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ABSTRACT

The modern trends towards economy and the use of high strength materials have
resulted in long spans and slender floors of low frequencies. These frequencies may
be within the range of the first few harmonics of daily life human activities. Though
the problem of resonance with walking vibrations, an activity most common on all
floors, is unlikely, high amplitude or persistent vibrations due to these low-level
excitations may cause alarm to building occupants. There may also be some problems
with the most sensitive equipment. These uncomfortable vibrations are a serviceability
limit state problem and can only be avoided by ensuring a high floor fundamental
natural frequency and damping. There is a need, therefore, for a method to accurately
predict the fundamental natural frequency and damping of these floors and to ensure
that they are high enough to avoid any resonance or perceptibility problems.

Available analytical formulae for the estimation of fundamental natural frequency are
not directly applicable to actual floors due to various assumptions. The only method
that may be reliably used for static or dynamic analyses is the finite element method
because it can conveniently model the three dimensional nature of structures and
account for the various boundary conditions and material properties.

The research reported in this thesis consists of measuring fundamental natural
frequencies and corresponding damping of a range of actual floors. The experimental
frequencies have then been compared with those results which are based on the
analytical formulae and finite element method. The analytical methods suitable for
various categories of floors have been identified. A new linear-elastic single panel or
beam finite element model, correlated with the experimental results, has been
developed for the accurate estimation of the fundamental natural frequency of these
floors. The correct boundary conditions for various categories of floors have been
identified. The single-degree-of-freedom (SDOF) formula for the estimation of
fundamental natural frequency using static deflections has been modified for the
floors tested. This modified SDOF formula can be used for convenient hand
calculations by the consultants and designers who want a quick estimation of
fundamental natural frequency due to time and cost limitations. The formula may also
be used to limit static deflections and, therefore, design loads for any choice of a
minimum fundamental natural frequency. Also, new limits on span/depth ratios for flat
slabs and span limits for double-T beam floors have been suggested. Similarly,
minimum fundamental natural frequencies, damping ratios and maximum static
deflections have been suggested for the floors tested. The single panel or beam model
may also be used for various parametric studies, both for static and dynamic analyses.
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Chapter 1 INTRODUCTION

The trend towards achieving longer spans with slender slab thicknesses and the use of
high strength steel and concrete to optimise strength and stiffness properties of floor
slabs have led to more economical but rather flexible structures. This has also made
long span floors susceptible to vibration problems from a serviceability point of view
due to everyday human activities. Moreover, it has caused concern that the dynamic

criterion may be of equal importance as the static criterion for design because of the

low floor frequencies and high amplitude vibrations.

It is widely recognised that the most important parameter in effecting a floor vibration
is the natural frequency of the floor. Slender long-span floors have low natural
frequencies (typically less than 10 Hz) and only the first or fundamental mode affects
the human perception of floor motion and thus serviceability. It is extremely
important to estimate this frequency as accurately as possible and to design the floor
for a fundamental natural frequency (hereafter called fundamental frequency) higher
than the lowest excitation frequency (for example, walking) to avoid any resonance

conditions or objectionable vibrations.

This Chapter examines the importance of floor vibrations and summarises the various
methods most commonly used for the estimation of the fundamental frequency of floors.

The aims and scope of the research are defined towards the end of the Chapter together

with an outline of the thesis.
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1.1 Floor Vibrations

Long-span floor slabs are being used increasingly for office buildings and car parks for
reasons of economy, lower floor heights, and fast construction etc. These floors can be
either post-tensioned concrete: solid flat slabs with or without drop panels, 1-way
spanning solid slabs with beams, ribbed, or waffle; pre-tensioned concrete: double-T
beams; or composite steel-concrete slabs comprising of profiled steel decking (or sheeting)

as the permanent formwork to the underside of concrete slabs spanning between support

beams.

Post-tensioned concrete floors allow higher span/depth ratios whereas pre-tensioned
double-T beams allow longer spans. The major advantage of composite slab floors over
precast or in-situ concrete construction is the reduced construction period. Moreover,
steel decking is easy to handle, can be cut to length and is less susceptible to tolerance
problems. The shear connectors can be welded or fixed through the decking and the

attachments/openings for services can be easily made.

The use of slender sections due to improved methods of construction and design has,
however, produced floors which may be susceptible to vibrations. Low amplitude
vibration problems in long-span and light-weight composite floors have been encountered
and studied in recent years, Wyatt (1989). These vibrations are important at the
serviceability limit state only. They range from an uncomfortable environment or
annoyance for building occupants due to low amplitude excitations caused by a human
footfall or to the large amplitude vibrations caused by rhythmic group activities (i.e. high
floor accelerations or deflections). The serviceability limit state should, therefore, be

an important consideration in floor design.

