro-cracking could have reduced the relative stiffhess of the E-W 
direction compared to the N-S direction. These are, however, only educated guesses and no additional proof 
to support them has been obtained. 

Finally, the reason for the significant increase in the bending stiffhess of the columns probably reflects the 
stiffening effects of the fagade. 

The updated FE model having the natural frequencies shown in Table 6.15 was subsequently used for the 
harmonic and transient simulations of the walking responses to WM I, WM2 and WM3 excitation. 

6.4.3 Structure C (Clad): Hannonic Analysis 

Figure 6.38 shows two point mobilities corresponding to the antinodes of the I" and 2d analytical modes of 
vibration. These antinodes are very close to T? 38 and TP32 which were established as the antinodes of the 
I" and 2 nd measured modes (Figure 5.82), respectively. Consequently, TP38 and T? 32 are also the test points 
where the maximum measured RMS acccleration responses occuffcd (Table 5.18). 

Table 6.17: Structure C (Clad) -A summary of harmonic forces and FRF peak values used to simulate 
resonant excitation by WM 1, WM2 and WM3. 

Naftu-al WMI WM2 WM3 
Test Accel Excitation frequency force force force FRF; FRF peak [M/S 2j 

@ harmonic exci e 
1 [N] [N] [N] 

I. Ic TP38 T- 6.4 75 40 48 H(38,38); 0.000728 
2.1a TP32 3 rd 6.9 75 37 48 H(32,32); 0.000700 

Table 6.18 presents the simulated acceleration responses in terms of (10 s) gRMS values obtained after 

scaling the FRF peaks. 

Table 6.18: Structure C (Clad) -A comparison of analytically calculated and experimentally measured 
responses for the excitation by WM 1,2 and 3, assumed to be stationar y. 

Natural WMI WM2 WM3 

Test Excitation frequency Measured simulation simulation simulation 
harmonic excited [%gRMS] [%gRMS] [% gRMS] [%gRMS] 

PIZI (Error) (Error) (Error) 
LIC 3d 6.4 0.0855 0.394 (360%) 0.208 (1431/o) 0.252 (195%) 
2.1a 57ýr-- 6.9 0.0954 0.378 (297%) 0.186(95%) 0.242 (154%) 
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'Mese results show that the 3' harmonic modelling using WMI and WM3 overestimate the response 
considerably, particularly in the case of WM 1, whereas VAU performs slightly better. 

6.4.4 Structure C (Clad): Transient Analysis under Moving Excitation 

Similarly as for Structures A and B, the three walking models were assumed to move with a constant speed 
along WPs I and 2 (Figure 6.34). Along each straight path, equidistant nodes spaced every 0.3 m exist. 
Experimentally investigated WP3 (Figure 5.82) was not modelled due to computational limitations. As the 
natural frequencies of the two modes were above 6 Hz, the pacing rates required were greater than 2 Hz 
leading to the assumed step length of 0.9 m. Limitations in the computing power available also governed the 
decision to simulate only 60 s of acceleration responses due to walking instead of 120 s which were 
measured. However, as in the case of Structures A and B, the 60 s simulated acceleration time-history proved 
to be sufficient to establish clearly the response trends. 

Of five groups of experimental tests, only Tests 1.1,2.1 and 3.1 (along WP I and 2) were simulated and the 
responses were calculated at the FE nodes corresponding to the geometric locations where the measurements 
were made (Table 5.18). In addition, the responses were also calculated at theoretical antinode points for 
modes I and 2, respectively. This was done to obtain the maximum theoretical responses for comparison 
with the response simulations which were measured at the three points: T732, TP35 and TP38- This is 
because T? 32 and TP38 were not exactly at the theoretical antinodes of modes I and 2, calculated using the 
updated FE model. 

An example of an acceleration response simulation to moving WMI walking excitation is given in Figure 
6.39 whilst RMS acceleration trends for antinode responses to WMI simulation of Tests 1.1,2.1 and 3.1 are 
shown in Figure 6.40. Similarly as for WMI, the response to a 'rolling' sinusoid representing WM2 was 
calculated (Figure 6.3 9) and three 10 s RMS trend analyses corresponding to antinodes of modes I and 2 are 
presented in Figure 6.41. A summary of all simulations in terms of maximum 10 s RMS accelerations is 
given in Table 6.19. 

Table 6.19: Structure C (Clad) -A comparison of analytically calculated and experimentally measured 
maximum responses for the excitation by WM 1,2 and 3, assumed to be moving. 

Test 

-. 

Excitation 
harmonic 

Natural 
frequency 
excited 

[Hzl 

Measured 
[%gRMS] 

WMI 
simulation 
[%gRMS] 

(Error) 

WM2 
simulation 
[%gRMS] 

(Error) 

WM3 
simulation 
[%gRMS] 

(Error) 
IT 3 rd 6.4 n/a 0.134 (n/a) 

- 
0.070 (n/a) 0.085 (n/a) 

Lla 3 rd 6.4 0.0770 0.110 (43*/o) 0.054 (-2 1 I/o) 0.065 (-22'Yo) 
I. lb 3rd 6.4 0.0841 0.119 (4 1 */o) 0.069 (-13*/o) 0.083 (-2*/o) 
I. Ic 57, T- 6.4 0.0855 0.133 (56"/o) 0.062 (-18%) 0.075 (-17%) 
2.1 0 3 rd 6.9 n/a 0.110 (n/a) 0.050 (n/a 0.065 (! Va) 
2.1a 3 rd 

- 
6.9 0.0954 0.110 (15%) 0.050 (41%) 0.065 (-61%) 

2.1c T - 6.9 0.0860 0.108 (26%) 0.047 (-36%) 0.061 (-53/o) 
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Natural WMI WM2 WM3 
Test Excitation frequency Measured simulation simulation simulation 

harmonic excited [%gRMS] [%gRMS] [%gRMS] [%gRMS] 
[Hzj (Error) (Error) (Error) 

3.1' 3 rd 6.4 rL/a 0.110 (n/a) 0.054 (n/a) 0.065 (nW 
3.1a 6.4 0.0550 0.081 (47%) 0.041 (47%) 0.050 (421/6) 
3.1b 57, T 

- 
6.4 0.0820 0.109 (33%) 0.053 (-27%) 0.064 (-341/o) 

3.1c 571 6.4 0.0577 0.094(63%) 0.048 (40%) 0.058 (11Y. ) 
Response calculated at a theoretical antinode point for the analytical FE mode excited. 

Ile results show that for the natural frequencies of 6.4 and 6.9 Hz, the performance Of NVM 1 (3 rd harmonic) 

modelling improved when the excitation was assumed to be moving. The same assumption led to the general 
underestimation of responses using WM2 and WM3. 

6.5- Structure D: Parametric Investigations 

Parametric investigations pertinent to Structure D were its FE model correlation and updating, and the 

response calculations. 

6.5.1 Structure D: IFE Model Correlation and Updating 

The main aim of the FE model updating was to find analytical modes of vibration which match the 
experimentally measured floor modes at 8.52 Elz and 8.92 Hz, which were excited by the 4' harmonic of 
walking in the experiments (Figure 5.98). As with Structures A, B and C, described previously, the starting 
model was the pre-test FE model (Figure 5.86). This model was refined through the following six phases: 
Phase 1: Equidistant nodes at 0.3 m were generated along WPs I and 2 (Figure 5.87 and Figure 6.42). 

T'he model remained fully pinned (as was the pre-test model), with no edge beams and no 

ramp. T'he slab was modelled with 225 mm thick isotropic SHELL63 elements assuming 

material density of 2400 kghný and dynamic modulus of 38 GPa. 
Phase 2: Same as the Phase I model, but with the ramp modelled as having a fully fixed far edge 

(Figure 6.42). 
Phase 3: Same as the Phase 2 model, but with upstanding edge beams modelled (Figure 6.42). 
Phase 4: Same as the Phase 3 model, but with columns modelled (though not column heads). Column 

supports modelled as fidly fixed (Figure 6.42). 
Phase 5: Same as the Phase 4 model but with column heads modelled as short bar elements (Figure 

6.42). 
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Phase 6: Same as the Phase 5 model but with orthotropic shell elements where the bending stiffness in 
the N-S direction was reduced to 87% of the stiffness in the E-W direction. 

For each of the six updating phases, natural frequencies, MAC and COMAC values were calculated using 
the 59 test points and the portion of the FE model which corresponded to it (Figures 5.87 and 6.45). Due to 
the high modal density of this structure, the 'manual' updating proved to be very difficult, particularly with 
regard to the interpretation of the MAC matrix. For example, the finally updated FE model had 20 modes 
between 8.51 Hz and 10.82 Hz (Table 6.20, and Figures 6.44 and 6.45) of which only four were matched 
with the measured modes (Figure 6.46). Figure 6.43 shows the pairing of the natural frequencies of these 
four correlated experimental (data Set 1) and analytical (data Set 2) mode pairs which are circled in the MAC 
matrix as well as the corresponding COMAC values. Analytical modes I and 3, clearly, matched the two 
modes excited by waWng, which was the principal aim of this exercise. 

Table 6.20: Structure D- Measured, initial model and updated model frequencies, and unity scaled 
modal mass of the updated FE model. 

Measured natural Starting FE model Updated FE model Modal mass of Mode No. frequency natural frequency natural frequency updated modes 
[Hzj [Hzj [Hzj [kgl 

1 7.99 7.03 8.51 99,328 
2 8.52 7.47 8.92 109,731 

,3 8.72 7.79 8.93 99,818 
4 8.92 7.85 9.26 71,656 
5 9.28 7.89 9.30 56,550 
6 9.94 8.00 9.34 54,548 
7 10.39 8.31 9.39 73,185 
8 11.07 8.36 9.44 94,750 
9 11.17 8.79 9.52 13,157 
10 11.93 8.80 9.54 46,306 
11 12.65 8.88 9.60 34,349 
12 16.72 8.92 9.64 12,045 
13 n1a 8.96 9.65 123,780 
14 n/a 8.99 9.78 106,341 
15 n/a n/a 9.86 50,859 
16 n/a n/a 10.11 32,332 
17 n/a n/a 10.28 24,315 
18 n/a n/a 10.37 99,525 
19 n/a n/a 10.48 70,915 
20 n/a n/a 10.82 34,093 

The first measured mode at 7.99 Hz was a relatively weak one and it is possible that it is a mode 
corresponding to the lower floor levels, which is, probably, the reason why it could not be replicated by the 
FE model which neglected other floor levels. The relatively coarse test mesh which failed to capture some of 
the local modes (Figures 6.44 and 6.45) was probably the main reason why a better correlation between the 
measurcments and analysis was not achievcd. 

The list of starting (Phase I model) and final (Phase 6 model) updating parameters is given in Table 6.2 1. 
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Table 6.2 1: Structure D- Starting and fmal FE model updating parameters. 
UPdated parameter Starting model and/or value Final model/value 

Dynamic modulus of 
concrete 38 GPa 37.71 GPa 

P/M3 Concrete density 2400 ka/m3 2300 k_ 
BEAM4 element having square 

Columns Pin support (infinite stiffhess) cross section; full column height of 
3.05 rn modelled; column ends fully 

fixed 
Modelled using a 0.4 ni long elastic 

Column heads Not modelled 
beam element with a square cross 

section having the bending stiffness 
9.5 greater than the column stiffness 

Floor bending stiffhess in Same as the bending stiffhess in the 87% of the bending stiffness in the 
N-S direction E-W direction E-W direction 

Ramp Not modelled 
Modelled with SHELL63 elements; 

fullv fixed lower end of the ramp 
Stairwell Not modelled Modelled with fiillv fixed ed2es 

This updating exercise provided an insight into some rather interesting features of the vibration behaviour of 
Structure D. 

Firstly, as with structures B and C having cast in-situ columns, to achieve this level of correlation with the 
experiments it was necessary to model the columns, which proved to be a major source of the slab's overall 
stiffness. In addition, the column heads appeared to be an important modelling feature as the calculated 
frequencies were particularly sensitive to the assumed bending stiffhess of the relatively short column heads. 

Secondly, whereas the total calculated weight of the slab, excluding the edge beams and columns, was about 
1020 tonnes, the largest unity-scaled modal mass was only about 12% of this, as shown in Table 6.20. 
Moreover, the same table also identifies modes having natural frequency lower than 10 Hz and possibly 
excitable by the 4h harmonic of walking, which have a modal mass as low as 5% of the total floor mass. 

Finally, locating the prestressing tendons in two orthogonal directions and the presence of four construction 
joints in the E-W direction, may have resulted in the development of orthotropic properties in the flat slab. 
As a consequence the floor's bending stiffness in the N-S direction is estimated to be slightly lower (13%) 

thm in the E-W direction. 

6.5.2 Structure D: Harmonic Analysis 

Figure 6.47 shows two FRF point mobilities corresponding to the antinode of the first analytical mode 
correlated with the experiments (mode I at 8.51 M, Figure 6.46) calculated by using the mode superposition 
technique. The first FRF (black line) is calculated superimposing the first 20 modes, whilst the blue line 
denotes an FRF generated using only mode 1. Similarly, Figure 6.48 shows a pair of point mobilities 
corresponding to the antinode of the second correlated mode (mode 3 at 8.93 Hz, Figure 6.46). Again, the 
black line presents the results of superimposing the first 20 modes, whereas the blue line represents the 
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frequency response of mode 3 only. In these calculations the values of modal damping corresponding to the 
four Correlated modes were taken from experimental measurements, whilst the modal damping in other 16 
uncorrclated modes was assumed to be Mo, which is reasonable considering the measured damping values 
(Table 5.2 1). 

As the antinode points for modes I and 3 are very close, the two 20-mode point mobilities look practically 
identical. These two antinodes are very close to TPI, where the acceleration measurements were made, so 
the analytical and experimental results are comparable. 

The plots of the four FRFs quite clearly demonstrate the superimposing effect of the closely spaced modes, 
as opposed to SDOF models where this effect does not exist. This is quantified in Table 6.22, which presents 
the summary of the pertinent FRF peaks. It is obvious that the SDOF models underestimate the response, but 
it is also clear that the maximum responses for individual modes do not simply add up as there is a phase lag 
between them. 

Table 6.22: Structure D-A summary of FRF peak values corresponding to single- and multi-mode FRF 
calculations. 

Test Accel. @ 
Natural 

frequency Number of modes 
used in the FRF FRF peak 

I excited 
[Hzj calculation 

[m/s ] 

1.1 Mode I antinode 8.51 20 0.000812 
1.1 Mode I antinode 8.51 1 0.000521 (underestimation: 36*/o) 
2.1 Mode 3 antinode 8.93 20 0.000691 
2.1 Mode 3 antinode 8.93 1 0.000519 (underestimation: 21 %) 

Of the three walking excitation models, only V; W is applicable, to Structure, D, as WM I does not provide 
information about the 4h harmonic excitation, and WM3 is valid only up to 7.2 fi[z which is well below the 
frequency of the two modes excited. Table 6.23 presents the simulated acceleration responses in terms of 
(10 s) gRMS values obtained after scaling the FRF peaks. 

Table 6.23: Structure D-A comparison of experimentally measured and analytically calculated 
maximum responses for the excitation by Van, assumed to be stationary. 

Natural 

t 
Excitation frequency T 

Harmonic Number of modes Measured WM2 simulation es harmonic excited 
force used in the FRF [%gRMS] [% gRMS] (Error) 
[N] calculation [Hzj 

1.1 40' 8.51 30 20 0.1579 0.174 (1 0*/o) 
1.1 8.51 30 1 0.1579 0.112 (-29*/o) 
2.1 4 th 8.93 28 20 0.2200 0.142 (-3 6*/o) 
2.1 8.93 28 1 0.2200 0.106 (-52*/o) 

A number of reasons could have contributed to the underestimation of measured gRMS values in three out of 
four calculated responses using harmonic response analysis. 

Firstly, as Structure D was in open-space, the measurements consisted not only of responses to the 4d' 
harmonic of walking, but also of responses to unmeasured ambient excitation. As Figure 5.103 illustrates, 
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this unmeasured part of the excitation could have produced a quarter (or even more) of the total RMS 
response. This indicates limitations of using open space structures for these exercises. 

Secondly, it is possible that the actual participating modal mass of the floor was lower than predicted by the 
FE model if parts of this large structure, away from the walldng paths, were not contributing to the 
responses. 

Thirdly, the assumption of pure resonance conditions made in the harmonic analyses leads to responses 
which are very sensitive to the assumed value of damping. However, damping is traditionally an unreliable 
modal parameter and large errors in its estimation generate similarly large errors in the response calculations 
when resonance is assumed. 

Finally, it is possible that WM2, simulating the 4th harmonic excitation, is not accurate in this frequency 

range. 

The above given reasons probably all contribute to the analytical underestimation of the measured responses. 
Nevertheless, the results provide some insight into the confidence margins of the results obtained. 

6.5.3 Structure D: Transient Analysis under Moving Excitation 

Figure 6.42 shows two walking paths used for the simulation of moving walking excitation, similarly as for 
Structures A, B and C. Only responses to the moving V; W excitation have been calculated as WM I and 
WM3 are not applicable for the same reason as given in the previously described harmonic analysis. As the 

Pacing frequencies required were greater than 2 Hz (4h harmonic greater than 8 liz), the pace length assumed 
in these analyses was 0.9 m. Limitations in the computing power governed the decision to simulate only 30 s 
of acceleration responses which was sufficient to describe at least a single pass along WPs I and 2. 

Tests 1.1 and 2.1 were simulated and responses calculated at the antinodes of the analytical modes I and 3. 
However, as the number of modes in the mode superposition harmonic analysis seemed to be important, a 
similar Parametric study with both single and 20 modes was performed here as well. The results of this 

Parametric study are shown in Table 6.24. 

Table 6.24: Structure D-A comparison of analytically calculated and experimentally measured 
maximum rcsDonses for the excitation by WM2, assumed to be moving. 

Natural Number of modes WM2 simulation 
Test Excitation frequency used in the Measured [%gRMS] 

harmonic excited response [%gRMS] (Error) 
[H. z] calculation 

1.1 4h 8.51 20 0.1579 0.0445 (-72%) 
1.1 8.51 1 0.1579 0.0372 (-761/o) 
2.1 8.93 20 0.2200 0.0417 (-8 1 %) 
2.1 8.93 1 0.2200 0.0374 (-83%) 
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As for the steady state harmonic analysis, ambient excitation, a limited floor vibration participating area, 
inaccurate damping and poor modelling of the excitation could all have contributed to the underestimation of 
responses. As expected, the amount of underestimation is, nevertheless, greater than in the non-moving case. 
This is because the moving excitation generally produces lower responses than the relevant stationary 
Cxcitation for the same amplitudes of forces. Finally, it is interesting to note the differences between the 
single- and multi-mode response analyses (rable 6.24, and Figures 6.48 and 6.49). 
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7 Discussion 
The modal testing and FE model updating exercises, described in Chapters 5 and 6, required simultaneous 
consideration of experimental and analytical results. This interdependency between the experiments and 
analysis also existed in other parametric studies related to the structural dynamic responses due to walking. 
Therefore, a considerable detailed discussion of the results of this research has already been presented in die 
previous two chapters. 