Since there is a lack of experimental data on the dynamic behaviour of long-span
floors, their advantages, therefore, may be overshadowed if inadequate attention is given
to their dynamic serviceability and their vibrational behaviour is not properly

understood and taken into account at the design stage.
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The serviceability limit state problem due to low amplitude vibrations could only be
avoided with higher floor frequencies and damping. This would ensure that resonant
conditions do not occur and that vibrations die out quickly. The most important
parameter, however, in controlling such vibrations is the fundamental frequency of the
floor. Analytical procedures exist to calculate this frequency but lack accuracy in
estimation and incorporate various assumptions. Accurate estimation of this frequency,
however, is essential for the reliable assessment of the vibrational serviceability of these

floors at the design stage.

However, floor slabs are currently designed for stress, strength and stiffness under
service loads. Most of the current codes of practice do not include specific
requirements for vibration acceptability of these floors and limit their static deflections
only. The construction industry also, at present, rely on the use of span/depth ratios to
control deflections only and do not consider vibration of suspended floors. While this
may be adequate for stiffer and heavier floor systems, it is possible that vibrations rather
than deflections may control the design of long-span slabs, particularly its thickness. One
design guide, however, is available on composite steel joist-concrete slab floors which
considers vibration problems, Wyatt (1989). Most of the research in the area, however,
has been centred on the human perception of vibrations. Also, knowledge about the
dynamic performance and vibration characteristics of such slabs is very limited. Thus,
there is a need for a quick and reliable approach to reduce or eliminate vibration

problems by accurately estimating and controlling frequency.
1.1.1 Human Perception

Research into the human perception of vibrations has been extensively carried out for a
wide variety of applications. Most of this research has evolved in the form of graphs
defining safe/unsafe vibrations for human reaction. These criteria for the control of floor
vibrations for human perceptibility and acceptability are mainly based on subjective
analysis of a limited amount of data and will vary for different environments. Therefore,
the recommendations presented in these criteria tend to be more conservative. The

following guides, standards and codes mention these criteria :
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1) BS 6472 (1984) British Standards Institution, UK

ii) Technical Report 43 (1994)  Concrete Society, UK

1) SCICIRIA 076, Wyatt (1989) The Steel Construction Institute, UK

iv) CAN3-516.1-M89 (1989) Canadian Standards Association, Canada
and National Building Code

of Canada (1990)
V) ANSI §3.29 (1983) American National Standards Institute, USA
vi) DIN 4150 (1975) German Institute for Standardisation, Germany
vii)  ISO2631-2 (1989) International Organisation for Standardisation,
and ISO 10137 (1992) Switzerland

From a review of these guides, it is evident that although tests have been carried out
previously to determine the dynamic characteristics of some floors, the biggest
deficiency in research has been the accurate estimation of the fundamental frequency of

long-span floor slabs which are becoming more common and which can be more

slender.

The lack of knowledge of the dynamic behaviour of these flexible slabs, therefore,
has prompted an in-situ experimental investigation into their dynamic characteristics
to study the existing analytical approaches and design methods for the estimation of

fundamental frequency of these floors at scales which cannot normally be achieved in a

laboratory.
1.1.2 Fundamental Frequency

The best way to avoid perceptible vibrations is to ensure that the fundamental
frequency of the floor is outside the range of excitation frequencies due to various
human activities or their higher harmonics for an acceptable sensitivity, Bachmann
(1992). This also ensures that the static deflection criterion is critical. Table 1.1 shows
Bachmann’s recommendations for the minimum fundamental frequencies of floors.

Similar recommendations have also been given in CSA (1990).
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Table 1.1:

Design Frequency Limits, Bachmann (1992)

Type of Structure Minimum Frequency (Hz)
Office Buildings 4.8 (Damping > 5%)
7.2 (Damping < 5%)
Gymnasia and Sports Halls:
Reinforced Concrete 75
Prestressed Concrete 8.0
Composite Steel-Concrete 85
Dancing and Concert Halls
(Without Fixed Seating):
Reinforced Concrete 6.5
Prestressed Concrete 7.0
Composite Steel-Concrete 7.5
Concert Halls, Theatres and
Spectator Galleries
(With Fixed Seating):
Classical or Soft Pop Music 3.4
Hard Pop Music 6.5
1.1.3 Floor Damping

Damping can arise from any structural or non-structural component and is, therefore,
extremely hard to predict theoretically. The above guides and recommendations are,
therefore, based on experience, observations and some measurements. Table 1.2 shows
these recommendations. A fair engineering judgement is required at the design stage to

allow for reasonable damping to control small vibrations.
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Table 1.2: Recommended Damping Values

Source Floor Description Damping (% Critical)
Murray (1975) | Composite Floors | 1-20 (Depending on partitions, ceilings,
finishes)
Allen & Rainer 3-12 (Depending on partitions, ceilings,
(1976) and finishes, applied dead loads)
CSA (1989)
CSA (1990) 3-6 (Depending on people on floor)
ISO (1992) 0.8-5.0 (Depending on continuity of
floor slab, boundary conditions and
partitions)
Allen et al Concrete Floors | 1-4 (Depending on floor type i.e. cast-
(1979) in-place, precast; partitions, ceilings,
finishes, applied dead loads)
CSA (1990) 2-4 (Depending on the presence of
people on floor)
ISO (1992) 0.8-3 (Depending on floor type i.e.

cast-in-place, precast prestressed)

1.2.1

Estimating The Fundamental Frequency Of Floors

There are many different methods for frequency estimation. Each has its merits and

demerits, assumptions and application. However, only those methods will be discussed

here which have been used or recommended by researchers.