This chapter presents an overview of the most important results which will serve as the basis for conclusions 
and recommendations for future work. The discussion firstly addresses the findings related to: (1) the 

modelling of walking (vibration source), (2) the boundary conditions, and mass, stiffness and damping 

Properties of the floors investigated (vibration path), and (3) the assessment of the measured and calculated 
vibration levels (vibration rating). In light of these, an overview of the underpinning assumptions and a 
critical assessment of the CSTR43 vibration serviceability provision is given at the end of this chapter. 

7.1 Vibration Source Considerations 

Excitation caused by a single person walking as the main source of office floor vibration was modelled using 
three pre-selected walking models: WMI, WM2 and WM3. As explained in Chapter 6, these three models 
vary considerably although they represent the same thing -a single average person walking. Each of the four 

structures tested had at least one natural frequency which could be excited by the 2nd, 3rd or 4h harmonic of 
the walking forcing function. However, the response measurements performed on Structure D were 
discarded from this exercise due to unreliable experimental data. 

Two principal methods of analytically applying each of the three forcing functions were considered: when 

the force is stationary, as recommended in practically all current design guidelines, and when it is moving. 
Only responses to prolonged continuous excitations were considered in the following comparisons. 

7.1.1 Assessment of WMI Performance 

Figure 7.1 presents a comparison of the maximum experimental and analytical responses to the 2 nd harmonic 

walking excitation, where WMI was used in the analysis. Only Structures A and B had natural frequencies 

sufficiently low that they could be excitable by this harmonic. Whilst the stationary WMI overestimated 

responses of Structure A considerably, it performed much better in the case of Structure B. The assumption 

of the moving WMI, when its 2nd harmonic excites the resonance, underestimated the responses for both 

stnictures 
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Figure 7.2 presents similar results, but for WMI P harmonic excitation. Six natural frequencies on three 

structures were excitable. It is clear that the stationary WM I exciting pure resonance overestimated all the 

measured results considerably. Depending on the natural frequency of the system, this overestimation may 
be up to 617%, as shown in Figure 7.7. 

Probably the main reason for this is that the same dynamic loading factor of 0.1 is assumed for both the 2 nd 

and 3rd harmonics of walking (CEB, 1991). It is likely that the dynamic loading factor for the latter harmonic 

would require reduction. However, when assumed to be moving, the Yd harmonic excitation of WMI 
Performed much better as it was still conservative, but to a much lesser extent (Figure 7.7). 

7.1.2 Assessment of WM2 Performance 

Figure 7.3 shows that VAU, even when assumed to be stationary, may underestimate slightly the responses 
Produced by the relatively brisk walking which 2 nd harmonic excites the resonance. 

However, Figure 7.4 shows that the simulations of the 3rd harmonic walking excitation by the stationary 
VvrM2 overestimated all responses, but to a lesser extent than the WM I simulations. 

The moving WM2, nevertheless, underestimated a considerable number of measured responses for both the 
2"d and Yd harmonic excitations. This was to be expected considering that the development of the stationary 
WM2 model actually took into account the fact that the force moves (Eriksson, 1994). 

7.1.3 Assessment of WM3 Performance 

Figure 7.5 indicates that the halving of the WM3 harmonic excitation amplitude of 96 N to 48 N at 4.8 liz 

may be unrealistic in the case of the 2nd harmonic excitation. It can be seen that a stationary WM3 at 4.7 Hz 

Overestimates the measured response by 72% and then at 5.0 Hz underestimates it by 21%. A smoother 

change of the excitation amplitude at 4.8 Hz may be more realistic. 

Regarding the V harmonic excitation, the stationary WM3 overestimated all responses in a manner which 

Produces overconservative results for frequencies lower than 4.8 117, when the greater 96 N harmonic force 

is applied. For frequencies above 4.8 Flz when the excitation amplitude is halved, the stationary WM3 

overestimated results less than WM 1, but more than WM2- 

The moving WM3 may underestimate the responses above 4.8 Hz- 
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7.1.4 Additional Observations 

7.1.4.1 SUMMARY OF 3" HARMONIC MODELLING ERRORS 

As the 3 ird harmonic excitation is particularly important when checking vibration serviceability of low- 
frequency floors in office buildings (Wyatt, 1989), Figure 7.7 presents errors made when calculating the 

maximum 10 s RMS acceleration responses to this excitation. A cursory inspection of this figure indicates 

that the following two walking forcing models performed best regarding the 3 rd harmonic excitation: 

WMI, provided that it is modelled as a moving force, which is not how the CEB (1991) intended it to 
be applied (the moving force is expensive to analyse in the time domain, but it overestimates the 
results least), and 

WM2, provided that it is modelled as the stationary force (which is less expensive than the moving 
WM I to analYSe, but over-estimates the results more than the moving WM 1). 

7.1.4.2 4"' HARmoNic ExcrrATioN 

Test 3.2 performed on Structure B clearly showed that the 4' harmonic excitation may be an issue in the case 

of a higher mode of vibration which has sufficiently low natural frequency and modal mass. Whereas WM I 

does not have any provision for this harmonic, Figure 7.8 shows the results of the relevant WM2 and WM3 

simulations. 

Ile importance of the e harmonic walking excitation has been proven to some extent by the discarded 

response tests on Structure D. The two modes at 8.52 Hz and 8.92 Hz were clearly excited by the 4th 
harmonic of walking (Figures 5.102 and 5.103, respectively), though in a manner difficult to quantify due to 

extraneous excitation. In addition, the updated FE model of Structure D indicated a possibility for a number 
of additional local and closely spaced modes of vibration excitable by the e harmonic of vibration to occur. 
Having much lower modal mass than the modes at 8.52 Hz and 8.92 Hz (see Table 6.20), these local modes 
could have developed substantial responses to the e harmonic excitation. This hypothesis, however, has not 
been experimentally confirmed. 

7.1.4.3 TRANsiENT vs. CoNuNuous ExcrrATioNs 

Tests on Structure A indicated that a single pass across a floor may lead to lower responses compared to 

prolonged excitation. However, other tests, where the excitation duration for a single pass was prolonged due 

to longer walldng paths, did not corroborate this observation. 

Indeed, response tests performed on Structures C and D demonstrated that in the case of walking along 

continuous in-situ cast concrete floor surfaces, vibrations are not confined to a local area of the floor which is 

excited. Vibrations in the panel where the measurements were made can build up as the walker approaches it 
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traversing the floor area several panels away, as qualitatively shown in the response measurements on 
Structure D (Figures 5.102 and 5.103). 

Also, experimental measurements and response calculations showed that in virtually all four test cases a 
certain time was required to build up the vibrations (approximately 10-20 s, depending on the length of the 
walking path and speed of walking). The peak level of RMS acceleration was not constant and it fluctuated 
as the walker was approaching and moving away from the point where the responses were 
measured/calculated (typically an antinode of the mode of vibration excited). This showed that the steady- 
state resonance conditions with a constant level of response had never been reached in any of the tests. 

7.1.4.4 STOWING IN PLACE 

'Resonant' stomping in place at the antinode of Structure A's fundamental mode of vibration produced lower 

responses than the 'resonant' walking along the structure, where the force was applied over a range of lower 

amplitudes of the fundamental mode shape. This was somewhat surprising, but may be explained by: 

I. the dampening effects of the human body positioned at the antinode while stomping, and 
2. lower excitation levels, as the manner in which a human body moves when walking is different to the 

one when stomping in place. 

7.2 Vibration Path Considerations: Floor Boundary 
Conditions, Mass, Stiffhess and Damping 

Modal testing of prototype floors and FE model updating exercises indirectly provided a unique insight into 

the boundary conditions, mass, stiffness and damping ProPertics of the structures tested. 

7.2.1 The Effects of Columns 

FE model updating of the three concrete slabs (13, C and D) supported by in-situ concrete columns, 

undoubtedly proved that the bending stiffness of the columns was a major source of the floors' overall 
bending stiffhess. Modelling of columns as vertical pin-supports allowing free rotation was shown not to be 

warranted. Although based on a limited sample, the consistency of this observation resolves the problem of 

conflicting information about the cfTects: of in-situ columns identified in the published literature, as described 
in Chapter 2. 

Also, the updating of Structure D demonstrated that in the case of directly supported flat slabs, the column 
heads require careful consideration as natural frequencies may be sensitive to their bending stiffness. 
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7.2.2 Stiffness of Band Beams 

'Me investigation of Structure C demonstrated that the width of wide and shallow band beams, which are 
very common in ribbed PT floor design, contribute considerably to the lateral bending stiffness of the floor. 
A standard orthotropic shell element, such as the ANSYS SHELL63 element, having 'smeared' density and 
stiffhess properties proved to be suitable for modelling this effect. Proper modelling of the increased lateral 

stiffness due to the effects of the width of the band beams is important as it enables a larger area of the floor 
to be engaged in vibration. This means that the rh mode which is excited will have greater modal mass m. 
and, therefore, lower acceleration response (Equations 3.15-3.17). 

For example, the modal mass of mode I was 78 tonnes assuming that the lateral stiffness of unclad Structure 
C is 25% of the longitudinal stiffness (Figure 7.9), as established by model updating. However, its 
fundamental mode counterpart was reduced to 54 tonncs when calculated assuming that the floor lateral 

stiffness was only due to the 110 mm think concrete slab (4.3% of the longitudinal stiffness). Unity scaled 
mode shapes were used in both calculations. This behaviour is observable in Figure 7.9 where areas of the 
floor further away from the antinode of mode I participate less in the case of the lower lateral stiffness. The 

case of the lower lateral stiffness, therefore, engages less of the total floor mass in the fundamental mode of 
vibration. As a consequence, the acceleration levels in this mode would be 45% greater if the lateral stiffness 
of the band beams was neglected, as the modal response is inversely proportional to the modal mass. 

7.2.3 Non-structural Components 

Tests on unclad and clad Structure C, separated by 6 months, indicated that cladding and services underneath 
the floor may have notably changed its bending stiffness in both orthogonal directions. However, additional 
factors which could have affected this apparent change in stiffhess were: the ageing of concrete, temperature 

Cffects and micro-cracking due to creep and shrinkage in the direction which was not prestressed. The exact 
contribution of these factors was not determined in this research. 

7.2.4 Extensive Concrete Cracking 

Extensive cracking of the long-span non-prestressed HSC floor Structure B caused a significant reduction in 

its natural frequencies. Modelling of this effect proved to be quite difficult, but a linear elastic approach 
based on 'smeared stiffhess' produced some relatively reasonable results. 

In the case of prestressed PT floors, however, such extensive cracking is not expected. Linear elastic 

modelling assuming gross sectional properties proved to be realistic considering the measured vibration 

behaviour of PT floors. 
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7.2.5 Dynamic Modulus of Elasticity 

A value of dynamic modulus of elasticity of 38 GPa, as recommended by Wyatt (1989), was confirmed to be 
reasonable, although it could have been increased to 40 GPa or more for higher strength concretes. 

7.2.6 Modal Properties 

Floor modal properties, such as natural frequencies, and modal mass and stiffness, are governed by the 
spatial distribution of the floor mass and stiffhess. Specific features related to these, which were encountered 
in this research, were: 

I-ý closely spaced modes of vibration, 
2. local low-frequency modes, and 
3. low modal mass. 

7.2.6.1 CLOSELY SPACED MODES OF VMRATION 

Structures B, C and, in particular, D all had closely spaced modes of vibration to a varying degree. In all 
three Cases, experimental response measurements showed that it was not the fundamental, but rather the 
higher and relatively close modes that were producing maximum responses to walking excitation. Clearly, 
this provides overwhelming evidence that the use of simplified dynamic analysis of fiindamcntal floor modes 
only may not be sufficient when performing vibration serviceability checks. 

In addition, it is interesting to note that, in the case of the band-beam ribbed Structure C, the separation of 
modes was a function of the floor's lateral stiffness. The lower the lateral bending stiffness (relative to the 
main bending stiffness in the ribbed direction), the smaller the separation. 

Finally, numerical investigations performed using the updated FE model of Structure D showed that 
neglecting higher modes of vibration in mode superposition, when a global mode is the principal mode 
excited, was underestimating the calculated response. 

7.2.6.2 MODAL MASS 

A related issue to the closely spaced modes of vibration is their modal mass. Tables 6.8,6.15 and 6.20 show 
modal masses for Structures B, C and D, respectively, calculated using their updated FE models and unity- 
scaled mode shapes. It is clear that a considerable variation in the modal masses exists. For these three 
structures, the modal masses of the modes of vibration excitable by normal walking were often significantly 
lower than one-quarter of the total floor mass. Consequently, the key assumption of the 'rectangular plate 
method' (Wiliford, 1997) appears not to be conservative. This is important as the Concrete Society (1994) 
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guidelines for checking the vibration serviceability of PT concrete floors, which are presented in detail later 
in this chapter, are based on the 'rectangular plate method'. 

7.2.6.3 LocAL MoDEs 

A comparison of the results given for Structure B in Table 6.8 and Figure 6.22, and for Structure D in Table 
6.20 and Figure 6.44, shows that the lowest modal masses were associated with modes which engage a 
relatively small area of the floor. These modes have a strong potential of producing the largest responses and 
should be considered in design. However, local modes are difricult to predict using simplified methods 
suitable for hand calculations. Currently, the only practical way to establish the likelihood of having local 

modes of which the writer is aware is to perform accurate numerical FE modelling of the floor. 

7.2.6.4 MODAL DAWING 

Of all measured modal parameters, modal damping ratios were probably the least reliable. This might have 
been expected from the hammer testing of large structures when the hammer operator is present on the floor 

under test. For the four bare floor structures tested, such measured modal damping ratios were in the range 
between 0.59% (Structure A) to 2.32% (clad Structure Q with a relatively large scatter of results for each 
"cture tested. 

It is important to note here that, if pure steady-state resonance conditions are assumed, the responses are 
dominated by the resonant mode excited (Equations 4.3-4.7). The responses are then, more or less 
(depending on the separation between the modes), inversely proportional to the modal damping ratio 
assumed for the resonating mode. This means that this type of steady-state analysis is particularly sensitive to 

the modal damping ratio assumed, which is not a particularly reliable modelling parameter. Nevertheless, 

resonant conditions are frequently assumed in floor vibration serviceability calculations, mainly due to their 

analytical simplicity. 

In any case, a modal damping value of about 1% seems to be a reasonable assumption for bare floor 

structures. 

7.3 Assessment of Vibration Responses of Test Structure C 

An assessment of floor vibration performance under walking excitation can be based either on experimental 

measurements or on analytical calculations. The experience gained in this research is that the response build- 

up time, its fluctuating nature, as well as the effects of extraneous noise existing during the measurements 
should all be carefully considered. 
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7.3.1 Vibration Serviceability Assessment to BS6472: 1992 

BS6472: 1992 (BSI, 1992) is a revision of BS6472: 1984 (BSI, 1984) which has been withdrawn. The main 
differences between the withdrawn standard and its revision are in the treatment of various types of vibration 
and the VDV. Vibration due to walking in the current BS6472 should be considered as continuous, and not 
as intermittent, as in 13S6472: 1984. However, by allowing vibrations to be assessed by the VDV, the new 
standard allows intermittency of walking vibration to be taken into account by considering the number of 
Occurrences per day. 

Regarding walking excitation, there is very little published information on the frequency of trafficking of 
office floors. However, as reported in Chapter 2, Eriksson (1994) suggested that a repeat time for a single 
Person traversing an office floor can be assumed to be between 60 s (once every minute) and 3600 s (once 
every hour). 

If vertical RMS accelerations are used to assess office floor vibrations, then the maximum allowable 
weighted RMS accelerations are 0.02 M/S 2 for continuous daytime exposure lasting 16 hours between 7am 

and II pin. This formulation of the vibration limit typically assumes that vibrations are non-stop continuous 
and does not allow the intermittent nature of the walking vibration to be considered. 

However, the VDV formulation (Equation 2.4) allows for the exposure time T ": t2 - t, to be considered. 
13S6472: 1992 defines the various levels of adverse comment depending on the actual VDV calculated from 

the weighted acceleration time history a,, (t). These are given in Table 7.1 (Table 7 in BS6472: 1992). 

Table 7.1: Vibration dose values (VDV in ni/s") above which various levels of adverse comment may 
be expected in residential buildings. 

Level 1: Low Level 2: Adverse Level 3: Adverse Place probability of adverse comment possible comment probable 
comment 

Residential buildings 0.2 to 0.4 0.4 to 0.8 0.8 to 1.6 16h day exposure 
Residential buildings 

8h night exposure 
0.13 0.26 0.51 

Although BS6472: 1992 does not provide any information as to the rating of VDV values applicable to office 
buildings, considering that residential buildings generally have more stringent vibration serviceability 
criteria, the values in Table 7.1 corresponding to daytime usage seem to be on the conservative side and are 
appropriate for assessing the cffects of vibrations in office buildings. 

Another useful feature in BS6472: 1992 is the conversion procedure between the RMS accelerations and 
VDV. This is done by calculating the so called 'estimated VDV' denoted as 'cVDV' which is given as: 

eVDV = 1.4aRmsto* 25 Equation 7.1 

where: aRw [m/S21 is the weighted RMS acceleration calculated using Equation 2.3 and averaged over a 
limited time T= t2 - t, , and t [s] is the total exposure time which may be longcr than the averaging time 
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T. It should be mentioned that if, for example, the maximum 10 s RMS acceleration aRw. lo,, is used to 
represent aRw , the eVDV can be calculated as: 

eVDV = 1.4apms, low 
(n, I Osy'25 Equation 7.2 

where n is the number of floor crossings each of which is assumed to last 10 s. The application of the VDV 
and CVDV will be demonstrated using the following example. 

Let us assume conservatively that single pedestrians appear on the floor surface in a perfectly periodic and 
continuous manner every 10 s (therefore, return time is 10 s). Assuming that the maximum 10 s pMS 

acceleration aRKajo,, for such an excitation is, say, 0.04 m/s7, the 16h exposure to this vibration gives: 

eVDV = 1.4 - 0.04 - (5760 - 10)0'25 = 0.868m/sl*75 Equation 7.3 

as there are 5760 occurrences lasting 10 s each. A floor having this response, when assessed against the 
criteria given in Table 7.1, may be characterised as "adverse comment probable". which is likely not to be 

satisfactory for an office floor. However, if, say, a more realistic 5 minute (300 s) pedestrian return time is 

assumed (Eriksson, 1994), then there are in total 192 occurrences during 16h of exposure. In this case the 
CVDV is: 

eVDV = 1.4 - 0.04 - 
(192 - 10)0*25 = 0.37 Im/s"75 Equation 7.4 

The same floor has now improved its assessment and there is only a -low probability of adverse comment", 
which is more desirable for an office floor. 

This example shows clear benefits of applying the 1992 revision of BS6472, as its 1984 counterpart did not 
have the facility for considering the beneficial 'intermittence' of the walking vibration. Furthermore, the 

example illustrates how the information on the frequency of floor trafficking is becoming of key importance 

for floor vibration serviceability design. This information depends on the required function of the floor and 

should, ideally, become a part of the client's floor design brief. Finally and most importantly, it has also been 

demonstrated that unrealistic and unduly conservative assumptions may easily condemn a floor structure 
from the vibration serviceability point of view. 

7.3.2 Structure C (Clad): Assessment of Vibration Serviceability 

Of the four structures tested, only measurements from the clad Structure C provided acceleration responses 
due to walking on a realistic office floor structure which merited assessment in accordance with 
BS6472: 1992. This is also the most interesting structure, because it failed the CSTR43 vibration 
serviceability check, as reported in Chapter 5. 
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7.3.2.1 ASSESSMENT BASED ON MAxwm RMS AcCELERATION 

Figure 7.10 shows the levels of maximum measured (Table 5.18) and calculated (Sections 6.4.3 and 6.4.4) 

10 s RMS accelerations for modes I and 2 at 6.4 Hz and 6.9 Hz, respectively. These are plotted against 
BS6472: 1992 baseline curve (R=I), and curves 4 (R=4) and 8 (R=8). According to CSTR43, response factor 

Rý4 corresponds to maximum RMS levels appropriate for a 'special office' whereas R=8 is suitable for a 
'general office'. The response factor R is a number describing how many times the calculated RMS 

acceleration response is greater than 0.005 m/s2 RMS acceleration which corresponds to the baseline curve. 

Figure 7.10 clearly shows that the large differences between the actual and predicted behaviour may again 

easily condemn a sound floor structure from the vibration serviceability point of view. For example, it can be 

seen that whilst the 'worst-case' experiments indicate that the floor actually satisfies 'special office' 

requirements, some response calculation models, such as the stationary WMI and WM3, condemn it. 

Responses to stationary WMI are actually so large that the floor becomes a borderline case even as a 
'general office'. This is a powerful illustration of the possible consequences of large overestimation errors 
between the measured and calculated responses to the P harmonic of walking which were observed in this 

research and are illustrated in Figure 7.7. 

7.3.2.2 ASSESSMENT BASED ON ESTIMATED VDV 

Using Equation 7.1 VDV were estimated by utilising as aRw the maximum 10 s RMS accelerations given 

in Figure 7.10. Considering the ratings given in Table 7.1 as well as fiirther explanations given in 

BS6472: 1992, the writer interpreted VDV values lower than 0.4 m1sl-75 as satisfactory for 'special offices' 

(Level 1). Similarly, VDV between 0.4 and 0.8 m/s1-75 should be satisfactory for 'general offices' (Level 2). 

Three scenarios were investigated: (1) continuous vibration for 16 hours, (2) intermittent vibration lasting 

10 s every minute, and (3) intermittent vibration lasting 10 s every hour. A conservative assumption was 

made that the RMS acceleration peaks (Figure 7.10) were achieved and maintained during each 10 s of 

intermittent 
vibration. Figure 7.11 shows the performance of the clad Structure C gauged in terms of eVDV 

using various methods for obtaining the response to single person walking. 

Similarly as for RMS accelerations, measured responses indicated that the floor would have a satisfactory 

Performance if used as a 'special office'. However, the stationary WM I produces eVDV leading to "adverse 

comment probable" rating for non-stop excitation. This is not satisfactory even for a 'general office'. The 

Possible beneficial effects of intcrmittency of walking when calculating the VDV arc also illustrated in 

Figure 7.11. It is shown that even the stationary WM I produces satisfactory responses for a 'special office' 

for 10 s of walking occurring every hour. 
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7.4 Description of CSTR43 Provision and Assessment of its 
Performance 

Appendix G of CSTR43 proposes a method for calculating the dynamic response of PT floors of various 
structural configurations. As one of the aims of this project is to investigate the performance of this method 
and propose improvements, the writer considered it necessary to become as familiar as possible with the 
background of the method. Based only on information given in Appendix G of CSTR43 this background is 

not clear. Therefore close links were established with the authors of CSTR43 (Feltham, 1995; 1997) who 

willingly provided all necessary information related to the development of the vibration serviceability 
guidelines. 

7.4.1 Modelling of Excitation in CSIR43 

The walking force M2 determined by OhIsson (1982) is assumed to be the only excitation of the floor. The 
force shape is very similar to the one shown in Figure 2.16a and is assumed to be perfectly periodic- As such, 
the force is presented in terms of Fourier components given in Table 7.2. 

The M2 walking forcing function corresponds to the pacing frequency of 1.57 Hz (Le. 1.57 steps per second 

or 94 steps per minute). The data in Table 7.2 show that the higher harmonics have comparatively lower 

amplitudes, so only the first 13 harmonics were considered as important. Having only this excitation 

available, and in order to excite at least one floor resonance, another assumption made was that one of the 

first 13 harmonics always excites the floor's 'fundamental mode(s)'. Therefore, it was necessary to calculate 

all possible modes of vibration of the floor between 1.57 Hz and 20.4 Hz. This led to another series of 

assumptions related to the mathematical modelling and analysis of the floor. 

Table 7.2: Fourier components of M2 walking (static weight--687N) 
Harmonic 

No. 
Frequency f. 

IHZI 
Amplitude Ph 

[N] 
Phase 9h 
[degrees] 

Dynamic loading factor 

1 1.57 124 16.4 124/687=0.180 
2 2-1.57=3.14 93 199.0 93/687=0.135 
3 3-1.57=4.71 38 63.3 38/687=0.055 
4 4-1.57=6.27 27 63.2 27/687=0.039 
5 5-1.57=7.84 13 350.9 13/687=0.0 19 
6 6-1.57--9.41 10 17.8 10/687=0.0 15 
7 7-1.57=10.98 12 3.15 12/687--0.017 
8 
9 

8-1.57=12.55 
9-1.57=14.12 

11 
8 

340.6 
318.6 

11/687=0.016 
8/687=0.012 

10 10-1.57=15.69 4 329.8 4/687=0.006 
11 11-1.57=17.25 5 324.5 5/687=0.007 
12 12-1.57=18.82 4 306.6 4/687=0.006 
13 
14 

13-1.57=20.40 
14-1.57=21.96 

4 
4, -, 

284.3 
257.3 

4/687=0.006 
4/687=0.006, 
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Harmonic Frequency f. Amplitude Ph Phase (Ph Dynamic loading factor No. [Hzl [N] [degrees] 
is 15-1.57=23.53 '-5 '234.4 5/687=0.007 

7.4.2 Modelling of the Floor Structure and Response Calculations 

The calculation of natural frequencies and dynamic response in CSTR43 is based on a simplified 
4rectangular plate method' coupled with a somewhat streamlined mode superposition method. 

CALCULATION OF NATURAL FREQUENCIES AND MODE SHAPES 

The 'rectangular plate method' can be used for calculation of dynamic responses of floors with a regular 
rectangular grid (Figure 7.13a). The method considers separately two typical bays running in both orthogonal 
directions (shaded areas in Figure 7.13a). It assumes that each bay can be considered as a rectangular plate 
simply supported along its edges. If the bending stiffness in two orthogonal directions is different then each 
of the plates should be considered as orthotropic. 

The modes of vibration of such plates are assumed to be the same as the modes of vibration of the whole 
floor. As the analysis is concerned only with the lowest modes of vibration, the ordinates of the global mode 
shape of the floor considered must alternate between adjacent bays (i. e. rectangular plates) in both 
orthogonal directions. This is how two families (x and y) of mode shapes are created (Figure 7.13c). 

If, say, the x-direction bay is considered (Figure 7.13b), then the mode shapes and frequencies of the 
simplified rectangular plate are described by the numbers of half-waves in each of the two directions. In this 
case the natural frequency corresponding to such an assumed mode shape pattern is calculated as (Szilard, 
1974): 

44 
n,, E-1, 

nb 
f= E. ly -F Ix (ny 

-lyý 
Equation 7.5 

n. m 

where: n. is the number of half-waves in the x-direction, nb is the number of half-waves in the y-direction, 
E-1. and E-1 Y are the bending stiffnesses per unit width in the x and y directions, respectively, and rn is 
the slab's mass per unit area. 

CSTR43 assumes that m is uniformly distributed and consists of the self weight of all permanent structural 
and non-structural elements and installations plus 10% of the live gravity load. Also, if the floor is ribbed i. e. 
orthotropic, then another assumption is that beams are narrow so that only the slab's thickness contributes to 
the lateral stiffness of the plate in the direction where there are no ribs. It should be mentioned that this may 
cause large differences between E-1. and E- ly leading to numerous and closely spaced natural frequencies 
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when nb (or n. ), is kept constant whilst n. (or n. ). is changed (depending on which direction is 
analysed). 

As the CSTR43 method is concerned only with the low-frequency modes, only one half-wave is considered 
in the stiffer span direction of the bay analysed. For example, in the case shown in Figure 7.13b, and 
considering Equation 7.5, the shorter span is considered to be stiffer, so n. =3 and nb=1. CSTR43 
considers modes with two half-waves in the stiffer direction as generally much higher and not excitable by 
walking. 

7.4.2.1 CALCULATION OF ACCELERATION REsPONSE 

For the given floor configuration simplified by the equivalent rectangular plates, Equation 7.5 typically 

produces a number of frequencies between 1-5711z and 20AHz excitable by M2 walking. By using a mode 
superposition technique, the total floor response to all 13 walking harmonics is calculated as a linear 

superposition of individual responses of each mode to the 13 harmonics of excitation. Tbereforc, the problem 
has been reduced to the analysis of individual modes each of which is possible to be analysed as an 
individual mass-spring-damper SDOF system (Clough & Penzien, 1993). 

The acceleration response of a SDOF system having mass m, to each of the 13 sinusoidal harmonics given 
in Table 7.2 is calculated using the well known formula (Clough & Pcnzien, 1993): 

Ph fh I 

Rh W M. F. )- 
Sn(27Cfht -(Ph) Equation 7.6 

_( 
fil )2 )2 

+(2qn(fh 
))2 fh- 

in fn 
Fn 

) 

where: Ph, fh and Th are the amplitude, frequency, and phase angle of the hý excitation harmonic, as given 
in Table 7.2, and m., f. and q. are the SDOF mass, natural frequency and damping ratio. 

The total SDOF response to all 13 harmonics is given in terms of RMS accelerations, and, as such, has been 

calculated by summing individual sinusoidal peak acceleration responses 3'kpeak to all 13 harmonics (each 

calculated using Equation 7.6) as follows: 

hpnk 

RW 2 
Equation 7.7 

These analyses were repeated for a range of SDOF systems having constant mass m. of 1000 kg when the 

natural frequency f. of the SDOF system was parametrically increased from I Ift to 20 F[z. The RMS 

response was calculated in terms of response factor R. An example of such a calculation is shown in Figure 
7.12 for a series of SDOF systems when a 2% damping ratio is assumed for all of them. Similar analyses 
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were repeated for four additional series of SDOF systems having 3%, 4%, 6% and 8% critical damping. 
Naturally, the series of 1000kg SDOF systems with the smallest damping ratio of 2% had the greatest 
responses which were amplified at frequencies corresponding to the M2 walking harmonics (1.57 Hz, 
3.14 Hz, ctc. ), as shown in Figure 7.12. 

These responses served to formulate an 'envelope' of maximum response factors R for a SDOF system 
having 1000 kg mass and varying natural frequencies. These maximum response factors are given as a 
function of frequency in five frequency regions, as presented in Table 7.3. 

Table 7.3: Maximum resvonse factors R for a 1000 ke SDOF svstem. 
Ranges of SDOF natuml frequencies Maximum response factor R 

3Hz 
61.2 
f" g 

3Hz:! g f, :! g 4Hz 
6.8 

9 

4Hz: 5 f, :5 5Hz 
20.8 - 3.5f, 

9 

5Hz: 5 fr :5 20Hz 
0.22-(20-f,, ) 

+ 0.5(f, -5 
9 

Mz:! ý f,, 7.5 

Using the one-line formulas given in Table 7.3 is conservative and provides an upper bound RMS 

acceleration response which is higher than the real response of a SDOF system in resonance (Figure 7.12). 

Another key feature in the development of the CSTR43 vibration serviceability guidelines is the assumption 
that the modal mass of each floor mode excited is exactly 25% of the total floor mass which is vibrating. 
This assumption stems directly from the dynamic modelling of the floor bays using simply supportcd (Inife 

edge') rectangular plates. All modes of such plates have identical modal mass which is exactly one-quartcr of 
the plate's mass, when unity scaled mode shapes are used in the calculation of modal masses (Smith, 1989). 
This is a well known feature of rectangular plates and one of the key reasons why such plates have to be used 
when simplifying the calculation of the floor's dynamic response. 

Tberefore, CSTR43 proposes the response factor of the whole floor under a single pedestrian excitation, 
considering only modes in the r-direction (r is x or y) to be calculated as: 

Rr 
R-N, C,, N, 

mn,, nyl. mn,, nyl. ly Equation 7.8 
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where: mn, nyl. ly is the mass of the whole floor and C, =4R (Table 7.4), where R is the maximum 
response corresponding to a I-tonne SDOF system (Table 7.3). As Equation 7.6 suggests, the acceleration 
steady state response of each SDOF system (i. e. mode) is inversely proportional to its mass. Therefore, the I- 
tonne maximum response factor R is divided in Equation 7.8 by the floor's modal mass expressed in tonnes, 

which is one-quarter of the total floor mass, to obtain a realistic response of each floor mode excited by 

walking. 

Table 7.4: Maximum response factors C, the whole floor, as published in CSTR43. 
Ranges of floor fundamental frequencies Maximum response factor C, - 

f, :5 3Hz 4.61.2 = 
244.8 

V V; 

27.2 3Hz --! g f, -: 5 4Hz 4- ý-8 
= 

4Hz: 5 f, :5 5Hz 4.20.8 
; 
3.5f, 

= 
83.2 14f, 

5Hz: 5 f, :! g 20Hz 4.0.22. 
(20-f, ) 

+- 0.5(f, -50.88. 
(20-f,, ) 

4- 2- (f, - 5) 

20Hz < f, 30 

It is important to note here that CSTR43 offers a set of formulas for determining the fundamental frequencies 

of the floor f, for both orthogonal directions depending on whether the floor is a solid or coffered slab, or 
ribbed. Such calculated frequencies should be used in conjunction with the formulas given Table 7.4. 

Finally, the factor N. in Equation 7.8 is empirically developed and it presents a number of floor modes 

excited by M2 walking. It is given as: 

N, = 1+(0.5+O. Ilng). X,, for solid or coffered slabs, Equation 7.9 

or 

N, =1+(0.65+O. Ilng). I, for ribbed slabs Equation 7.10 

where I, is termed "effective aspect ratio" in CSTR43. This ratio is defined for both orthogonal directions 

as: 

F] 
nxl. El 
-4F 

y I ly 
for bays in the x- direction, Equation 7.11 

ly ý El. ' 

and 

nyly x Ix 
or bays in the y- direction. ---4[g-, f Equation 7.12 y I- xN Ely 
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The factor N, is generally greater for ribbed slabs, and it increases as the damping and effective aspect 
ratios increase. This parameter is therefore greater for floors with a strong orthotropy and close modes 
leading to an increased number of modes in the frequency range of interest between 1.57 Hz and 20.4 liz. 

However, it must be stressed here that factor Nr in fact does not take into account the possibility that a mode 
closely spaced to the fundamental mode may occur and be excited in resonance. This is because the 
underlying assumption made while developing simplified formulas for N, has been that only the 
fundamental mode of vibration is excited in resonance by one of the walking harmonics. The higher 
harmonics of the M2 walking model can only by chance excite some of the higher modes and those are not 
closely spaced to the fundamental mode as the frequency separation is at least 1.57 Hz. This separation is 

considerable for low frequency floors having fundamental modes between, say, 4 Hz and 7 Hz. "Merefore, if 
the second floor mode, even when predicted by the simplified rectangular plate model, is close to the 
fundamental, it will not be excited in the CSTR43 method as it does not allow the effects of interaction of 
two or more of the closely spaced lowest modes of vibration to be evaluated. In essence, the CSTR43 

method is an enhanced SDOF method, where the bulk of the floor response is practically controlled only by 
the response of its fundamental mode. 

Another underlying assumption in the development of the CSTR43 guidelines is that the excitation force is 

always applied and the response evaluated at the antinode point (unity displacement amplitude) of the mode 
considered. This means that the worst case scenario is assumed as the waWng force is treated as a stationary 
dynamic force exciting the floor at its 'weakest' point whereas the response is evaluated at the maximum 
response point. 

The last assumption made in the CSTR43 response calculations is that the total floor response factor is the 

sum of response factors corresponding to two orthogonal directions (Figure 7.13c): 

R,, w =R, +Ry Equation 7.13 

Floor response factors R. and RY are determined by repeating virtually the sarne rectangular plate analysis 
twice for representative floor stiffnesses and spans in the x and y directions. 

7.4.3 Structure C (Clad): Vibration Serviceability Check in Accordance with 
CSTR43 

Although published in 1994, the vibration response rating in CSTR43 is adopted from the SO guide (Wyatt, 

1989) which is based on the provision of BS6472: 1984 and not of its successor BS6472 published in 1992. 

Being based on the 1984 version of BS6472, the CSTR43 guidelines do not make any attempt to utilise the 
VDV or cVDV (when RMS accelerations are known or estimated) as the floor vibration response rating 
parameter. 
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In order to obtain a completely unbiased assessment of results produced in accordance with the CSTR43 
provision, the writer asked the authors of the CSTR43 method, described in the private notes of Fcltham 
(1995), to perform the necessary hand calculations. They kindly accepted the challenge and were supplied 
with all the data about geometric and material properties of Structure C in the form of a full set of 
construction drawings. In addition, they were not made aware of the results of experimental measurements. 
This was done following Severn's (1997) recommendation as to how to enhance a simulation of a real life 
design situation when evaluating structural dynamic performance. 
The authors of CSTR43 modelled Structure C (Figure 5.66) as a single ribbed panel (n,, =n. = I) having 

spans 1, = 14.86m and ly = 31.37m. To be as close as possible to the measured situation, no live load was 

taken into account. The assumed dynamic modulus of elasticity was 40 GPa. Without going into ftirther 
details of the 3-page calculations, made by Feltham (1997), the most important results of the hand 
calculations are that the frequency of the 'fimdamental modes' in both orthogonal directions was 2.71 Hz 
(f, =f. =fy =2.7lHz), and that R=12.4 when only one direction was taken into account (no double 

counting). This response factor leads to RMS accelerations of* 

12.4 - 0.005m /S2 =0.062m/s2 Equation 7.14 

meaning that the floor is likely to be unacceptable for a 'general office' (Figures 7.10 and 7.11). Ile 

CSTR43 estimated response levels to the 3 rd harmonic of excitation are almost an order of magnitude greater 
than those measured. This was the main reason why Structure C failed comprehensively the initial vibration 

serviceability check performed in accordance with CSTR43, as mentioned in Chapter 5. 