Equivalent Beam Method (EBM)

Lenzen (1966) suggested the use of an equivalent beam model to estimate the natural
frequency of any floor made of steel beams or joists and concrete slabs. This is because the
behaviour of these floors is mainly one-way and thus a beam model with a single steel

beam interacting with the concrete deck on top of width equal to the beam spacing is
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considered to closely approximate the floor fundamental frequency using the following
equation, Blevins (1995):

fi= £ | 1.1
Y2z \mp! a1
where = fundamental frequency of the floor;

A = 7 for a simply supported beam, Blevins (1995);

A =4.73 for a fixed-ended beam, Blevins (1995);

EI  =flexural rigidity of the floor;
= floor span;
= mas¥/length of the floor = pA4 ;

= density of the floor material,

hODOF

= area of cross-section of the floor.

Allen (1974) clarified that the above equation is particularly applicable for rigid support
conditions and extended the method to flexible support conditions by suggesting the use

of Dunkerly’s Principle, Inman (1994), for each floor component as follows:

L (12
7 fc,z fci ........ .
where f| = fundamental frequency of the total floor system;
A = first floor component frequency;
J.,  =second floor component frequency and so on.

Allen and Rainer (1976), Allen et al (1985), CSA (1989), Murray (1975), Pemnica and
Allen (1982) have all applied this approach for estimating the fundamental frequency of
composite floors. Allen et al (1979) applied this formula to two concrete floors and noted
that the application of the formula is straightforward for simply supported precast T-

beams. For cast-in-place beam and slab systems, they used the formula based on an
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assumed simply supported T-section and found that the assumption of simple supports
generally under-estimated the frequency. The British Standards Institution (BS8110:1985)
0.75L

recommends a width of for the flange of this T-section where L is the beam span

length. The width of beam , however, is not included in this assumption and, therefore,

should be added to this value for calculation purposes. For composite floors, Wyatt

(1989) suggested the effective width of slab to be the smaller of either % or beam

spacing. Allen-Murray (1993), on the other hand, suggest the smaller of 0.4 L or

beam spacing.

Composite floor slabs with steel decking can normally be regarded as continuous and
resting over the supporting floor beams for dynamic analysis. The section properties
are, therefore, based on a transformed moment of inertia. This assumption is applied
even if the slab is not structurally connected to the beam flange, since the magnitude
of the impacts are not sufficient to overcome the friction force between the elements.
For the case of a girder supporting beams, it has been found that the beam seats are
sufficiently stiff to transfer the shear. Thus, a transformed moment of inertia
assumption can be used for the girder as well. But this will result in higher frequencies
than those obtained using the girder moment of inertia only assuming the beams as
point loads. However, there is no agreement on whether the beam supporting slab is

to be used for the system frequency or the girder supporting beams. Normally, the

smaller frequency will be assumed to be critical.
1.2.2 Plate Method (PM)

The fundamental frequency (f,) of a rectangular plate having plan dimensions L, and L,

(L, 2 L,) and thickness # is given by Blevins (1995) as:

A EW’

S= 2712\ 12p(1- V7)

(1.3)
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’ L . . .
where A =nx_[1+ L—; for a plate simply supported at its edges, Blevins (1995);
¥y

E =Young's modulus of elasticity;
o = density of the material of the plate;

v = Poisson's ratio.

For the case of a plate simply supported only at its corners, A can be obtained from Table
1.3 below.

Table 1.3: Variation of A* with —%‘— , Blevins (1995)

Y

L 3
L,

1.0 7.12
1.5 8.92
2.0 9.29
2.5 9.39

From Table 1.3, the variation of A* with % can be approximated by the following third
Yy

order polynomial equation (using trendline or least-squares curve-fitting):

3 2
A= 1.5467(%-) - 9.82[-%) +20_803[%} —-541 (1.4)

¥y ¥ ¥y

Although most two-way floor systems can not be idealised as simply supported at their
edges or comers, it can be reasonably assumed that the displacements along column lines
are negligible in the first mode of vibration. This assumption, however, is only valid for

continuous floors with similar span dimensions in both directions.
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The method is straightforward for flat plate type floors but the method requires ribbed or
waffle type floors to be transformed to an equivalent thickness in each direction. Since
these floors have not been studied in the present research, further use of equation 1.3 for

these floors will not be mentioned.

1.2.3 Static Deflection Method (SDM)

1 (K
The natural frequency (f) of a simple spring-mass system is given by f =-—,/—

2n \ M’
where K is the stiffness of the spring and M is the lumped mass supported by the spring,

Clough and Penzien (1993). The static deflection (A,) of this system is given by

A,=—]?g, where g is the acceleration due to gravity acting on the mass. Thus the

1
frequency ( f ) can be calculated by f = EPe ’2& . This concept can be applied to various

floor systems.