This exercise, together with other results of this research, identified a number of possibly serious 
shortcomings in the CSTR43 guidelines for checking the vibration serviceability of in-situ cast PT floors. 
These are outlined in the following sub-scction. 

7.4.4 Identified CSTR43 Shortcomings 

Problems were identified in each of the three key aspects of the floor vibration serviceability assessment: (1) 
in the modelling of the walking excitation, (2) in the modelling of the floor structure, and (3) in the rating of 
vibration responses. 

7.4.4.1 PROBIXM IN THE MODELLING OF THE VIBRATION SOURCE 

The M2 pedestrian forcing function proposed by OhIsson (1982), and used in CSTR43, corresponds to a 
relatively slow pacing rate of only 1.57 steps per second. No allowance was made to incorporate different 

amplitudes of the fundamental and higher harmonics if the pacing frequency is increased up to 2 Ilz or more. 
Also, when applying this forcing function, an assumption has been made that only the fiindamcntal mode is 
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excited in resonance by one of the harmonics between 1.57 Hz and 20.4 Hz. Therefore, close modes of 
vibration higher than the fundamental are assumed not to be excitable in resonance. This assumption may not 
be valid as demonstrated by response measurements on Structures B, C and D where the excitation of the 
higher modes produced maximum responses. 

7.4.4.2 PROBLEMS IN TEE MODELLING OF COLUMNS 

One of the main reasons for the poor performance of CSTR43 in the case of the real-life Structure C is the 

estimate of the floor's fundamental frequency at 2.71 Hz, compared with the measured 6.41 liz. This exposed 
the floor to much larger amplitudes of walking excitation. The main reason for such a large underestimation 

of the Structure C's fundamental frequency was the general inability of the CSTR43 guidelines to model the 

stiffening effects of the floor columns and the'corearea (Figure 5.66). 

7.4.4.3 PROBLEMS IN TBE MODELLING OF COLUMN LINES 

The 'rectangular plate method', which served as the basis for the development of the guidelines in CSTR43, 

inherently assumes that nodal lines exist along the column lines no matter which floor configuration is in 

question (beamless or not). As the pin-support assumption unduly reduces the floor stiffness and natural 
frequencies, so the assumption about the nodal lines along the column lines stiffens the floor and increases 

the natural frequency. Therefore, the two simplifications tend to cancel, but in a rather arbitrary and 

unpredictable way. 

7.4.4.4 PROBLEMS IN TUE MODELLING OF MODAL MASS 

Modelling of floor bays with identical simply supported rectangular plates simplifies the calculation of 

modal mass which must always be one-quarter of the total floor mass. Updated FE models developed for 

Structures B, C and D undoubtedly showed that modal masses of rcal-life floors may easily be considcrably 
less than 25% of the total floor mass. 

7.4.4.5 PROBLEMS IN MODELLING THE EFFECTS OF THE ffiGHER. MODES OF VI13RATION 

The concept of two families of mode shapes in two orthogonal directions which superimpose has very little 

physical meaning. Although CSTR43 acknowledges that this assumption is conservative, it may easily 
become overconservative due to double-counting of the same modes in the x and y directions. 
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7.4.4.6 PROBLEMS WITH LHvlITED APPLICATION 

The application of CSTR43 is limited to floors having a regular grid and geometry with perfect simply 
Supported edge conditions, which do not exist in real-life situations. Further unwarranted approximations and 

considerable engineering judgement are required if the CSTR43 provision is to be applied to floors with a 

more or less irregular layout. This was the case with Structure C and, clearly, one can have little confidence 
in response calculations from such 'extrapolations'. 

7.4.4.7 PRoBLEms wrrH TBE RATING OF TBE V113RATION RESPONSE 

The vibration rating in the CSTR43 guidelines is based on the provision given in the old version of BS6472 

(BSI, 1984) which was already superseded by BS6472: 1992 at the time of the CSTR43 publication in 1994. 
The CSTR43 guidelines are, therefore, not based on the provision of the relevant British code of practice. 
Consequently, the CSTR43 vibration response rating is based on the RMS accelerations only as the VDV 

concept was not adopted in BS6472: 1984. Ilius, the VDV and the possible beneficial effects of intcrmittency 

of the walking excitation are not considered when performing the vibration rating. 

7.4.5 Conclusions About CSTR43 Performance 

Overall, the current CSTR43 provision for checking the vibration serviceability of PT floors is a diligent 

attempt to produce a method where a calculations required can be made by hand. This underlying principle 
required a significant number of simplifications which were made both on the conservative and non- 

conservative side. The consequences of these simplifications are that the final hand-calculated responses 

appear to be unreliable and estimated in a more or less arbitrary way. Such response calculations are of little 

value despite the fact that they can be made by hand. Even if it is assumed that CSTR43 can provide a good 
'order of magnitude' check, the differences between the different vibration limits proposed in BS6472: 1992 

are small (factor of 2) meaning that such crude checks are usually meaningless. 

To conclude, the principal failure of the CSTR43 vibration serviceability guidelines is that they over- 
simplify a very complex engineering problem, the solution of which is very sensitive to unwarranted 
assumptions. 
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Conclusions and Recommendations for 
Future Work 

8.1 Conclusions 

1. Modal testing and FE model updating of three full-scale in-situ cast concrete floor structures proved that 
the bending stiffness of the supporting in-situ cast concrete columns made a considerable contribution to 
the overall floor bending stiffness. As such, and contrary to widespread practice, columns should not be 

modelled as pin-supports when calculating floor modal properties for the purpose of vibration 

serviceability checks. Linear elastic FE models, where columns were modelled using bar elements 

rigidly connected to the floor and having their remote ends fully fixed, proved to be a fairly reliable 

means of calculating modal properties of in-situ floors. Apart from the columns, accurate modelling of 
the geometry and other boundary conditions of in-situ concrete floors was shown to be of crucial 
importance when estimating their modal properties. In testing a floor of an office building, stiMning 

effects of edge beams and non-structural elements, such as fagade walls and services underneath the 

floor, were confirmed to exist and were quantified. 

2. Lateral bending sfi&ess of band-bcams in post-tensioned ribbed floors should be taken into account as it 

may increase the lateral floor stiffness by several orders of magnitude, depending on the exact floor 
layout. This may be beneficial as to the floor's vibration performance. FE model updating exercises 
demonstrated that modelling of this feature using orthotropic shell finite elements with 'smeared' mass 
and stiffness properties is reasonable. 

3. When vibrating, in-situ cast concrete floors tend to act as continuous structures. This means that the 

modelling of such floors as isolated beams or floor panels, which may be suitable for static strength 
calculations, is not warranted for vibration serviceability checks. Such floor dynamic modelling, often 
seen in the literature, excludes the possibly beneficial effects of the increased modal mass and stiffhess 
which exist. 

4. Extensive cracking of a high-strength concrete floor cast in situ reduced its natural frequencies 

considerably, compared with the uncracked condition. However, only a slight increase in the modal 
damping of the structure was observed as a result of cracking. Generally speaking, a modal damping 

ratio of about 1% for all modes excitable by normal walking seems to be a reasonable value for all four 

bare and in-situ cast concrete floors tested, notwithstanding the relatively large scatter in the 

experimental data. 
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5. FE model updating exercises confirmed that a value of dynamic modulus for in-situ concrete floors of 
between 38 and 40 GPa. was a reasonable assumption in the case of normal strength concrctes. The high- 
strength concrete floor tested, however, required a significantly increased dynamic modulus of elasticity 
of about 47 GPa. 

6. A detailed verification of three widely used walking excitation models, recommended by the CEB 
(199 1), Eriksson (1994) and Willford (1997), revealed that: 

The CEB model, recommended for checking vibration serviceability of concrete floors, 

overestimated considerably responses due to the 3rd harmonic of walking in all tests performed. The 
level of overestimation was such that the application of this walking model may condemn otherwise 
sound floor structures. The main reason for this is likely to be an excessively large dynamic loading 
factor of 0.1 for the 3d harmonic of walking. This factor is the same as for the 2 nd harmonic of 
walking in this model, which is somewhat surprising and clearly needs amending. When assumed to 
be moving (which is not how the CEB advocates its application), the performance of this excitation 
model simulating the Yd harmonic of walking improved considerably. Finally, the CEB model does 

not have any provision for the 4th harmonic excitation which was shown to be capable of exciting 
higher, closely spaced floor modes having lower modal mass and stiffiess. 

Eriksson's model performed the best of all three models as its overestimation of the actual measured 
responses to the 3d harmonic of walking was least conservative. 

9 Willford's model generally proved to be the least reliable of the three walking excitation models 
investigated. 

7. The above conclusions helped to pinpoint a number of serious shortcomings found in the new vibration 
serviceability guidelines recommended for post-tensioned floors in the Concrete Society Technical 
Report 43 (CSTR43) published in 1994. These shortcomings are: 

An inappropriate walking forcing function corresponding only to 94 steps per minute, which does 

not consider variability of pacing rates and the corresponding variation in the levels of excitation. 

Assumptions that in-situ cast columns supporting in-situ floors act as pin supports and floor edges 

always permit free rotation. These two assumptions may unduly underestimate floor natural 
frequencies. As shown in the case of an actual office floor (Structure Q this may lead to the 

unwarranted dismissal of a sound floor structure during design. 

9 An assumption that column lines act as 'knife-edge' supports. This assumption stiffens the floor and 
counteracts the assumption of columns acting as pin supports in a rather unpredictable way. 

* Tbc beneficial effects of the increased lateral stiffhess of post-tensioned floors utilising band beams 

are not taken into account. 
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An assumption that only the floor's fundamental mode is excited in resonance by walking. This 

assumption neglects the possibility that higher, but closely spaced, modes with lower modal mass 
may actually produce higher responses due to walking. This was corroborated by practical response 
measurements performed in this research where the excitation of higher modes actually produced 
maximum responses. 

An assumption that modal mass of all relevant modes of floor vibration is always 25% of the total 
floor mass. Updated FE models developed in this project showed that this assumption is not 
warranted and that modal masses of modes excitable by normal walking can actually be several 
times lower. 

The response analysis is based on the assumption that two families of floor modes exist in two 
orthogonal directions. This assumption has little physical meaning and may lead to overconservative 
responses due to double-counting of modal contributions. 

Assessment of vibration levels in CSTR43 is based on outdated BS6472: 1984 guidelines which were 
replaced by BS6472: 1992 two years before CSTR43 was published. As a consequence, the vibration 
dose value (VDV) and considerations of intermittency of walking vibrations do not feature in 
CSTR43. 

8. Advanced modal testing and 'manual' FE model correlation and updating technologies have been 

successfully transferred from the mechanical and aerospace engineering industries. The testing, 
correlation and updating procedures adopted and, in particular, the utilisation of MAC and COMAC 

proved to be invaluable in this research. It was demonstrated that the development of a relatively crude 
FE model prior to modal testing may be an important means of ensuring better quality of the 

experimental data. This is particularly so when the testing is performed under severe time constraints, as 
is likely to be the case for modal testing of large prototype civil engineering structures. In addition, quiet 
conditions were shown to be essential for obtaining good quality results using instrumented hammer 
testing. However, when modal testing was performed using a hammer operator physically present on the 
floor, measured modes of vibration seemingly developed complexities indicating the presence of non- 
proportional damping. 

8.2 Recommendations for Further Work 

1. This research has explicitly identified a number of serious weaknesses in the methodology for vibration 
serviceability checks adopted currently by the Concrete Society (1994). Clearly, Appendix G of CSTR43 
dealing with vibration serviceability of PT floors requires urgent attention. As it is unlikely that simple 
hand calculations would be able to deal with a problem as complex as vibration serviceability of post- 
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tensioned office floors, the best way forward, in principle, is linear dynamic computer analysis. 
Therefore, a substantial part of the current vibration serviceability provision in CSTR43 would require 
replacement with a set new of guidelines. These should be aimed primarily at specifying the best practice 
for numerical modelling of human-induced excitation as well as mass, stifEness and damping properties 

of post-tensioned floors when checking their vibration serviceability. 

2. Due to the small number of tests of full-scale floor structures performed in this research project and 
worldwide in general, there is a serious lack of reliable data related to the actual as-built vibration 
performance of long-span in-situ concrete floors. Such experimental data are invaluable, particularly 
when coupled with FE model correlation and updating. Therefore, there is a clear need for more testing, 

analysis, correlation and updating exercises on long-span concrete floors which would provide greater 
insight into the vibration behaviour of a wider range of in-situ concrete floor configurations. 

I Single-person walking excitation, by its very nature, moves and is not perfectly periodic or predictable. 
However, the available models tend to treat it as a perfectly predictable, periodiclharmonic force which 
does not move and is capable of exciting pure resonance. Such models are much easier to formulate and 

apply, but their ability to represent reality is questionable. Although this research has found that 
Eriksson's (1994) walking model performs best of the three models investigated, relatively large 

overestimation errors still remained in the majority of the response tests corresponding to the 3"d 

harmonic excitation due to walking. This indicates that there is clear scope for fiirther development of 

walking excitation models by: 

e Introducing elements of uncertainty into them (e. g. in amplitudes, phase, pacing rates, ctc. ) 

o Enhancing their statistical reliability by performing more measurements on different groups of 

people in different circumstances; 

* Considering them as moving as opposed to stationary loads in a more sophisticated way; 

Considering that they may be used in different applications (e. g. office floors, footbridges, etc. ) 

where the feeling of the motion ('motion feedback') and rate of occurrence may be important; 

Incorporating them as add-on modules into existing FE packages which would make their 

application as easy as hand calculations provided that engineers who use them have sufficient 

training and computer modelling skills. 

4. More information about the usage of office floors and frequency of floor crossings by its occupants is 

required in order to improve the current provision of BS6472: 1992 aimed at assessing the levels of 

vibrations in buildings. 

5. There is a lack of information about the damping levels of floors supporting fully furnished offices 

occupied by people. For these floors, excitation-response measurements rendering FRFs which can be 

used to perform MDOF parameter estimation is the recommended way forward to estimate damping. 
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With regard to this, it is important to stress that good quality FRF measurements on prototype floor 

structures in operation, which weigh hundreds if not thousands of tonnes, are difficult to make and are 
expensive. Facilities to perform such measurements in the UK are limited. Therefore, there is a need to 
set up a national facility, possibly based on synchronised multi-shaker excitation, which would be able to 

perform this task. 

6. 'Manually' updated FE models, developed along the lines demonstrated in this research, may further 

benefit from automatic FE model updating performed by some commercially available software, such as 
FEMtools (FEMtools, 1994). It is likely that the time consuming 'manual' fine tuning, after the key 

updating parameters in the FE model have been identified, would be much faster if performed 

automatically. However, the usefulness of the whole exercise, aimed at improving FE modelling for the 

purpose of vibration serviceability checks, remains to be determined. 

lain ar fr tati 7. In the case of very large continuous floor areas it ren s unclear how f om the exci on point 
vibrations actually propagate. This is likely to affect the area of a large floor which actually participates 
in the vibrations. Also, this is related to the actual level of excitation and to the issue of 'dispersive 
damping' (as opposed to 'dissipation damping'). 

8. Further quantification is required of the effects of non-structural elements, such as fagade, services 

underneath the floor, partitioning walls and, in particular, false floors on the floor's vibration 

performance under human-induced loading. 

9. When checking vibration serviceability of in-situ floors which are not prestressed and are expected to 

crack, better and more reliable modelling of the cracking is required. Post-cracking linear elastic 
behaviour under low-level human induced excitation remains one of the areas which require fiuffier 

research work. 

10. When vibration serviceability is thought to be an issue and in order to gain a better understanding of the 
dynamic performance of slender floors in buildings, there is a need to perform and publish high quality 

modal and dynamic response measurements on as-built floors after their construction. 



9 References 
Abe, T., Hashimoto, Y. and Hiromatsu T. (1994). Vibration-Proof Designing for Machine Support Systems - Study on Floor Vibration Interaction and Force Identification. In: Proceedings of the 12th IMAC. Vol. 

2. (pp. 1778-1784). Honolulu, USA. January 31 - February 3. 
Abe, T., Hiromatsu, T. and Kushida, H. (1990). Study on Estimation Methods for Floor Structure Vibration - Vibrational Characteristics of Orthogonal Anisotropic Floor Structures. In: Proceedings of the 8h 

IMAC. (pp. 645-65 1). Orlando, USA. January 29 - February 1. 
Agardh, L. (1991). Modal Analyses of Two Concrete Bridges in Sweden. Structural Engineering 

International. 4/91.35-39. 
Agardh, L. (1994). Impact Excitation of Concrete Highway Bridges. In: Proceedings of the 12'h IMAC. Vol. 

2. (pp. 1329-1334). Honolulu, USA. January 31 - February 3. 
Allemang, R. J. and Brown, D. L. (1993). Experimental Modal Analysis. In: A. S. Kobyashi (Ed. ) Handboo 

on Experimental Mechanics (2 nd Edition). (pp. 635-750). Bethel, USA: SEM. 
Allen, D. E. (1990a). Building Vibrations from Human Activities. Concrete International. Vol. 12, No. 6.66- 

73. 
Allen, D. E. (1990b). Floor Vibrations From Aerobics. Canadian Journal of Civil Engineering. Vol. 17, No. 

5.771-779. 
Allen, D. E. and Murray, T. M. (1993). Design Criterion for Vibrations Due to Walking. AISC EngincgELnZ 

Journal. Vol. 40, Part 4.117-129. 
Allen, D. E. and Pernica, G. (1984). A Simple Absorber for Walking Vibrations. Canadian Journal of Civil 

EnRineering. Vol. L1.112-117. 
Allen, D. E. and Rainer, J. H. (1975). Floor Vibration. Canadian Building Diges. (September. pp. 173.1- 

173.4). Ottawa, Canada: Division of Building Research, NRCC. 
Allen, D. E. and Rainer, J. H. (1976). Vibration Criteria for Long-Span Floors. Canadian Journal of Civi 

Engineering. Vol. 3, No. 2.165-173. 
Allen, D. E., Rainer, J. H. and Pernica, G. (1979). Vibration Criteria for Long-Span Concrete Floors. In: ACI 

Publication SP-60, Proceedings of the Symposium on Vibrations of Concrete Structures. 1977 Fall 
Convention of the ACI. (pp. 67-78). New Orleans, USA. October 20. 

Allen, D. E., Rainer, J. H. and Pernica, G. (1985). Vibration Criteria for Assembly Occupancies. Canadi 
Journal of Civil Enizineering. Vol. 12, No. 3.617-623. 

Allen, D. L. (1974a). Vibrational Behaviour of Long-Span Floor Slabs. In: Proceedings of the Canadian 
Structural Engineering Conference. (pp. 1-19). Ontario, Canada. 

Allen, D. L. (1974b). Vibrational Behaviour of Long-Span Floor Slabs. Canadian Journal of Civi 
Engineering. Vol. 1, No. 1.108-115. 

Allen, D. L. and Swallow, J. C. (1975). Annoying Floor Vibrations - Diagnosis and Therapy. Sound an 
Vibration. No. 3.12-17. 

Ammann, W. and Nussbaumer, H. (1991). Behaviour of Concrete and Steel under Dynamic Actions. In: 
Vibration Problems in Structures: Practical Guidelines Appendix F. CEB Bulletin D'Information No. 
209. Lausanne, Switzerland: CEB. 

ANSYS. (1995a). ANSYS User's Manual. Revision 5.2: Procedures (Volume 1). Houston, USA: ANSYS, 
Inc. 

ANSYS. (1995b). ANSYS User's Manual. Revision 5.2: Commands (Volume 11. Houston, USA: ANSYS, 
Inc. 

ANSYS. (1995c). ANSYS User's Manual. Revision 5.2: Elements (Volume 111). Houston, USA: ANSYS, 
Inc. 

ANSYS. (1995d). ANSYS User's Manual. Revision 5.2: Tbeojy (Volume I. Houston, USA: ANSYS, Inc. 
APS Dynamics. (1996a). Instruction Manual ELECTRO-SEIS Model 113 Shaker. Carlsbad, USA: Author. 
APS Dynamics. (1996b). Instruction Manual DUAL-MODE Model 114-EP Amplifier. Carlsbad, USA: 

Author. 
ASCE. (1995). Minimum Desi&Li Loads for Building and Other Structures. ASCE 7-95 Standard (Revision 

of ANSI/ASCE 7-93. ). Author. 
Aswad, A. and Chen, Y. (1993). Vibration PLoperties of Precast Building Floors. Final Report. PCI: January. 



References 327 

Atherton, G. H., Polensek, A. and Corder, S. E. (1976). Human Response to Walking and Impact Vibration 
of Wood Floors. Forest Product Journal. Vol. 26 No. 10.40-47. 

Bachmann, H. (1984). Vibrations of Building -Structures Caused by Human Activities: Case Study of a 
Gy! pnasiu . Canadian Institute for Scientific and Technical Information, Technical Translation 
NRC/CNR TT-2077. Ottawa, Canada: NRCC. 

Bachmann, H. (1988). Practical Cases of Structures with Man-Induced Vibrations. In: Proceedings of the 
Syinposium/Workshgp on Serviceability of Buildings (Movements, Deformations. Vibrations). Vol. 1. 
(pp. 419-434). Ottawa, Canada. Mayl6-18. 

Bachmann, H. (1992). Vibration Upgrading of Gymnasia, Dance Halls and Footbridges. Structural 
Eneineering International. Vol. 2, No. 2.118-124. 

Bachmann, H. and Ammann, W. (1987). Vibrations in Structures Induced by Man Md Machines. Zurich, 
Switzerland: IABSE 

Bachmann, H., Pretlove, A. J. and Rainer, H. (1991a). Vibrations Induced by People. In: Vibration Problems 
in Structures - Practical Guidelines. CEB Bulletin D'Information No. 209. Lausanne, Switzerland: 
CEB. 

Bachmann, H., Pretlove, A. J. and Rainer, H. (1991b). Dynamic Forces from Rhythmical Human Body 
Motions. In: Vibration Problems in Structures - Practical Guidelines. Appendix G. CEB Bulletin 
D'Information No. 209. Lausanne, Switzerland: CEB. 

Bachmann, H., Pretlove, A. J. and Rainer, H. (1995a). Vibrations Induced by People. In: Vibration Problems 
in Structures - Practical Guidelines. Basel, Switzerland: Birkhduser Verlag. 

Bachmann, H., Pretlove, A. J. and Rainer, H. (1995b). Dynamic Forces from Rhythmical Human Body 
Motions. In: Vibration Problems in Structures - Practical Guidelines. Appendix G. Basel, Switzerland: 
Birkliduser Verlag. 

Bainbridge, R. J. and Mettem, C. J. (1997). Serviceability Performance of Timber Floors. The Structural 
Engineer. Vol. 75, No. 16.269-274. 

Bathe, K-J. (1996). Finite Element Procedures. New Jersey, USA: Prentice Hall. 
Becker, R. (1980). Simplified Investigation of Floors Under Foot Traffic. Journal of the Structural Division 

ASCE. STI 1. Vol. 106.2221-2234. 
Beckwith, T. G., Marangoni, R. D. and Leinhard, J. H. (1995). Mechanical Measurements. Reading, 

Massachusetts, USA: Addison-Wesley Publishing Company. 
Bennett, K. J. (1995). Private communication with K. J. Bennett, Technical Manager, PSC Freyssinet Ltd. 

(UK). Bracknell, UK. 
Bennett, K. J. (1997). Private communication with K. J. Bennett, Technical Manager, PSC Freyssinet Ltd. 

(UK). Bracknell, UK. 
Bishop, N. W. M., Willford, M. and Pumphrey, R. (1995). Human Induced Loading of Flexible Staircases. 

Sa&ý Science. Vol. 18.261-276. 
Blanchard, J., Davies, B. L. and Smith, J. W. (1977). Design Criteria and Analysis for Dynamic Loading of 

Footbridges. In: Proceedings of the DOE and DOT TRRL SyMposium on DMmic Behaviour of 
Bidges. (pp. 90-106). Crowthorne, UK. May 19. 

Bolton, A. (1994). Structural DyLiamics in Practice -A Guide for Professional Engineers. London, UK: 
McGraw-Hill Book Company. 

Bono, R. W., Hunt, V. J., Brown, D. L., Lally, M. J. and Aktan, A. E. (1996). Portable, Controllable Impact 
Excitation for Civil Infi-astructure. In: Proceedings of the 14 th IMAC. Vol. 2. (pp. 1185-1190). 
Dearborne, USA. February 12-15. 

BRE. (1983). Vibrations: Building and Human Response. Building Research Establishment Digest. Watford, 
UK: Author. 

Brigham, E. 0. (1974). The Fast Fourier Transform- New Jersey, USA: Prentice-Hall. 
Broch, J. T. (1984). Mechanical Vibration and Shock Measurements. Naerum, Denmark: Bruel and Kjaer. 
Brown, D., Carbon, G. and Ramsey, K. (1977). Survey of Excitation Techniques Applicable to the Testing of 

Automotive Structures. In: Proceedings of the SociM of Automotive Engineers International 
Automotive Enginccring Congress and Enositio . 

(pp. 1-15). SAE Paper No. 770029. Detroit, USA. 
February 28 - March 4. 

Brownjohn, J. M. W. (1988). Assessment of Structural Intezrijy by Dynamic Measuremen 
. 

PhD Thesis. 
University of Bristol, UK. 

BRS. (1955). Vibrations in Buildings (Building Research Station Digest No. 78). London, UK: HMSO. 



References 328 

BSI. (1978). Steel, Concrete and Co! jiposite Bridges, Part 2: Specification for Loads. Appendix C: Vibration 
Serviceability. Reqpirements for Foot and Cycle Track Bridges. BS 5400. London, UK: Author. 

BSI. (1984). Guide to the Evaluation of Human Ex Hz to 80 Hz. BS Msure to Vibration in Buildings (I 
6472. Hemel Hempstead, UK: Author. 

BST. (1985). Structural Use of Concrete. BS 8110. Milton Keynes, UK: Author. 
BSI. (1987a). Measurement and Evaluation of Human EVosure to Whole-Body Mechanical Vibration and 

R. Qeated Shock. BS 6841. Milton Keynes, UK: Author. 
BSI. (1987b). EvLnmental Determination of Mechanical MobilijL Part 1: Specifications for Transducers. 

BS 6897-1. Milton Keynes, UK: Author. 
BSI. (1989). Mechanical Mounting of Accelerometers for Measurina Vibration and Shock. BS 7129. Milton 

Keynes, UK: Author. 
BSI. (1990). EVerimental Determination of Mechanical MobilftL Part 2: Measurements Using Single-Point 

Translation Excitation with an Attached Vibration Exciter. BS 6897-Part 2. Milton Keynes, UK: 
Author. 

BSI-0990-Glos r1of Terms Relating to Mechanical Vibration and Shock. BS 3015. Milton Keynes, UK: 
Author. 

BSI. (1992). Evaluation of Human Exposure to Vibration in Buildings QHz to 80HA BS 6472. Milton 
Keynes, UK: Author. 

Burkhardt, L. R_ (1961). Vibration Analysis for Structural Floor Systems. Journal of Structural Division 
ASC ', 

- 
ST7. Vol. 8 8 Part 1.97-106. 

Buzdugan, G., Mihailescu, E. and Rades, M. (1987). Vibration Measurement. Dordrecht, Netherlands: 
Martinus Nijhoff Publishers. 

Caetano, E. and Cunha, A. (1993). Experimental Identification of Modal Parameters on a Full Scale 
Structure. In: C. A. Brebbia and G. M. Carlomagno (Eds. ) Proceedings of the 6'h Internationa, 
Conference on Computational Methods and Enerimental Measurements. Vol. 2: Stress Analysis. (pp. 
321-335). University of Siena, Italy. May. 

Campbell, T. I., Csagoly, P. F. and Agarwal, A. C. (1979). Frequency Matching in Continuous Post- 
Tensioned Concrete lUghway Bridges. In: ACI Publication SP-60. Proceedings of the SyLnposium on 
Vibrations of Concrete. 1977 Fall Convention of the ACI. (pp. 139-154). New Orleans, USA. October 
20. 

Cantieni, R. (1988). Floor Vibrations - Two Case Studies. In: Proceedings of the Symposium/Worksh9p on 
Serviceability of Buildings (Movements. Deformations. Vibrations). Vol. 2. (pp. 497-511). Ottawa, 
Canada. May 16-18. 

Cantieni, R. (1996). Updating of Analytical Models of Existing Large Structures Based on Modal Testing. 
In: Proceedings of the Workshgp: US-Europe on Bridge engineering - Evaluation. Management and 
Roai 

. Barcelona, Spain. July 15-17. 
Cantieni, R. and Pretlove, A. J. (1986a). Statics, Dynamics and Time. In: G. P. Tilly (Ed. ) DyMmi 

Be jour of Concrete Structures . 
R-Mort of the RILEM 65 MDB Committee. Developments in Civil 

Engineering. Vol. 13. (pp. 3-6). Amsterdam, Ile Netherlands: Elsevier 
Cantieni, R. and Pretlove, A. J. (1986b). Effects of Dynamics Loads. In: G. P. Tilly (Ed. ) Dygami 

Behaviour of Concrete Structures , 
Hoort of the RILEM 65 MDB Committee. Developments in Civil 

Engineering. Vol. 13. (pp. 6-8). Amsterdam, The Netherlands: Elsevier 
Caverson, R. G. (1992). Vibration Characteristics of Suspended Concrete Slabs. MSc Thesis. University of 

Bristol, UK. 
Caverson, R_ G., Waldron P. and Williams, M. S. (1994). Review of Vibration Guidelines for Suspended 

Concrete Slabs. Canadian Journal of Civil Engineering. Vol. 6, No. 21.931-939. 
CEB. (1991). Vibration Problems in Structures - Practical Guidelines. Bulletin D'Information No. 209. 

Lausanne, Switzerland: Author. 
CEB. (1993). CEB-FIP Model Code 1990. London, UK: Thomas Telford. 
Chadha, L and Allen, D. L. (1972). Natural Frequency Determination of Long-Span Floor Slabs. 

Transactions of the ASME Journal of Engineering for Induýjjy. Vol. 94, No. 2.660-664. 
Change, N. D. (1995). Technical Articles. In: Piezoelectric 

-Sensors 
For DMamic Measurements: Force, 

Pressure. Vibration, Shock - Dvtran General Catalog and Instrumentation Handbook (1995 Edition). 
Chatsworth, California, USA: Dytran Instruments. 



Refercnces 329 

Charlier, H. (1986). Human Discomfort. In: G. P. Tilly (Ed. ) DMmic Behaviour of Concrete Structures 
. Roort of the RILEM 65 MDB Committee. Develgpments in Civil Engineering. Vol. 13. (pp. 137- 

144). Amsterdam, The Netherlands: Elsevier 
Chcn, Y and Aswad, A. (1994). Vibration Characteristics of Double Tee Building Floors. PCI Journal, Vol. 

39, No. 1.84-95. 
Chien, E. Y. L. and Ritchie, J. K (1984). Floor Vibration - Composite Construction. In: Composite Floor 

Sys-terns. Markham, Canada: Canadian Institute of Steel Construction. 
, Chu, A. S., Eller, E. E. and Whittier, R. M. (1996). Vibration Transducers. In: C. M. Harris (Ed. ) Shock and 

Vibration Handbook. (pp. 12.1-12.39). New York, USA: McGraw-Hill. 
Chui, Y. H. and Smith, 1. (1988). A Serviceability Criterion to Avoid Human Discomfort for Light-Weight 

Wooden Floors. In: Proceedings of the Symposium/WorkshQp on Serviceability of Buildings 
(Movements. Deformations. Vibrations). Vol. 1. (pp. 512-525). Ottawa, Canada. May 16-18. 

Clough, R. W. and Penzien, J. (1993). DyjIgmics of Structures. International Edition. New York, USA: 
McGraw-Hill. 

Concrete Society. (1979). Flat Slabs in Post-Tensioned Concrete with Particular Regard to the Use of 
Unbonded Tendons - Design Recommendations. Technical Report 17. Slough, UK: Author. 

Concrete Society. (1984). Post-Tensioned Flat-Slab Design Handbook. Technical Report 25. Slough, UK: 
Author. 

Concrete Society. (1994). Post-Tensioned Concrete Floors Design Handbook. Technical Report 43. Slough, 
UK: Author. 

Cook, R- D., Malkus, D. S. and Plesha, M. E. (1989). Concots and Applications of Finite Element Analysis 
Q'd Edition). New York, USA: John Wiley and Sons, Inc. 

Cowley, D. M. (1976). International Standards in the Vibration Field. In: Infrasound and Low Exegugricy 
Vibratio 

. 
London, UK: Academic Press. 

Craig, R- R. (1981). Structural Dymamics: An Introduction to Computer Methods. New York, USA: John 
Wiley and Sons. 

CSA. (1989). Limit states Design of Steel Structures -A National Standard of Canada (Appendix G. Quid 
for Floor Vibrations). CSA Standard CAN 3-S 16. I-M89. (pp. 127-134). Toronto, Canada: Author. 

Dahlsj6, H. and Ohlsson, S. (1993). Vibration and Serviceability in Post Terminal Buildings. In: Proceedings 
of the IABSE International Collgquium on Structural Serviceabili1y of Buildings. (pp. 327-332). 
Gothenburg, Sweden. June 9-11. 

Daily, J. W., Riley, W. F. and McConnell, K- G. (1993). Instrumentation for Engineering Measurements. 
New York, USA: John Wiley and Sons, Inc. 

DATS. (1995). DATS for Windows User Guide (for v4.2 and above). Fareharn, UK: Prosig Limited. 
Deak, G. and Holickyý M. (1993). Serviceability Requirements. In: Proceedings of the TABSE International 

Colloquium on Structural Serviceabilijy of Buildings. (pp. 25-3 1). Gothenburg, Sweden. June 9-11. 
Department of Transport. (1988). Design Criteria for Footbridges. Department of Transport, Highways and 

Traffic. Departmental Standard BD 29/87. London, UK: HMSO. 
DI-2200 Real Time FFT Analyser/DSO Opgrating Manual. (undated). West Lothian, UK: Diagnostic 

Instruments Ltd. 
Dieckmann, D. (1958). A Study of the Influence of Vibration on Man. Ergonomics. Vol. 1, No. 4.347-355. 
Dossing, 0. (1988a). Structural Tcsting: Part I- Mechanical Mobility Measurements. Naerum, Denmark: 

Bruel and Kjaer. 
Dossing, 0. (1988b). Structural Testing: Part 2- Modal Analysis and Simulation. Naerum, Denmark: Bruel 

and Kjaer. 
DSP Technology. (1995). Biasing Internally Amplified Accelerometers. Application Note 3.0. Fremont, 

California, USA: Author. 
DTA. (1993a). Handbook on Guidelines to Best Practice. Volume I- Instrumentation. Cranfield, UK: 

Author. 
DTA. (1993b). Handbook on Guidelines to Best Practice. Volume -Modal Testing. Cranfield, UK: Author. 
DTA. (1993c). Modal Testing Primer on Best Practice in DMamic Testing. Cranfield, UK: Author. 
DTA. (1996). Handbook on Guidelines to Best Practice. Volume 0- An Introduction to the DTA Its Products 

and Services. London, UK: Author. 
Dupius, I-L and Zerlett, G. (1986). The Effects of Whole-Body Vibration. Berlin, Germany: Springer-Verlag. 



References 33C 

Dytran. (1992). Piezoelectric Sensors For DMmic Measurements: Acceleration. Pressure. Force . General 
Catalog and Instrumentation Handbook No. 1192. Chatsworth, California, USA: Author. 

DYtran. (1995). Piezoelectric Sensors For DMmic Measurements: Force. Pressure. Vibration. Shock - D31 i General Catalog and Instrumentation Handbook (1995 Edition). Chatsworth, California, USA: 
Author. 

Ebrahimpour, A. and Fitts, L. L. (1996). Measuring Coherency of Human-Induced Rhythmic Loads Using, 
Flat Force Plates. Journal of Structural Engineering. Vol. 122, No. 7.829 - 83 1. 

Ebrahimpour, A. and Sack, R. L. (1988). Crowd Induced Dynamic Loads. In: Proceedings of the! 
Symposium/Workshon on Serviceabilfty of Buildings (Movements. Deformations. Vibrations). Vol. 1. 
(pp. 451-463). Ottawa, Canada. May 16-18. 

Ebrahimpour, A. and Sack, R. L. (1996). DesiSn Live Loads for Crowds in Motion. In: S. K Ghosh and J. 
h Mohammadi (Eds. ) Proceedinas of the 14 h Structures Congress "Building an International Communily 

of Structural Engineers". Vol. 1. (pp. 420427). Chicago, USA. April 15-16. 
Ebrahimpour, A., Hamam, A., Sack, R. L. and Patten, W. N. (1996). Measuring and Modelling Dynamic 

Loads Imposed by Moving Crowds. Journal of Structural Engineering. Vol. 122 No. 12.1468-1474. 
Ellingwood, B. (1989). Serviceability Guidelines for Steel Structures AISCE. Engineýring Journal. Vol. 28, 

No. 1.1-8. 
Ellingwood, B. (1996). Structural Serviceability Review and Standard Implementation. In: Proceedings of 

International Conference on Building an International Community of Structural Engineers. Vol. 1. (pp. 
436443). Chicago, USA. April 15-18. 

Ellingwood, B. and Tallin, A. (1984). Structural Serviceability: Floor Vibrations. Journal of Structuml 
Engineering. Vol. I 10, No. 2.401418. 

Ellingwood, B., Allen, D. E., Elnimeiri, M., Galarnbos, T. V., Iyengar, H., Robertson, L. E., Stockbridge, J. 
and Turkstra, C. J. (1986). Structural Serviceability: A Critical Appraisal and Research Needs (By the 
Ad Hoc Committee on Serviceability Research, Committee on Research of the Structural Division). 
Journal of Structural Engineering. Vol. 112, No. 12.2646-2664. 