This method, however, is well-suited to composite steel-concrete floor systems which
consists of different components. In this approach, each floor component is
considered separately as a single-degree-of-freedom (SDOF) system for the
estimation of static deflections. The total deflection is given as the sum of the
component deflections. Wyatt (1989) suggested a weighted average value of static
deflection due to self weight and superimposed loads (y, ) as 3/4 of the maximum.

The beam and girder-panel mode fundamental frequencies are then calculated by the

following equation:

1 18
I:— —_ = (15)
/ 271'\/; \/E

where y, = maximum static deflection in mm;

_3
yw—ZyO'
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The system frequency is then assumed to be the lowest of the two modes calculated.

Other details are given in the design guide by The Steel Construction Institute, Wyatt
(1989).

Allen-Murray (1993) used the following formula for the fundamental frequency of the

beam and girder-panel modes for composite steel-concrete floor systems:

g
=018 [—= 1.6
fi=o18 & (16)
where g =9806.65 mm/sec’;
A, = static deflection of beam or girder in mm.

They also considered the critical mode to be the one with lowest frequency. However,
they suggested to calculate a combined mode if the beam span (L,) is less than 1/2
the girder span (L, ). For this mode the static deflections of both the beam and girder-
panel modes are added together before using equation 1.6. They assumed beams and
girders as simply supported for the purposes of estimating their deflections and the

modulus of elasticity of concrete as 1.35 times higher than the calculated value to

account for the increase in stiffness under dynamic loading.

For the combined mode, an effective beam-panel width (B, ) should be determined

from equation 1.7 below and it should be less than § L, where L, is the total

floor length perpendicular to the beam :

B, =2(—D—‘)z L, (1.7)
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where D, is the slab rigidity given by A (1, is the slab moment of inertia per unit length
n

and n is the modular ratio) and D, is the beam rigidity given by ]”. (1, is the
spacing

beam moment of inertia and spacing is the distance between the centres of the

beams).

If the total floor length is less than the effective beam-panel width, the combined mode is
restricted and the system is effectively stiffened. This can be accounted for by reducing the

girder deflections (A, ) to A, as below:

\ (1.8)

>
[

b |,
>

o

t~

8

—£<10.
Bb

where 05 <

Since it is very difficult to calculate deflections of two-way slab systems, this method can
be best used in conjunction with the Finite Element Method where static deflections of the

model can be closely approximated.

1.2.4 Concrete Society Method (CSM)

The Concrete Society (1994) has proposed the following formulae (Equations 1.9 - 1.13)
to calculate the natural frequency of a two-way slab in the x -direction; the characteristics
of the y -direction mode are determined by interchanging the x and y subscripts in these
equations. This approach assumes two independent orthogonal modes in the two span
directions and takes into account the effects of perimeter beams, the difference in stiffness
in the two orthogonal directions and the type of slab. The method yields two natural

frequencies corresponding to the two span directions.
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It may be mentioned here that CSM determines the dynamic response of the fundamental
mode which is then multiplied by a factor to give the total dynamic response. However,
the method is based on EBM and there is no evidence of its validation against any

experimental data or other methods.

In the following equations, 7, is the number of bays in the x -direction, each of span L_,

and n, is the number of bays in the y-direction, each of span L,. The flexural stiffnesses
of the slab spanning in the two directions are £/, and EI, respectively and m is the mass

per unit area. Equations for solid slabs will be given here; for others see the design

handbook on post-tensioned concrete floors, Concrete Society (1994).

Slabs with Perimeter Beams

The effective aspect ratio (1, ) of a slab panel is defined as:

1
n L (EL\
As =T(EI}) (19)

v x

This, in turn, is used to calculate a modification factor (&, ) given by:
ko=1+=5 (1.10)
The natural frequency of the slab with perimeter beams ( ;) is then given by:

/ T EIv
ke . 1.11
/ 2 \}mL; (1.11)

Slabs without Perimeter Beams

For slabs without perimeter beams the frequency given by equation 1.11 is modified by the

calculation of a frequency f, given by:
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7 [E],
2\ m [}
+Eh5
ErlL:

Jo= (1.12)

1

The natural frequency of the slab without perimeter beams ( £, ) is then given by:

1 1
—_
Py n, n,
fx'—fx (-fx .fb) 2 (113)
1.2.5 Finite Element Method (FEM)

The finite element (FE) method was first developed in 1956. It is a powerful numerical
technique that uses variational and interpolation methods for modelling and solving
boundary value problems. The method is extremely useful for structures with unusual

geometric shapes.

A structure is made up of different members connected together. The FE method consists
of dividing each member of the structure into a finite number of elements of predictable
behaviour. Since the actual variation of the field variable (e.g. displacement, stress,
temperature, pressure, or velocity etc.) inside the continuum is not known, the variation
inside each element is assumed to be approximated by a simple function. These
approximating functions are defined in terms of the values of the unknown field variables
at the element nodes. The field equations for the whole continuum are then brought
together in an assembly procedure, resulting in global mass and stiffness matrices, which
describe the motion of the structure as a whole. Full details of the method are beyond the

scope of this thesis, see Zienkiewicz (1981).