Ellis, B. R. (1980). An Assessment of the Accuracy of Predicting the Fundamental Natural Frequencics of 
Buildings and the Implications Concerning the Dynamic Analysis of Structures. In: Proceedings of the 
ICE. Vol. 6 Part 2. (pp. 763-776). 

Ellis, B. R. (1992). Dynamic Testing. In: J. F. A. Moore (Ed. ) Monitoring Building Structures. (pp. 68-92). 
Glasgow, UK: Blackie and Son Ltd. 

Ellis, B. R. and Jiý T. (1994). Floor Vibration Induced by Dance-Type Loads: Verification. The Structural 
Enp-ineer. Vol. 72 No. 3.45-50. 

Ellis, B. R, and Ji, T. (1ý97). Human-Structure Interaction in Vertical Vibrations. In: Proceedings of the ICE. 
Structures and Buildings. Vol. 122.1-9. 

Ellis, B. R., Kerridge, B. and Osborne, K. (1993). Vibration Characteristics of Shallow Floor Structures. In: 
Proceedings of the TABSE International Colloquium on Structural Serviccabilijy of Buildings. (pp. 
303-308). Gothenburg, Sweden: 9-11 June. 

Endevco. (1979). Instruction Manual for Piezoelectric Acceleromete . Rancho Vcjo, California, USA: 
Author. 

Endevco. (1994). Instruction Manual: Model 102 ISOTRON Conditioner. Model 109 Power Suppl . Rancho 
Vejo, California, USA: Author. 

Eriksson, P-E. (1991). Modal Analysis of a Pre-Cast Concrete Floor Element. In: Procecdi es of the 9h 
IMAC. Vol. 1. Part 1. (pp. 430434). Florence, Italy. April 15-18. 

Eriksson, P-E. (1993). Low-Frequency Forces Caused by People: Design Force Models. In: Proceedings of 
the IABSE International CoIloquium on Structural Serviceabilijy of Buildings. (pp. 149-156). 
Gothenburg, Sweden: 9-11 June. 

Eriksson, P-E. (1994). Vibration of Low-Freguengy Floors - Dynainic Forces and Respgnse Prediction. PhD 
Thesis (in English). Chalmers University of Technology, Goteborg, Sweden. 

Eriksson, P-E. (1996) Dynamic Service Actions for Floor Systems - Human Activity. In: S. K. Ghosh and J. 
Mohammadi (Eds. ) Proceedings of 14'h Structures Congress "Building an International CommunitY of 
Structural Engineers". Vol. 1. (pp. 413419), Chicago, USA. April 15-16. 

Eriksson, P-E. and OhIsson, S. V. (1988). Dynamic Footfall Loading from Groups of Walking People. In: 
Proceedings of the SyMposium/Worksho on Serviceabilily of Buildings (Movements. Deformations. 
Vibrations). Vol. 1. (pp. 497-511). Ottawa, Canada. May 16-18. 



References 331 

Ewins, D. J. (1975). Measurement and Application of Mechanical Impedance Data: Part I- Introduction and 
Ground Rules. Journal of the SocigV of Environmental Engineers. Vol. 14-4. No. 67.3-12. 

Ewins, D. J. (1976a). Measurement and Application of Mechanical Impedance Data: Part 2- Measurement 
Techniques. Journal of the Society of Environmental Engineers. Vol. 15-1, No. 68.23-30. 

Ewins, D. J. (1976b). Measurement and Application of Mechanical Impedance Data: Part I- Interpretation 
and Application of Measured Data. Journal of the SociM of Environmental Engineers. Vol. 15-2, No. 
69.7-17. 

Ewins, D. J. (1979). Whys and Wherefores of Modal Testing. Journal of the Sociejy of Environmental 
Engineers. Vol. 18, No. 3.3-15. 

Ewins, D. J. (1995). Mýdal Testing: Theojy and Practice (Updated with New Notation). Taunton, UK: 
Research Studies Press Ltd. and John Wiley and Sons. 

Fahy, F. J. and Westcott, M. E. (1978). Measurement of Floor Mobility at Low Frequencies in Some 
Buildings with Long Floor Spans. Journal of Sound and Vibration. Vol. 5 7. No. 1.10 1- 129. 

Farah, A. (1979). Models of Human Response to Vibration for Assessing Structural Serviceability. In: 
Proceedings of the 7th Canadian Congress of Applied Mechanics. (pp. 833-834). Sherbrooke, Canada. 
May 27. 

Farah, A. (1985). Structural Serviceability Under Dynamic Loading. In: ACI Publication SP-86, Deflections 
of Concrete Structures. (pp. 419436). 

Farrar, C. R., Baker W. E., Bell, T. M., Cone, K. M., Darling, T. W., Duffey, T. A., Eklund, A. and Migliori, 
A. (1994). Dygg! nic Characterisation and Damajze Detection in the 1-40 Bridge Over the Rio Grande. 
Report No. UC-906. Los Alamos, USA: Los Alamos National Laboratory. 

Feltham, 1. (1995). Private communication with I. Feltham, Associate Director, Ove Arup and Partners R and 
D, London, UK. 

Feltham, 1. (1997). Private communication with 1. Feltharn, Associate Director, Ove Arup and Partners R and 
D, London, UK. 

FEMtools. (1994). FEMtools User's Manu . Version 1.3. Leuven, Belgium: DDS n. v. 
Fintel, m. (Ed. ). (1985). Handbook of Concrete Engineering (2 nd Edition). New York USA: Van Nostrand 

Reinhold. 
Fintel, M. and Ghosh, S. K. (1982). Economics of Long-Span Concrete Slab Systems for Office Buildings 

A SunLey. Skokie, USA: Portland Cement Association. 
FIP. (1980). Recommendations for the Design of Flat Slabs in Post-Tensioned Concrete (Using Unbonde 

and Bonded Tendons). Slough, UK: Cement and Concrete Association. 
FIP. (1994). Planning and Design Handbook on Precast Building Structures. London, UK: Seto Ltd. 
Foschi, R. 0. and Gupta, A. (1987). Reliability of Floors Under Impact Vibrations. Canadian Journal of Civil 

Enizineering. Vol. 14 ' No. 5.683-689. 
Freyssinet International. (1994). Northridge (Los Angeles) Earthquake. FWssinet Magazin . October. 7-9. 
Friswell, M. 1. and Mottershead, J. E. (1995). Finite Element Model Updating in Structural DYRAmics. 

Dordrecht, The Netherlands: Kluwer Academic Publishers. 
Galarnbos, T. V. (1988). Vibration of Steel Joist concrete Slab Floor Systems, Technical Digest No. 5. 

Arlington VA, USA: SH 
Galambos, T. V., Gould, P. L., Ravindra, M. K and Suryoutomo, H. (1973). Structural Deflections. A 

Literature and State-of-the-Art Surve . Building Science Series 47. Washington DC, USA: National 
Bureau of Standards, US Department of Commerce. 

Galbraith, F. W. and Barton, M. V. (1970). Ground Loading from Footsteps. Journal of Acoustic Society of 
America. Vol. 48, No. 5.1288-1292. 

Gerber, G. (199 1). Design and Construction of Concrete Floors. London, UK: Edward Arnold. 
Gilbert, R. 1. (1989). Determination of Slab Thickness in Suspended Post-Tensioned Floor Systems. ACI 

Structural Journal. Vol. 86, No. 5.602-607. 
Gilbert, R. 1. and Mickleborough, N. C. (1990). Desigg of Prestressed Concrete. London, UK: Unwin 

Hyman. 
Goodchild, C. H. (1995). Hybrid Concrete Construction. Crowthorne, UK: BCA. 
Grace, N. F. and Kennedy, J. B. (1990). Dynamic Characteristics of Prestressed Waffle Slabs. Journal of 

Structural Engineering. Vol. 116 No. 6.1547-1564. 
Green, M. F. and Cebon, D. (1993). Modal Testing of Two Highway Bridges. In: Proceeding of the I Ph 

IMAC. Vol. 2. (pp. 838-844). Kissmmee, USA. February 1-4. 



References 332 

Griffin, M. J. (1982). Human Response to Vibration. In: R. G. White. and J. G. Walker (Eds. ) Noise and 
Vibration. (pp. 827-853). Chichester, UK: Ellis Horwood Ltd. 

Griffin, M. J. (1996). Handbook of Human Vibration. London, UK: Academic Press. 
Guignard, J. C. (1971). Human Sensitivity to Vibration. Journal of Sound and Vibration. Vol.. 15 No. 1.11- 

16. 
Guignard, J. C. and Irving, A. (1959). Effects of Low-Frequency Vibration on Man. Engineering. Vol. 15 

No. 4925.3 64-3 67. 
Halvorsen, W. G. and Brown, D. L. (1977). Impulse Technique for Structural Frequency Response Testing. 

A reprint from Sound and Vibration, November 1977, pp. 8-21, by PSC Piezotronics, Inc., Buffalo, 
USA. 

Hanagan, L. M. and Murray, T. M. (1997). Active Control Approach for Reducing Floor Vibrations. Journal 
of Structural EnRineerim Vol. 123, No. 11.1497-1505. 

Hanagan, L. M., Rottmann, C. and Murray, T. M. (1996). Control of Floor Vibrations. In: S. K Ghosh and J. 
Mohammadi (Eds. ) Proceedings of the 14'h Structures Congress Building an International Communit 
of Structural Engineers. Vol. 1. (pp. 428-435). Chicago, USA. April. 15-16. 

Harper, F. C. (1962). The Mechanics of Walking. Research Applied in IndugW. Vol. 5 No. 1.33-38. 
Hartley, M. J. and Pavic, A. (1996). Risk Assessment Document and Code of Safe and Good Practice for 

Dmmic Field Testing of Large-Scale Civil Enizineering Structures. Internal Report CCC/96/0053A. 
The Department of Civil and Structural Engineering, University of Sheffield, UK. 

Hashimoto, Y., Abe, T. and Hiromatsu, T. (1994). Study on Estimation Methods of Floor Structure Vibration 

- Part II: Statistical Approach to Dynamic Characteristics of Floor Structures. In: Proceedings of the 
12th IMAC. Vol. 2. (pp. 1785-1791). Honolulu, USA. January 31 - February 3. 

Hatfield, F. J. (1992). Design Chart for Vibration of Office and Residential Floors. AISC EnAineerin 
Journal. Vol. 4, No. 29.141-144. 

Heins, C. P. and Yoo, C. H. (1975). Dynamic Response of a Building Floor System. Building Science. Vol. 
10ý 143-153. 

HeYlen, W., Larnmens, S. and Sas, P. (1997). Modal Testing Tleojy and Testi . 
Leuven, Belgium: 

Katholieke Universiteit. 
9cs in Theoly and Practice: A Companion to the NAFEMS Finite Hitchings, D. (undated). Structural Dynarm 

Element Dynamics Primer. London, UK: STRUCOM, Ltd. 
Hudson, D. E. (1977). Dynamic Tests of Full-Scale Structures. ASCE Journal of Engineering Mechanics. 

Vol. 103, No. 6.1141-1157. 
Huggins, M. W and Barber, J. D. (1982). Building Deflections, Distortions and Vibrations -A Survey. 

Canadian Journal of Civil Enaineerim Vol. 9 No. 1.133-137. 
Hughes, B. P. (1971). Limit State. TheoKy for ýeinfbrced Concrete (SI units). London, UK: Pitman 

Publishing. 
Hurst, M. K. (1988). Prestressed Concrete Design. London, UK: Chapman and Hall. 
Hveem, S. (1990). Vibration of Lightweight Floors. The Journal of CIB. Vol. 18, No. 1.56-60. 
Hyde, H. J and Lintern, H. R. (1929). 'Me Vibrations of Roads and Structures, Proceedings of the ICE, Vol. 

227. (pp. 187-242). 
IABSE. (1993). Structural Serviceability of Buildings. Report Vol. 69. Proceedings of the Joint CIB/IABSE 

International Colloquium. Gothenburg, Sweden. 9-11 June. 
ICATS. (1995). MODENT, MODESH. MODACO. MESHGEN Reference Manual (Version 4). London, 

UK: Author. 
ICATS. (1997). MODENT. MODESH. MODACQ. MESHGEN Reference Manual (Version 6). London, 

UK: Author. 
Irnregun, M. and Ewins, D. J. (1993). An Investigation into Mode Shape Expansion Techniques. In: 

Proceedings of the I Ith IMAC. Vol. 1. (pp. 168-175). Orlando, USA. February 1-4. 
Imregun, M. and Ewins, D. J. (1995). Complex Modes: Origins and Limits. In: Proceeding of the 13'h IMAC, 

(pp. 496-506). Nashville, USA. February 13-16. 
Irwin, A. W. (1978). Human Response to Dynamic Motion of Structures. The Structural Engineer. Vol. 56A, 

No. 9.237-244. 
ISO. (1985). Evaluation of Human Exposure to Whole-Body Vibration - Part 1: General Reguirements. ISO 

2631-1. Geneva, Switzerland. Author. 



References 333 

ISO. (1987). Mechanical Mounting of Accelerometers for Measuring Vibration and Shock. ISO 5348. Milton 
Keynes, UK: Author. 

ISO. (1989). Evaluation of Human Exposure to Whole-Body Vibration - Part 2: Continuous and Shock 
Induced Vibration in Buildings (I to 801-1z). ISO 2631-2. Geneva, Switzerland. Author. 

ISO. (1992). Bases for Design of Structures - Serviceability of Buildings Against Vibrations. ISO 10137. 
Geneva, Switzerland. Author. 

ISO. (1994). Methods for the Enerimental Determination of Mechanical MobilitL Part 5: Measurements 
Using. Impact Excitation with an Exciter Which is not Attached to the Structure. ISO 7626-5. Geneva, 
Switzerland. Author. 

ISO. (1997). Mechanical Vibration and Shock - Evaluation of Human Exposure to Whole-Body Vibration 
,- Part 1: General Reguirements. ISO 2631-1. Geneva, Switzerland: Author. 
Janney, J. R. and Wiss, J. F. (1961). Load-Deflection and Vibration Characteristics of a Multi-Storey Precast 

Concrete Building. ACI Journal. Vol. 32, No. 10.1323-1335. 
Jeary, A. P. and Sparks, P. I; L (1979). Some Observations on the Dynamic Sway Characteristics of Concrete 

Structures. In: ACI Publication SP-60. Proceedings of the Symposium on Vibrations of Concrete. 
1977 11 Convention of the ACI (pp. 155-180). New Orleans, USA. October 20. 

Jiý T. and Ellis, B. R. (1993). Evaluation of Dynamic Crowd Effects for Dance Loads. In: Proceedings of th 
IABSE International Colloquium: Structural Scrviceabilijy of Buildings. Vol,. 

_ff 
(pp. 165-172). 

Gothenburg, Sweden. June 9-11. 
Jiý T. and Ellis, 13. R. (1994). Floor Vibration Induced by Dance-Type Loads: Theory. The Structural 

Engineer. Vol. 72, No. 3.3744. 
Ji, T. and Ellis, B. R_ (1995). Human Actions on Structures, The SECED Newsletter. Autumn, 4-5. 
Jones, A. J. and Saunders, D. J. (1972). Equal Comfort Contours for Whole Body Vertical Pulsed Sinusoidal 

Vibration. Journal of Sound and Vibration. Vol. 1, No. 23. (pp. 1- 14). 
Keast, D. N. (1967). Measurements in Mechanical DMmics. New York, USA: McGraw-Hill Book 

Company. 
Khan, S. (1994). Private communication with S. Khan, Director, Bunyan Meyer and Partners, Epsom, UK. 
Khan, S. and Williams, M. S. (1995). Post-Tensioned Concrete Floors. Oxford, UK: Butterworth-Heinemann 

Ltd. 
Kong, F. K. and Evans, R. H. (1987). Reinforced and Prestressed Concrete Q rd Edition. Workingham, UK: 

Van Nostrand Reinhold (UK) Co. Ltd. 
Kraus, C. A. and Murray, T. M. (1997). Vibration of Steel Framed Residential Floor Systems: Preliminary 

Guidelines. In: Leon Kempner, Jr. and Colin B. Brown (Eds. ) Proceedings of Structures Congress XV@ 
Building to Last. Vol. 1. (pp. 438442). Portland, USA. April 13-16. 

Lenzen, K. H. (1962). Vibration of Steel Joist-Concrete Slab Floor Systems. Studies in Engineering 
Mechanics Report No. 16, Lawrence: Center for Research in Engineering Sciences. The University of 
Kansas, USA. 

Lenzen, K. H. (1966). Vibration of Steel Joist-Concrcte Slab Floors. AISC Engineering Journal. Vol. 3.133- 
136. 

Lenzen, K. H. (1972). Vibration of Floor Systems of Tall Buildings. In: Proceedings of the ACSE-IABSE 
International Conference on Planning and Design of Tall Buildings. Vol. 11 ý17. 

(pp. 667-673). 
Betlehern, USA. August. 

Lenzen, K. H. and Murray, T. M. (1969). Vibration of Steel Beam Concrete Slab Floor Systems. Studies in 
Engineering Mechanics Report No. 29, Lawrence: Center for Research in Engineering Science. The 
University of Kansas, USA. 

Lcnzen, K. H., Dorsett, L. P. and Sokolowski, M. (197 1). The Variation of the Vibrational Characteristics of 
Steel Joist-Concrete Slab Floor Systems with Changes in the Structural Parameters. Engineerin 
Archives of the Polish Academy of Sciences. Vol. 1 . 419439. 

Leonard, D. R. (1966). Human Tolerance Levels for Bridge Vibrations. Ministry of Transport RRL Report 
No. 34. Harmondsworth, UK: RRP, 

Leonhardt, F. (1962). Spannbeton fiir Die Praxis. Berlin, Germany: Verlag Von Wilhelm Ernst and Sohn 
(translation into Serbo-Croatian). 

Libby, j. R. (1990). Modem Prestressed Concrete - Design Principles and Construction Methods (4h 
Edition . New York, USA: Van Nostrand Reinhold. 



Refcrences 334 

Licht, T. (1972). Measurement of Low Level Vibrations in Buildings. BandK Technical Review. (3-1972). 
23-29. 

Licht, T. R-, Andersen, H. and Jensen, H. B. (1987). Recent Developments in Accelerometer Design. BandK 
Technical Review. (2-1987). 1-22. 

Lin, T. Y. and Bums, N. H. (1982). Design of Prestressed Concrete Structures Od Edition). New York: John 
Wiley and Sons. 

Long Stroke Shaker Model 113. (undated). Carlsbad, USA: APS Dynamics Inc. 
IA)ng Stroke Shaker Model 40 

. 
(undated). Carlsbad, USA: APS Dynamics Inc. 

Long rime Record DI-Card Operating Manual. Revision I. Q. (undated). West Lothian, UK: Diagnostic 
Instruments Ltd. 

Long Time Record DI-Card Operating Manua. (undated). Revision 1.0. West Lothian, UK: Diagnostic 
Instruments Ltd. 

Low Impeda ice Voltage Mode (LIVM) Theoly and Operation. (undated). Chatswort[4 California, USA: 
Dytran Instruments. 

Lyndon, F. D. and Iacovou, M. (1995). Some Factors Affecting the Dynamic Modulus of Elsticity of High 
Strength Concrete. Cement and Concrete Research. Vol. 25 

, 
No. 6.1246-1256. 

MacGregor, J. G. (1988). General Serviceability - Deflections, Differential Movement and Cracking. In: 
Proceedings of the Symposium/Worksh9p on Serviceabilily of Buildings (Movements. Deformations. 
Vibrations). Vol. 1. (pp. 3-6). Ottawa, Canada. May 16-18. 

Maguire, J. R. (1984). The Dynamic Characteristics of Elevated Piled Tanks and Other Selected Prototype 
Structu 

. 
PhD Thesis. University of Bristol, UK. 

Maguire, J. R. (1995). Private communication with J. R- Maguire, Chief Engineer, Marine Division, (Lloyd's 
Register Guidance Note No. 9; Civil and Structural Engineering; Idelisation of Concrete Structures 
During 0scssment 

. Maguire, J. R. and Wyatt, T. A. (1999). ICE Design and Practice Guide: Dynmics - An Introduction for 
Civil and Structural Engineers. London, UK: Thomas Telford. 

Maia, N. M. M., Silva, J. M. M., He, J., Lieven, N. A. J., Lin, R. M., Sldngle, G. W., To, W-M and Urgucira, 
A. P. V. (1997). Theoretical and Experimental Modal Analysis. Taunton, UK: Research Studies Press 
Ltd. and John Wiley and Sons. 

Matsumoto, Y., Nishioka, T., Shiojiri, H. and Matsuzaki, K. (1978). Dynamic Design of Footbridges. IABS 
Proceedings P-17/78.1-15. 

Matthew, P. W. and Bennett, D. F. 11 (1990). Economic Long-Span Concrete Floors. Crowthorne, UK: 
BCA. 

Mays, G. C. (1979). A Review of the Development of the Current International Procedures for the Design 
and Construction of Prestressed Slabs in Buildings. In: Ravindra, K. D. and Munday, J. G (Eds. ) 
Proceedings of the Conference on Advances in Concrete Slab Technolggy. (pp. 435-449). Dundee 
University, UK. April 3-6. 

McConnell, K G. (1978). Notes on Vibration FLequengy Analysis. Bethel, USA: SESA/SEM. 
McConnell, K G. (1995). Vibration Testing Theojy and Practice. New York, USA: John Wiley and Sons, 

Inc. 
McConnell, K. G. and Riley, W. F. (1993). Force-Pressure-Motion Measuring Transducers. In: A. S. 

Kobayashi (Ed. ) Handbook on Enerimental Mechanics Wd Edition 
. 

(pp. 119-163). Bethel, USA: 
SEM. 

Meirovitch, L. (1980). CoMputational Methods in Structural D=mics. Alpen aan den Rijn, The 
Netherlands: Sijthoff and Noordhoof. 

Meirovitch, L. (1986). Elements of Vibration Analysis. New York, USA: McGraw-Hill. 
Meyer, C. (1987). Introduction. In: C. Meyer (Ed. ) Finite Element Idelaization for Linear Elastic Static and 

DMmic Analysis of Structures in Engineering Practice. (pp. 1-16). New York, USA: ASCE. 
Meyer, C. and Will, K. M. (1987). Models for Dynamic Analysis. In: C. Meyer (Ed. ) Finite Element 

Idelaization for Linear Elastic Static and Dyqamic Analysis of Structures in Engineering Practic . (pp. 
273-301). New York, USA: ASCE. 

Mickleborough, N. C and Gilbert, R. 1. (1986). Control of Concrete Floor Slab Vibration by L/d Limits. In: 
Proceedings of the 10th Australian Conference on the Mechanics of Structures and Materials. (pp. 5 1- 
55). University of Adelaide, Australia. 



References 335 

Morley, L. J. and Murray, T. M. (1993). Predicting Floor Response Due to Human Activity. In: Proceeding 
of the IABSE International Colloquium on Structural Serviceability of Buildings. (pp. 297-302). 
Gothenburg, Sweden: 9-11 June. 

Mouring 
, 

S. E. and Ellingwood, B. R_ (1993). Minimising Floor Vibration Caused by Building Occupants. 
In: Proceedings of the IABSE International Colloquium on Structural Serviceabilily of Buildings. (pp. 
125-132). Gothenburg, Sweden: 9-11 June. 

Mouring 
, S. E. and Ellingwood, B. R. (1994). Guidelines to Minimise Floor Vibrations from Building 

Occupants. Journal of Structural EngineeriLq& Vol. 12 
, No. 2.5 07-526. 

Mouring, S. E. and Ellingwood, B. R. (1996). Minimizing Floor Vibrations from Occupant Activities. In: S. 
K. Ghosh and J. Mohammadi (Eds. ) Proceedings of ASCE Structures Congress XIV Building an 
International Communi1y of Structural Engineers. (pp. 405-412). Chicago, Illinois: 15-16 April. 

Murray, T. M. (1975). Design to Prevent Floor Vibrations. AISC Engineering Journal. Vol. 12, No. 3.82-87. 
Murray, T. M. (1981). Acceptability Criterion for Occupant-Induced Floor Vibrations. AISC Engineering 

Journal. Vol- 18 No. 2.62-70. 
Murray, T. M. (1985). Building Floor Vibrations. In: Proceedings of the 3d Conference on Steel 

Dqyt1Lqpmgnts. (pp. 145-149). Australian Institute of Steel Construction. Melbourne, Australia. May 
20-22. 

Murray, T. M. (1988). Practical Aspects of Floor Serviceability Design. In: Proceedings of th 
Symposium/Worksho on Serviceability of Buildings (Movements, Deformations. Vibrations). Vol. 1. 
(pp. 495-496). Ottawa, Canada. Mayl6-18. 

Murray, T. M. (1991). Building Floor Vibrations. AISC Engineering Journal. Vol. 28 No. 3.102-109. 
Murray, T. M. and Allen, D. E. (1993). Floor Vibrations: A New Design Approach. In: Proceedings of the 

quium on Structural ServiceabilLty of Building 
. 

(pp. 119-124). 
Gothenburg, Sweden: 9-11 June. 

NAFEMS (1992a). A Finite Element Primer. Glasgow, UK: Author. 
NAFEMS (1992b). A Finite Element DyLiamics Primer, Glasgow, UK: Author. 
Nash, A. (1993). Transient Vibrations in Light Frame Floors. In: Proceedings of the IABSE International 

Colloquium on Structural Serviceabilfty of Buildings. (pp. 231-236). Gothenburg, Sweden: 9-11 June. 
Nawy, E. G. (1996). Fundamentals of High Strength High Performance Concrete. Harlow, UK: Longman. 
Nelson, F. C. (1974). Subjective Rating of Building Floor Vibration. Sound and Vibration. Vol. 8.34-3 7. 
Neville, A. M. (1995). Properties of Concrete (4h Edition). Harlow, UK: Longman. 
Newland, D. E. (1993). An introduction to Random Vibrations. Spectral and Wavelet Analyýis (3"d Edition 

Harlow, UK: Longman. 
nd Nilson, A. H. (1987). Design of Prestressed Concrete (2 Edition. New York, USA: John Wiley and Sons. 

NRCC. (1985). Commentagy A, Chotei 4. of the Supplement to the National Building Code of Canada. 
NRCC Associate Committee on the National Building Code. Ottawa, Canada: Author. 

NRCC. (1988). Serviceabilfty of Buildings (Movements. Deformations. Vibrations). Proceedings of the 
NRCC Symposium/Workshop. Ottawa, Canada. May 16-18. 

Ohlsson, S. V. (1982). Floor Vibrations and Human Discomfort. PhD Thesis. Chalmers University of 
Technology, Gothenburg, Sweden: 9-11 June. 

OhIsson, S. V. (1988a). Springiness and Human-Induced Floor Vibrations: A Design Guide. Stockholm, 
Sweden: Swedish Council for Building Research. 

OhIsson, S. V. (1988b). Ten Years of Floor Vibration Research -A Review of Aspects and Some Results. In: 
Proceedings of the SYMPosium/WorkshM on Serviceabilfty of Buildings (Movements. Deformations. 
Vibrations). Vol. 1. (pp. 419-434). Ottawa, Canada. May 16-18. 

Ohmart, R. D. and Lenzen, K. H. (1968). An Approximate Method for the Response of Stiffened Plates to 
Aperiodic Excitation. Studies in Engineering Mechanics Report No. 30, Lawrence: Center for 
Research in Engineering Studies. The University of Kansas, USA. 

Olsen, N. (1984). Excitation Functions for Structural Frequency Response Measurements. In: Proceedings of 
the 2 nd IMAC. Vol. 2. (pp. 894-902). Orlando, USA. February 6-9. 

Onysko, D. M. (1988a). Performance Criteria for Residential Floors Based on Consumer Responses. In: R. 
Y. Itani (Ed. ) Proceedings of the 1988 International Conference on Timber Enginggfing. (pp. 736- 
745). Seattle, USA. September 19-22. 



References 336 

Onysko, D. M. (1988b). Performance and Acceptability of Wood Floors - Forintek Studies. In: Proceedinjzý 
of the Symposium/WorkshM on Serviceabilijy of Buildings (Movements. Deformations. Vibrations). 
Vol. 1. (pp. 477494). Ottawa, Canada. May 16-18. 

B24 Ultra High Sensitivi1y LIVM Accelerometer Hermetically Sealed and Case 
Isolate 

. 
(undated). Chatsworth, California, USA: Dytran. 

'B BatteEy Powered Unijy Gain Current Source with BNC Sensor and Outpu 
Jacks for Powering LNý Sensors. (undated). Chatsworth, California, USA: Dytran. 

eratin Guide MM-1 'S 03A Instrumented Impulse Hammer Twelve Pound Sledge. (undated). 
Chatsworth, California, USA: Dytran. 

I Series 5800A and 5801A LIVM DyWulse IMpulse Hammer. (undated). 
Chatsworth, California, USA: Dytran. 

Is 4105 and 4105B Battejy Operated Current Source Power Units with Gains 
x 1. x 10 ind x 100. (undated). Chatsworth, California, USA: Dytran. 

Osborne, K. P. and Ellis, B. R. (1990). Vibration Design and Testing of a Long-span Lightweight Floor. The 
Structural Engineer, Vol. 68, No. 10.181-186. 

Ouchiyama, M. and Yajima, R. (1993). Field Measurement and Experimental Study on Structural Behaviour 
of PPC Flat Slab with Unbonded Tendons. In: Proceedings of the FIP Symposium '93. (pp. 869-876). 
Kyoto, Japan. October 17-20. 

Pandit, S_ M. (1991). Modal and Spectrum Analysis: Data Dependent Systems in State Space. New Jersey, 
USA: John Wiley and Sons Inc. 

Parsons, K. C. and Griffin, M. J. (1988). Whole Body Vibration Perception Thresholds. Journal of Sound 
and Vibration. Vol. 121, No. 2.237 - 258. 

Pavic, A. (1993). Serviceabiljý Limit States of Post-Tensioned Concrete Floors in Buildings. MSc Thesis (in 
Serbo-Croatian). University of Belgrade, Yugoslavia. 

Pavic, A. and Reynolds, P. (1997). Investigation into the Effects on Vibration Serviceabilfty of Structural 
Modifications to the inverted 'U' Beams Precast Sy em Manufactured by SCC Internal Report 
CCC197/0064. The Department of Civil and Structural Engineering, University of Sheffield, UK. 

Pavic, A. and Reynolds, P. (1999). ExCel, Exhibition Floor. London: Assessment of Vibration 
Serviceabil Final Report, Ref. RCU Quote 093 1. The Department of Civil and Structural 
Engineering, University of Sheffield, UK. 

Pavic, A. and Waldron, P. (1996a). Parameter Estimation and FE Model Correlation Using Modal Testing of 
an Experimental Full-Scale High Strength Concrete Floor. In: Proceedings of the International 
Conference on Identification in Engineering Systems. (pp. 668-677). University of Wales, Swansea, 
UK. March 27-29. 

Pavic, A. and Waldron, P. (1996b). Guidelines on Modal Testing of Full-Scale Concrete Floors Using 
Instrumented Hammer Impact Excitation. In: Proceeding of Joint Institution of Structural Engineers/ 
CiN Universjjy International Seminar on Structural Assessment - The Role of Large and Full-scale 
Testin 

. 
(pp. 27.1-27-8). City University, London, UK. July 1-3. 

Pavic, A., Crouch, R. S. and Waldron, P. (1995a). The Iterative Process of Linking the Experimental Modal 
Testing and FE Modelling of a Full-Scale Concrete Structure. NAFEMS Benchmark International 

, signers and Analy9s. September. 12-17. 
Pavic, A., Crouch, R. S. and Waldron, P. (1995b). Experimental Validation of Finite Element Models for 

Vibrational Analysis of Thin Prestressed Concrete Slabs. In: Proceedings of the NAFEMS 5 th 
International Conference on Reliability of Finite Element Methods for Engineering Applications. (pp. 
319-330). Amsterdam, The Netherlands. May 10-12. 

Pavic, A., Pimentel, R. L. and Waldron, P. (1998). Instrumented Sledge Hammer Impact Excitation: Worked 
examples. In: Proceedings of the 16"' IMAC. (pp. 929-935). Santa Barbara, USA. February 2-5. . Pavic, A., Reynolds, P. and Waldron, P. (1997). Modal Testing of a Full-Scale Prestressed Concrete Floor: 
Testing Specifications and Quality Assurance Procedures. In: Proceedings of International Conference 
on Modem Practice in Stress and Vibration Analysis. University College, Dublin, Ireland. September 
3-6. 

Pavic, A., Williams, M. S., and Waldron, P. (1994). Dynamic FE Model for Post-Tensioned Concrete Floors 
Calibrated Against Field Test Results. In: Proceedings of the 2d International Conf4ence on 
Engineering IntegEjjy Assessment. (pp. 357-366). Glasgow, Scotland. May 11-12. 



References 337 

Pcarman, T. (1997). Private communication with T. Pearman, Consultant, Bunyan Meyer and Partners Ltd., 
Epsom, UK. 

Pemica, G. (1987). Effect of Architectural Components on the Dynamic Properties of a 1, ong-span Floor 
System. Canadian Journal of Civil EnRineering. Vol. 14.461-467. 

Pcmica, G. (1990). Dynamic Load Factors for Pedestrian Movements and Rhythmic Exercises. Canadian 
Acoustics. Vol. IS, No. 2.3-18. 

Pemica, G. and Allen, D. E. (1982). Floor Vibration Measurements in a Shopping Centre. Canadian Journal 
of Civil Engineering. Vol. 9, No. 2.149-155. 

Petkovski, M. (1999). Seismic Behaviour of Reinforced Concrete Frames with Energy Dissipation Elements. 
PhD Thesis. University of Sheffield, UK (to be submitted). 

Petkovski, M., Reynolds, P., Pavic, A. and Waldron, P. (1997). SCC Precast Floors: Assessment of Vibration 
Serviceabiljjy of Union Arcade Car Park. Internal Report CCC/97/0058A. The Department of Civil 
and Structural Engineering, University of Sheffield, UK. 

Petyt, M. (1990). Introduction to Finite Element Vibration Analysis. Cambridge, UK: Cabridge University 
Press. 

Petyt, M. and Mirza, W. H. (1972). Vibration of Column-Supported Floor Slabs. Journal of Sound and 
Vibration. Vol. 21, No. 3.355-364. 

Pham, L. and Stark, G. (1993). Australian Performance Standard for Domestic Metal Framing. In: 
Proceedings of the IABSE International Colloquium on Structural Serviceabilfty of Buildings. (pp. 99- 
104). Gothenburg, Sweden: 9-11 June. 

Pham, L. and Yang, J. H. (1993). Dynamic Performance of Australian Domestic Floors. In: Proceedings of 
the TABSE International Colloquium on Structural Serviceabilijy of Buildings. (pp. 237-242). 
Gothenburg, Sweden: 9-11 June. 

Pietrzko, S., Cantieni, R. and Deger, Y. (1996). Forced Modal Test of the Vieux Emosson Gravity Dam, 
Reciprocity Based Experimental Determination of Dam-Foundation Interaction, FE-Modelling and 
Updating. In: A. Creechan (Ed. ) NAFEMS/DTA/SECED. Proceedings of the 2 nd International 
Conference on Structural DynAmics Modelfinst: Test, Analysis and Correlation. (pp. 413-424). 
Cumbria, UK. July 3-5. 

Piezoelectric Accelerometers, CLaMe Amplifiers and Force Transducers. (undated). Naerum, Denmark: 
Bruel and Kjaer. 

Pimentel, R. L. (1997). Vibrational Performance of Pedestrian Bridges Due to Human-Induced Loads. PhD 
Thesis. University of Sheffield, UK. 

PL20 Series FFF Analyser/DSO Applications Manual. (undated). Revision 1.5. West Lothian, UK: 
Diagnostic Instruments Ltd. 

PL202 Realtime FIT Analyser Getting Started Guide. (undated). Revision 2.2. West Lothian, UK: 
Diagnostic instruments Ltd. 

Polcnsek, A. (1970). Human Response to Vibration of Wood Joist Floors, Wood Science. Vol. 3.111-119. 
POstlethwaite, F. (1944). Human Susceptibility to Vibration. Engineering. Vol. 15 , 

No. 4072.61-63. 
&S-1-Tensioned Slabs. (undated). Boulogne - Billancourt, France: Freyssinct International. 
Preflove, A. J. and Rainer, H. (1991). Human Response to Vibrations. In: Vibration Problems in Structures. = 

Practical Guidelines. Appendix I. CEB Bulletin D'Information No. 209. Lausanne, Switzerland: CEB. 
Predove, A. J. and Rainer, H. (1995). Human Response to Vibrations. In: Vibration Problems in Structures - 

Practical Guidelines. Basel, Switzerland: Birkhduser Verlag. 
Price, B. (1995). Private communication with Dr B. Price, Section Head, Taywood Engineering, London, 

UK. 
Price, B. (1996). Stronger, Bigger, Better. Concrete. January/February. 28-29. 
Product Data: Piezoelectric Accelerometers - DeltaShear and Uni-Gain-DeltaShear Types. (undated). 

Naerurn, Denmark: Bruel and Kjaer. 
PTI. (1977). Design of Post-Tensioned Slabs. Glenview, USA: Author. 
PTI. (1990). Post-Tensioning Manual. Phoenix, USA: Author. 
RACAL. (1979). RACAL Store 4DS Technical Mann . 