The FE method is systematic and modular and may be implemented on a computer to

solve a wide range of practical vibration problems simply by changing the input to a
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computer program. The method is capable of analysing higher modes of vibration and can
model complex geometries with varying boundary conditions. Several large established
commercial FE codes are available. However, the FE modelling of the floors in this

thesis was carried out by I-DEAS and ANSYS structural dynamic analysis packages.

The FE method provides improved accuracy in calculating the natural frequencies of
floors if the geometry and boundary conditions are correctly modelled. The degree of
refinement in results is, therefore, superior to the methods which have been discussed
previously. However, modelling the correct stiffness for all elements (geometry,
density and modulii of elasticity) and boundary conditions (joint and support
continuity) require experience and extensive modelling. Various models need to be
studied if a higher order of accuracy is desired. Due consideration should be given to

the small magnitude of dynamic deflections.

The FE method also allows sensitivity studies once the model is correlated with the
experimental results. The most common method of comparing frequencies of experimental
and analytical models is to plot them against each other. This plot should be a straight line
of slope +1 for perfectly correlated data. Any deviation suggests errors in material
properties, element type or boundary conditions. Therefore, several models need to be
studied before arriving at a reasonable correlation. The method also allows estimation of

static deflections and, therefore, frequency estimation using the static deflection approach.

The FE method is based on some assumptions (e.g. shape functions etc.) and
approximations (e.g. geometry and material properties). The FE modelling and analysis
may also be expensive and time consuming. Therefore, the FE results are not expected to
correlate exactly with the experimental results and for all practical purposes a reasonable

error is widely accepted by engineers.

This method has been previously successfully used for the validation of experimental
frequencies of a composite floor, Osborne and Ellis (1990). However, details on modelling
were not given because it was undertaken by a consultancy firm. Maguire and Severn

(1987) have used this method for frequency estimation of a chimney, two water tanks and
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four bridge beams. They found good correlation of their FE results with their experimental
results. Gardner-Morse and Huston (1993) used this method for comparing their
experimental frequencies of a pedestrian bridge and found good correlation. More
recently, Chen and Aswad (1994) used this method to study the vibration of precast
double-T floors. However, they did not carry out any field measurements and only used

various loading functions in their study.

It has been established, therefore, that FEM can be successfully used for frequency
estimation of prototype structures. However, it has not been used for the estimation of
frequency of concrete floors. Moreover, the biggest uncertainty in the use of this method
for concrete and composite floors is the correct material properties. Therefore, this
method has been extensively studied in the present research to explore the possibility of
estimating fundamental frequency of floors using a very simple model and to study the

effect of various parameters on this frequency.

1.3 Objectives

The research carried out consisted of in-situ dynamic monitoring of 29 long-span floor

slabs of different structural configurations with the following objectives:

i) to examine the importance of vibrations in the design of long-span floor slabs;

ii) to determine experimentally the dynamic characteristics of these floors;

iif) to compare and evaluate the existing design guides and the most commonly used
analytical approaches for the calculation of fundamental frequency of floor slabs
and to identify the most appropriate method for the estimation of the fundamental
frequency of these floors;

iv) to study the use of the finite element method for frequency estimation of floors
and to develop an "accurate" model correlated against experimental results;

V) to carry out a parametric/sensitivity study of the FE-models in order to limit the

static deflections and span/depth ratios of long-span floors.
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1.4 The Scope Of This Thesis

The research is limited to the fundamental frequency estimation of the following structural

configurations of long-span suspended floor slabs:

i) Post-Tensioned Concrete 1-Way Spanning Solid Floor Slabs With Beams;
i) Post-Tensioned Concrete Solid Flat Slab Floors;
ii) Pre-Tensioned Concrete Double-T Beam Floors;

iv) Composite Steel-Concrete Slab Floors.

Other types of floors (waffle, ribbed etc.) have not been included because they could not

be tested in a reasonable number to obtain reliable conclusions.

The dynamic testing is carried out under serviceability conditions and only the vertical
modes of vibrations are considered. The floors are assumed linear and elastic (due to small

deflections and low floor frequencies caused by everyday normal activities).

1.5 Outline

Chapter 2 presents a description of the dynamic testing and data analysis procedures. A
brief review of Modal Analysis is presented which is relevant to the present research. The

testing equipment is described along with various precautions and requirements.

Chapter 3 presents and discusses the results of all the field tests. Typical experimental
graphs (inertance transfer function, corresponding phase diagram and coherence function

plots) are given.
Chapter 4 discusses the use of Finite Element (FE) modelling and analyses for the

vibrations of long-span floor slabs. Results of various models are also compared for each

floor tested. Details of a parametric/sensitivity study of the FE models is also given.
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Various plots (fundamental frequency versus span/depth ratios, span lengths and static

deflections) are presented which have been obtained from the results of the FE models.

Chapter 5 presents the comparison of experimental results with those obtained through the

various analytical methods discussed in Chapter 1 and Chapter 4.