Southampton, UK: Author. 
RACAL. (1993). RACAL Store Plus VL. Southampton, UK: Author. 
Raghavcndrachar, M. and Aktan, A. E. (1992). Flexibility by Multireference Impact Testing for Bridge 

Diagnostic. Journal of Structural Engineering. Vol. 118.2186-2203. 



References 338 

Rainer, H., Bachmann, H. and Predove, A. J. (1995). Floors with Walking People. In: Vibration Problems in 
Stru ires - Practical Guidelines. (pp. 11-17). Basel, Switzerland: Birkhauser Verlag. 

Rainer, J. H. and Pernica, G. (1981). Damping of a Floor Sample. In: Proceedings of the 2nd Specialit 
Conference on Dynamic Response of Structures: Enerimentation, Observatiom Prediction and 
Control. (pp. 859-873). Atlanta, Georgia, USA. January 15-16. 

Rainer, J. H. and Pernica, G. (1986). Vertical Dynamic Forces from Footsteps. Canadian Acoustics. Vol. 14 
Part 2.12-2 1. 

Rainer, J. H. and Swallow, J. C. (1986). Dynamic Behaviour of a Gymnasium Floor. Canadian Journal of 
. 

Civil E ineerine. Vol. 13. No. 3.270-277. 
Rainer, J. H., Allen, D. E. and Pernica, G. (1988a). Dynamic Response of Floors Due to People in Motion. 

In: Proceedings of the S31pposium/WorkshM on Serviceabilfty of Buildings (Movements. 
Defo nations-Vibrations). Vol. 1. (pp. 465-476). Ottawa, Canada. May 16-18. 

Rainer, J. I-L, Pernica, G. and Allen, D. E. (1988b). Dynamic Loading and Response of Footbridges. 
Canadian Journal of Civil Engineering. Vol. 15.66-71. 

Ramsey, K. A. (1975). Effective Measurements for Structural Dynamic Testing: Part 1, Sound and 
Vibration. Vol. 9, No. 11.24-35. 

Ramsey, K. A. (1976). Effective Measurements for Structural Dynamic Testing: Part 2, Sound and 
Vibration. Vol. 10, No. 4.18-3 1. 

Randall, I- B. (1987a). Frquency Analysis. Naerum, Denmark: Bruel and Kjaer. 
Randall, R. B. (1987b). Vibration Measurement Equipment and Signal Analyzers. In: C. M. Harris (Ed. ) 

Shock nd Vibration Handbook Wd Edition). (pp. 13.1-13.49). New York, USA: McGraw-HUI. 
Randall, R. B. (1996). Vibration Measurement Instrumentation. In: C. M. Harris (Ed. ) Shock and Vibration 

(pp. 13.1-13.17). New York, USA: McGraw-Hill. 
Rasmunsen, G. (1982). Human Body Vibration Exposure and Its Measurements. Bruel and Kjaer Technical 

Revie 
- No. 1.3-31. 

Reese, R- T. and Kawahara, W. A. (1993). Types of Structural Tests. In: Rý T. Reese and Kawahara, W. A. 
(Eds. ) Handbook of Structural Testi". (pp. 3342). Bethel, USA: SEM. 

Reid, W. M., Dickie, J. F. and Wright, J. (1997). Stadium Structures: Are They Excited. The Structural 
Engin, er. Vol. 75 -388. ., No. 22.3 83 

Reynolds, P. (1999). The Effects of Raised Acces Floors on the Vibrational Performance of Long-Span 
Concrete Floors. PhD Thesis. University of Sheffield, UK (to be submitted). 

Reynolds, P. and Pavic, A. (1996a). Excitation Signals for Shaker Testing. Internal Report No. 
, CCC197/0052A. The Centre for Cement and Concrete, University of Sheffield, UK- 

Reynolds, P. and Pavic, A. (1996b). Documentation for In-House Software SG CTRL. Technical Note No. 
CCC/97/0054A. The Centre for Cement and Concrete, University of Sheffield, UK. 

Reynolds, P. and Pavic, A. (1996c). Documentation for In-House Software RANGEN. Technical Note No. 
CCC/97/0055A. The Centre for Cement and Concrete, University of Sheffield, UK. 

Richardson, M. H. (1984). Global Frequency and Damping Estimates from Frequency Response 
Measurements. In: Proceedin of the 4h IMAC. (pp. 465-470). Us Angeles, USA. February 3-6. 

Ridlon, S. A. and Meyer, C. (1987). Dynamic Analysis - Modeling Guidelines. In: C. Meyer (Ed. ) Finite 
Element Idelaization for Linear Elastic Static and Dymmic Analysis of Structures in Engineerin 
Practi. e (pp. 397-44 1). New York, USA: ASCE. 

Ritz, P., Matt, P., Tellenbach, C., Schlub, P. and Aeberhard, H. U. (1985). Post-Tensioned Concrete in 
Building Construction - Post-Tensioned Slabs. Bern, Switzerland: VSL International. 

Rosenthal, 1. and Itskovitch, M. (1988). Vibration Response of a Ribbed Slab Floor to Dancing. In: 
Proceedings of the SyMposium/WorkshgW on Serviceabilily of Buildings (Movements. Deformations. 
Vibrations). Vol. 1. (pp. 526-532). Ottawa, Canada. May 16-18. 

RS Components. (1997). The RS Catalogue on CD-ROM. Corby, UK: Author. 
Sabins, G. M. (1979). Introduction and Background: Vibrations of Concrete Structures. In: ACI Publication 

SP-60. P -occedings of the S3=osium on Vibrations of Concrete, 1977 Fall Convention of the ACI. 
(pp. 1- 12). New Orleans, USA. October 20. 

Saul, W. and Tuan, C. Y. (1986). Review of Live Loads Due to Human Movements. Journal of Structural 
Engineering. Vol. 112, No. 5.995-1004. 

SEM. (1989). 1989 Buyers' Guide to Experimental Mechanics Equipment and Services. Exwrimental 
Techniques. July. 31-65. Bethel, USA: Author. 



References 339 

Scrridgc, M. and Licht, T. R. (1987). Piezoelectric Accelerometer and Vibration prea! pplificr Handbook. 
Nacrurn, Denmark: Brucl and Kjaer. 

Sevem, R. T. (1997). The 6h Mallet-Milne Lecture: Structural Response Prediction Using ELcperimental 
Data. Rotterdam, The Netherlands: A. A. Balkerna. 

Severn, R. T., Brownjohn, J. M. W., Dumanoglu, A. A. and Taylor, C. A. (1988). A Review of Dynamic 
Testing Methods for Civil Engineering Structures, Keynote Paper I (with discussion). In: Proceedings 
of University of Bristol and SECED Conference: Civil Engineering DyMmics. (pp. 1-23). University 
of Bristol, UK. March 24-25. 

Shioya, K. and Maebayasbiý K. (1988). Micro-Vibration Control Procedure for High-Tech Facilities. In: 
Proceedings of the S=osium/Workshgp on Serviceability of Buildings (Movements. Deformations. 
Vibrations). Vol. 1. (pp. 589-602). Ottawa, Canada. May 16-18. 

SILock and Vibration Measurement Technolo . 
(undated). An Application Oriented Short Course Notes P/N 

29005. Rancho Vejo, USA: Endevco. 
Smallwood, D. 0. (1996). Vibration Testing Machines. In: C. M. Harris (Ed. ) Shock and Vibration 

Handbook Oh Edition). (pp. 25.1-25.32). New York, USA: McGraw-Hill. 
Smith, B. J., Peters, R. 1. and Owen, S. (1996). Acoustics and Noise Measurements. Harlow, UK: Addison 

Wesley Longman Ltd. 
Smith, I. and Chuiý Y. H. (1988a). Design of Lightweight Wooden Floors to Avoid Human Discomfort. 

Canadian Journal of Civil Engineering. Vol. 15, No. 2.254-262. 
Smith, 1. and Chuiý Y. H. (1988b). Serviceability Calculations for Timber Building Components with 

Mechanical Connections. In: Proceedings of the Syn2posium/Workshpp on Serviceability of Buildings 
(Movements. Deformations, Vibrations). Vol. 1. (pp. 465476). Ottawa, Canada. May 16-18. 

Smith, I. and Hu, L. J. (1993). Vibration Serviceability of Ribbed Plates by Modal Synthesis. In: 
Preocee lings of the TABSE International Colloquium, on Structural Serviceabilijy of Building 

. 
(pp. 

243-250). Gothenburg, Sweden: 9-11 June. 
Smith, J. D. (1989). Vibration Measurement and Analysis. London, UK: Butterworths. 
Smith, J. W. (1969). The Vibration of Highway Bridges and the Effects on Human Comfort. PhD Thesis. 

University of BristoL UK. 
Smith, J. W. (1988). Vibration of Structures: Applications in Civil Engineering Design. London, UK: 

Chapman and Hall. 
Spence, P. W., and Kenchington, C. J. (1993). The Role of DgMping in Finite Element Analysis. Report 

R0021. Glasgow, UK: NAFEMS. 
Stcffens, R- J. (1952). The Assessment of Vibration Intensily and Its Application to the Study of Building 

Vibrations (National Building Studies Special Report No. 19 . 
London, UK: HMSO. 

Steffens, R. J. (1965). Some Aspects of Structural Vibration. In: Proceedings of the British National Section 
of the I iternational Association for Earthquake Engineering Symposium "Vibration in Civil 
Eflginggfing: 

- 
(pp. 1-30). London, UK. April. 

Steffens, R. J. (1974). Structural Vibration and Dannag . 
London, UK: HMSO 

Stevenson, A. M. (1994). Post-Tensioncd Concrete Floors in Multi-Storey Buildings. Crowthorne, UK-- 
BCA. 

Stevenson, A. M. (1995). Private communication with M. Stevenson, Senior Partner, Gifford and Partners, 
York, UK. 

Szilard R- (1974). Theojy and Analysis of Plates. New Jersey, USA: Prentice-Hall. 
Thomson, W. T. (1993). Theo! y of Vibration with ApRli ons (4h Edition 

. 
London, UK: Chapman and 

Hafl. 
Tilly, G. P. (1986). Preface. In: G. P. Tilly (Ed. ) Dyparnic Behaviour of Concrete Structures . ftort of the 

RILEM 65 MDB Committee. Develgpments in Civil Engineering. Vol. 13. (pp. v-vii). Amsterdam, 
The Netherlands: Elsevier. 

Tilly, G. P., Cullington, D. W. and Eyre, R. (1984). Dynamic Behaviour of Footbridges. IABSE Surveys S 
26/84. LABSE Periodica No. 2/84.13-24. 

Zc ri g ma. Vo. Tolaymat, R. A. (1988a). A New Approach to Floor Vibration Analysis. AISCE En in en Jou II 
2-5, No. 4.137-143. 

TOlayrnat, R- A. (1988b). An Automated Approach to Floor Vibration Analysis. In: Proceedings of the 
S3gpposium/Workshgp on Serviceabilfty of Buildings (Movements. Deformations. Vibrations). Vol. 1. 
(pp. 465476). Ottawa, Canada. May16-18. 



References 340 

Trethewey, M. W. (1986). Truncation and Time Delay Bias Spectral Estimation Errors in Structural Testing. 
In: Proceedings of the 4th IMAC. Vol. 1. (pp. 123-129). Los Angeles, USA. February 3-6. 

Tuan, C. Y. and Saul, W. E. (1985). Loads Due to Spectator Movements. Journal of Structural Engineering. 
VQL 111, No. 2.418-434. 

Ungar, E. E. (1988). Damping of Panels. In: L. L. Beranek (Ed. ) Noise and Vibration Control. (pp. 434-475). 
Washington DC, USA: Institute of Noise Control Engineering and McGraw Hill, Inc. 

Ungar, E. E. and White, R. W. (1979). Footfall-Induced Vibrations of Floors Supporting Sensitive 
Equipment. Sound and Vibratio October 1979. (pp. 10-13). 

Usher, M. J. and Keating, D. A. (1990). Sensors and Transducers: Characteristics. Applications. 
Instrumentation, Interfacing. London, UK: Macmillan. 

Vibration-Testing Systems for Simulation and AnalY§h. (undated). Naerum, Denmark: Bruel and Kjaer. 
Von Gierke, H E. and Brammer, A. J. (1996). Effects of Shock and Vibration on Humans. In: C. M. Harris 

(Ed. ) Shock and Vibration Handbook (4h Edition). (pp. 44.1-44.67). New York, USA: McGraw-Hill. 
VSL International. (1972). Post-Tensioned Flat Slabs - EVlanation of Calculation Process. Bern, 

Switzerland: Author. 
Waldron P., Pavic, A. and Reynolds, P. (1997). DOE Partners in Technology Research Project: Vibration of 

Post-Tensioned Concrete Floor Slabs. Progress Report 3, CCC/97/0055A. The Centre for Cement and 
Concrete, University of Sheffield, UK. 

Waldron, P. and Pavic A. (1995). Parnell House Floor: Vibration Serviceabilfty Assessment by Calculation. 
Internal Report CCC/95/0059. 'Me Department of Civil and Structural Engineering, University of 
Sheffield, UK. 

Waldron, P. and Williams, M. S. (1994). Evaluation of Methods for Predicting Occupant-Induced Vibrations 
in Concrete Floors. The Structural Engineer. Vol. 72, No. 20.334-340. 

Waldron, P., Caverson, R_ G., Williams, M. S. and Zaman, A. (1993). Vibration Criteria for Unbonded 
Prestressed Concrete Floors. In: Proceedings of the FIP S3=osium'93. (pp. 877-884). Kyoto, Japan. 
October 17-20. 

Waller, R. A. (1969). Building on SpriMs. Oxford, UK: Pergamon Press. 
Warwaruk, J. (1979). Deflection Requirements - History and Background Related to Vibrations. In: ACI 

Publication SP-60. Proceedings of the S3inposium on Vibrations of Concrete. 1977 Fall Convention of 
the AC 

. 
(pp. 13-4 1). New Orleans, USA. October 20. 

Wasserman, D. E. (1987). Human Aspects of Occupational Vibration. Amsterdam, The Netherlands: 
Elsevier. 

Whale, L. (1983). Vibration of Timber Floors: A Literature Review. High Wycombe, UK: TRADA. 
Wheeler, J. E. (1980). Pedestrian-Induced Vibrations in Footbridges. In: Proceedings of the IOh Australian 

Road Research Board (ARRB) Conference. Vol. 10, Part 3. (pp. 21-35). Sydney, Australia. August 27- 
29. 

Wheeler, J. E. (1981). Crowd Loading on Footbridges. Technical Report No. 23. Australia: Main Roads 
Department Western Australia. 

Wheeler, J. E. (1982). Prediction and Control of Pedestrian Induced Vibration in Footbridges. Journal of th 
Structural Division. Vol. 108.2041-2065. 

White, M. F. and Liasio, K. H. (1982). Measurement of Mobility and Damping of Floors. Journal of Sound 
and Vibration. Vol. 8 1, No. 4.535-547. 

Wilcoxon Research. (1995). 1995 Industrial Vibration Sensors Product (Industrial Catalogue IND-95). 
Gaithersburg, USA: Author. 

Wilcoxon Research. (1996). Test and Measurement Vibration Products 1996. Gaithersburg, USA: Author. 
Willf0rd, M. R. (1997). A Methodology for the Prediction of Floor Vibration to Walking. Revision 'B'. 

Internal Report. London, UK: Ove Arup and Partners. 
Williams, M. S- (1997). Private communication with M. S. Williams, Lecturer, University of Oxford, UK. 
Williams, M. S. and Waldron, P. (1994). Evaluation of Methods for Predicting Occupant-Induced Vibrations 

in Concrete Floors. The Structural Engineer. Vol. 72, No. 20.334-340. 
Williams, M. S., Zaman, A., Waldron, P. and Caverson, R. G. (1993). Comparison of Finite Element and 

Field Test Results for the Vibration of Concrete Floors. In: Proceedings of International Conference 
on Structural Dynamics Modelling. Test. Analysis and Correlatio 

. 
(pp. 79-88). Milton Keynes, UIC 

July 7-9. 



References 341 

Wilson, J. and Heidebrecht A. (1976). Vibration Characteristics of Lona-Span Floor Systems. A Report 
Prepared for the Canadian Steel Industries Construction Council. McMaster University. Toronto, 
Canada. 

Wiss, J. F. and Parmelee, R. A. (1974). Human Perception of Transient Vibrations. Journal of Structural 
I Division ASC- ` 1.100. No. 4.773-787. 

Wright, D. T. and Green, R. (1959). Human Sensitivity to Vibration. Report No. 7. February. Queen's 
University, Kingston, Ontario, Canada. 

Wyatt, T. A. (1985). Floor Excitation by Rhythmic Vertical Jumping. Engineering Structures, Vol. 7.208- 
210. 

Wyatt, T. A. (1989). Design Guide on the Vibration of Floors (SCI Publication 076). Ascot, UK: SCI. 
Wyatt, T. A. (1997). Private communication with T. A. Wyat4 Wind Engineering Society, UK. 
Wyatt, T. A. and Dier, A. F. (1989). Floor Serviceability under Dynamic Loading. In: Proceedings of th 

International S3nposium "Building in Steel -The Way Ahead", (pp. 20.1-20.22). ECCS Publication 
No. 57, Stratford on Avon, UK. September 19-20. 

Y011cs M. S., Bergmann R, and Robbie, R. G. (1968). Systems Buildings. In: Proceedings of the Canadian 

- tructural En ineerin Conferenne. (pp. 208-218). Toronto, Canada. 
Zahn, F. A. and Ganz, H. R. (1992). Post-Tensioning in Buildings. Bern, Switzerland: VSL International. 
Zarnan, A. and Boswell, L. F. (1995). Using FEM to Predict Floor Vibration Response. In: Procecdings of 

the 5th Internationni rnnfi-. rPn-e on Reliabiljjy of Finite Element Method for Engineering Applications. 
(pp. 307-318). Amsterdam, The Netherlands. May 10-12. 

Zaman, A. and Boswell, L. F. (1996a). Frequency Estimation of Long-Span Floors. In: Proceedings of th 
2nd International Conference on Structural Dygamics Modclling: Test Analysis and Correlatio . 

(pp. 
129-139). Cumbria, UK. July 3-5. 

Zaxnan, A. and Boswell, L. F. (1996b). Vibration Response of Post-Tensioned Concrete Floors to an Impact. 
In: Proceedings of the FIP Symposium on Post-Tensioned Concrete Structures 1996. (pp. 538-549). 
London, UK. September 24-27. 

Zaman, A. and Boswell, L. F. (1996c). Dynamic Response Testing and Finite Element Modelling of the 
L13TF Steel-Framed Building Floors. In: Proceedings of the Second Cardinglon Conference on Fire. 
Static and DyLaamic Testing of Building Structures. (pp. 269-283). Cardington, UK. March 12-14 

Zaman, A. and Boswell, L. F. (1996d). Review of Acceptability Criteria for the Vibration of Composite 
Floors. In: Proceedings of the Joint IStructE/Cijy University International Seminar on Structural 
Assessment "The Role of Large and Full Scale Testing'. (pp. 48.148.8). City University, London, 
UK. July 1-3. 