Chapter 6 presents the conclusions and recommendations based on the research. Guidance
is provided by presenting the use of the various plots previously discussed in Chapter 4.

Suggestions for furthering the research are given at the end of the chapter.
A detailed list of references has been provided. Two appendices are added to provide

isometric sketches of the floor types tested with typical dimensions and calculations for

frequency estimation for one floor in each category.
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Chapter 2 DYNAMIC TESTING

This Chapter presents the method of vibration measurement used for obtaining
experimental results for the floors tested. A brief review of the relevant parts of modal
analysis which have been used in the research is presented along with the data analysis

procedure.

2.1 Modal Analysis

This is a technique to determine experimentally the dynamic characteristics of structures.
Of major interest in the present research is the fundamental frequency of floors which is
extremely important in predicting and understanding their dynamic behaviour. Full details
of the method are beyond the scope of this thesis and, therefore, only the important and

relevant details will be briefly discussed here. For details, see Ewins (1995).

The main procedure is to excite the structure by means of an impulse hammer to measure
the input force and use an accelerometer to measure the resulting vibration response. The
force and acceleration signals are then Fourier transformed into frequency domain
functions, from which the frequency response functions (also called transfer functions) are
established. The modal parameters: which are the natural frequencies and damping ratios,

can then be estimated by curve-fitting.

The fundamental idea behind modal testing is that of resonance. If a structure is excited at

resonance, its response exhibits two distinct phenomena:

a) As the driving frequency approaches the natural frequency of the structure, the

amplitude at resonance rapidly approaches a sharp maximum value;
b) The phase of response shifts by 180 as the frequency sweeps through resonance,

with the value of the phase at resonance being 90’.
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These physical phenomena are used to determine the natural frequency of the structure

from measurements of the magnitude and phase of the structure’s forced response.
Understanding modal testing requires knowledge of several areas. These include
instrumentation, signal processing, parameter estimation and vibration analysis. It is

important to understand some details of the signal processing performed by the spectrum

analyser in order to carry out valid experiments. These are presented below.
2.1.1 Digital Signal Processing

A periodic time signal or function x(7) of period 7T can be represented by an infinite

Fourier series of sinusoids of the form given by:

x(1) = a—2° + Z (a,cosnw t+b, sinnw 1) @0

n=1

2
where @, =— and the Fourier or spectral coefficients a,, a, and b, are defined by:

T
2 T
a, = —_[F(t)dt 2.2)
T 0
2 7
a, = ?J‘F(I) cosnw; dt 23)
0
2 7
b, = ?IF(t) sinnw, tdt (24)
0

The spectral coefficients represent frequency-domain information about a given time
signal. These coefficients also represent the connection between Fourier analysis and

vibration experiments.
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Figure 2.1 shows a 3-D graph illustrating the addition of sine waves to give a composite
waveform. Two of the axes are time and amplitude and the third is a frequency axis. These
different views along the time domain (time history) and frequency domain (frequency
response spectrum) allow for the visual separation of the individual components of the

waveform.

Vibration Amplitude

Frequency

Spectral Analysis

Amplitude

Time Domain View
3
2
a
: N
' Frequency Domain View

Figure 2.1: 3-D Representation of Vibrations

The analysis done in modal testing is performed in the frequency domain, inside the
analyser. The analyser converts the analogue time-domain signal into digital frequency-
domain signals and then performs the required computations with these signals. The
method used to do this is called fast Fourier transform (FFT) which is essentially the

Fourier series analysis explained above.

-
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The analyser receives as its input the analogue output signals from the accelerometer and
force transducers. These signals are then digitised and recorded as a set of N discrete
values, which are evenly spaced in the period T during which the measurement is made.
Assuming the sample as periodic in T, the analyser then calculates the above spectral
coeflicients of these signals before analysing these signals in the frequency-domain. For
analytical details, see Ewins (1995). A typical transient time history and its Fourier

transform is shown in Figure 2.2.

I/\ AN Transient Time History

— Fourier Transform

O

Figure 2.2: Transient Time History and Fourier Transform

The range of the frequency spectrum is 0-w_, (Nyquist frequency) given by

©__ = %]Y—, where N is the number of discrete values and 7' the sample length. The

max

resolution of lines in the frequency spectrum is given by Aw =%. As the size of

transform (') is generally fixed for a given analyser (2n e.g. 256, 512, 1024, etc.), the
frequency range covered and the resolution is determined solely by the time length of each

sample.
Some of the most important features of digital Fourier analysis, resulting from

discretisation approximation of original continuous time history signals, which affect

measurements, are discussed briefly below.
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2.1.1.1 Sampling And Aliasing

The signals are sampled at different equally spaced time intervals to produce a digital
record in the form of N set of numbers. Improper sampling time may cause an error called
aliasing when calculating digital Fourier transforms. Aliasing is the misrepresentation of
the analogue signal by the digital record. Thus, if the sampling rate is too slow, the digital
representation will cause high frequencies to appear as low frequencies (Figure 2.3). This
can be avoided by subjecting the analogue signal to an anti-aliasing filter which allows low
frequencies through, by maintaining a reasonably small sampling interval. A reasonable

sampling rate is two times the highest frequency of interest.

Signal

\'}:\—f/\/ \/

Sample Instant
Alias Frequency

Amplitude

Figure 2.3: Aliasing

2.1.1.2 Leakage

The digital analysis is feasible only if the periodic signal is sampled over a finite time. The
digital Fourier transform of finite length signals assumes that the signal is periodic within
the sample record length. Thus the actual frequency leaks into a number of fictitious
frequencies because a complicated signal containing many different frequencies cannot
simply be cut at an integral multiple of its period. Leakage can be corrected by the use of a

window function. Figure 2.4 illustrates this phenomenon.
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Figure 2.4: Leakage

2.1.1.3 Windowing

This involves multiplying the original analogue signal by a time function. This forces the
signal to be zero outside the sampling period. There are many different types of windows
but the most commonly used window for general purposes is the Hanning window. These
windows reduce leakage if properly applied to the signals. Figure 2.5 illustrates the use of

windowing.
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Figure2.5:  Hanning Window and its Effect on a Periodic Signal

2.1.14 Averaging

It is necessary to perform an averaging process, involving several individual time records
or samples before a result is obtained which can be used with confidence. The two major
considerations which determine the number of averages required are the statistical

reliability and the removal of spurious random noise from the signals.

2.2 Hammer Testing

In this type of dynamic testing, the floor slabs are excited by an instrumented hammer with
a force transducer and the response is measured with an accelerometer. A spectrum
analyser is used to extract this information from the hammer signal and compare it to other

signals generated by an accelerometer located at various points of interest on the test
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object. The analyser instantly displays the inertance transfer function, phase and coherence

functions which can be used to study the dynamic behaviour of the test structure.

Hammer testing has not been used previously in the case of suspended concrete slab
floors. However, it’s use is more common in the case of the structural analysis of piles,
and modal analysis of mechanical parts (gear boxes, turbine blades etc.). It has been used
previously, though, for a composite floor, Osborne and Ellis (1990); a chimney, two water
tanks and four bridge beams, Maguire and Severn (1987); and a pedestrian bridge,
Gardner-Morse and Huston (1993). The method was employed for present research
because it is the simplest, quickest, easiest, inexpensive and most portable method
available. The use of hammer also avoids the mass loading problem. It has the added
advantage of being able to measure the force input. This normalised response
measurement per unit of force input, therefore, allows subsequent response calculations of
the floor slab for a given force. It is assumed, however, that the floors tested are linear and
excited only in their linear range. Further, the response of the floors which have been
excited by the hammer impulse is identical to the free vibration response to certain initial
conditions and contains excitations at a number of the floor’s natural frequencies within a

selected frequency range.

2.2.1 Equipment

The equipment required to carry out the testing was very compact and straightforward to
use after initial familiarity. The following are the main components of the testing

equipment:

1) Instrumented Sledge Impulse hammer

This is a 5.4 kg (12 Ibs) impact hammer (Figure 2.6) designed to excite the
suspended floor slabs into motion with a definable force impulse (Figure 2.7). It
has an integral piezo-electric force sensor/transducer of the Low Impedance
Voltage Mode (LIVM) type to generate the input force signal. This sensor utilises
self-generating quartz crystals to generate an output signal (in mV/Ib) which is

exactly analogous to the impact force of the hammer when it strikes the test

-
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structure. The peak impact force is nearly proportional to the hammerhead mass
and the impact velocity. The stress created by the input force impulse results in a
strain (motion) in other parts of the test structure and the relationship between this
input stress and resulting strain define the transfer characteristics of the structure.
This signal thus quantifies the input or forcing function, identifying its phase,
amplitude and frequency content, necessary to describe exactly the mathematical
form of the impulse, by a spectrum analyser or fast Fourier transformation
techniques. The sensor is powered by the constant current type power source of
the spectrum analyser. The hammer contains an integral integrated-circuit (IC)
amplifier which converts the very high impedance voltage signal from the quartz
crystals to a low impedance level output signal which can be read out by spectrum
analyser. The hammer sensitivity is 1.17 mV/Ib-F and its designed nominal full-

scale impact range is 5000 Ibs-F with a maximum impulse of 8000 Ibs-F.

. 890 mm
75 mm Dia. I—— —-1

L - Electrical Connection - BNC Jack
" (Output Signal Through Cable)

| I

[

270 mm
| Force Sensor

Impact Tip  (Soft - Brown)
(Removable) (Medium - Green)
(Hard - Black)

- - o .o

X

Figure 2.6 Hammer Details
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Figure 2.7: Time and Frequency Response of a Hammer Impact

Impact Tips

A hammer hit to the test structure excites a broad range of frequencies depending
on the impact tip used. This tip (soft, medium, hard, or tough) is attached to the
force sensor and transmits the force of the hammer strike into the sensor. It also

protects the sensor face from damage.

The upper frequency limit excited by the hammer is decreased by increasing the
hammerhead mass and is increased with increasing stiffness of the tip of the
hammer. The soft impact tip provides mostly the low frequency excitation while
the tough tip (being very rigid) gives greater high frequency content to the input
forcing function. As the hardness of the tip increases, the impact pulse rise time is
faster thereby producing a higher frequency energy spectrum. The choice of a tip

greatly depends on the response (low/high) in terms of frequency excitation in the
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input impulse which in turn depends on the mass and stiffness of both the hammer

and the test structure. Since long-span floors are light and flexible with low

frequencies, they require less total energy to excite a number of modes into

resonance. Therefore, a soft tip is found to be capable of transforming sufficient

energy in exciting the floor to obtain adequate response signals in the frequency

range of interest. Figure 2.8 below shows the spectra for various tips.
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Figure 2.8: Spectra for Various Hammer Tips

Precautions

%*

%

*

When striking the test floor, use direct blows rather than glancing blows;
Try to strike the test object squarely with the center of the impact tip;
Keep the hammer head perpendicular to the surface of the test object
being excited,

Do not strike with the edge of the impact tip;

Use only enough force in the blow to adequately excite the test structure.
The magnitude of the signals from the accelerometer located at other
locations on the structure will determine the level of excitation;

Avoid multiple impacts because they cause zeroes in the frequency

response spectrum due to the periodic nature of the signal.

High Sensitivity Accelerometer

An accelerometer measures the accelerations produced by an impact. Appropriate

sensitivity is essential when measuring low frequency floors with low acceleration
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levels, because they can be easily excited by ambient conditions such as wind or

pedestrian movement etc.

A piezo-electric accelerometer is basically a rigid spring-mass system with
essentially zero damping to measure the motion. It contains a seismic mass, made
from a very dense tungsten alloy, a quartz element and an amplifier. The seismic
mass is tightly pre-loaded against pure synthetic quartz crystals by means of a
special pre-load screw under a high compressive force to avoid absolutely no
relative motion between the mass, crystals and base. This keeps the non-linearity

low and the natural frequency high.

The accelerometer used features a LIVM operation (as in the hammer).
Acceleration acting upon the mounting base is transferred to the seismic mass
through the crystals creating a force (F = ma). This force stresses the crystals (by
compression or release of some pre-load, depending upon the sense of input
acceleration) and produces a voltage signal exactly proportional to the input
acceleration. This very high impedance signal is fed to the gate of a tiny on-board
IC amplifier which drops the output impedance level ten orders of magnitude
allowing this instrument to drive long cables without appreciable effect on
sensitivity and frequency response. As the accelerometer is powered, the amplifier
is turned on at a specific bias voltage. When the accelerometer senses acceleration,
the resultant signal is superimposed upon this bias voltage and may be connected
directly to the spectrum analyser. The spectrum analyser supplies power to
operate the integral IC and separate the signal from the direct-current (DC) bias of
the internal amplifier. The accelerometer also features signal ground isolation from
the mounting surface to avoid annoying ground loops and hermetic sealing for
normal operation in moist and dirty environments. The range of the accelerometer
is 50g with a sensitivity of 101 mV/g and frequency range of 0.5-3500 Hz. Figure

2.9 shows the accelerometer used in testing.
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Figure 2.9: Accelerometer Details

Installation

It is necessary to prepare a flat mounting area to install the accelerometer. The flat
mounting surface ensures intimate contact between accelerometer base and
mounting surface for the best high frequency transmissibility and accuracy. The
accelerometer is threaded into the mounting area with a mounting stud after a light

coating of silicon grease is spread on either side of the mating surfaces.

Precautions

* Avoid dropping or striking the accelerometer, especially against rigid

materials such as concrete and metals. Very high shock induced overloads

can damage the built-in amplifier;

* The threaded locking collar of the cable connecting with the accelerometer
should be tight enough to avoid loosening under prolonged vibration

usage.

47



iii)

Cables

The hammer and accelerometer are connected to the spectrum analyser by cables.
Bayonet-Neal-Conkenal (BNC) sensor connectors are provided in the spectrum
analyser and at the end of the hammer handle to plug in the cable (Figure 2.6). The
accelerometer has a 10-32 connector and thus a BNC to 10-32 connector cable is

used to connect the accelerometer with the spectrum analyser (Figure 2.9).

Precautions
* Do not allow cables to hang loosely or vibrate unrestrained. Forces
generated by such motion may strain the accelerometer base causing
spurious output from the crystals;

Avoid stressing the cables by tying them down to a fixed surface near the

accelerometer mounting area.

Frequency Response Spectrum Analyser

This is an instrument used for data acquisition and detailed system analysis. The
analyser used acts as both a digital storage oscilloscope and as a FFT analyser
(converting a signal in the time domain to the frequency domain) with powerful
waveform processing capabilities. It manipulates data and calculates complex
mathematical processes. It is powered by an internal Nickel-Cadmium (NiCad)
battery which can be recharged. It allows the observation of input signals both in
the time and frequency domains. Data stored in the time domain can be further

reprocessed and stored in the frequency domain.

The analyser receives continuous analogue voltage signals from the output of the
transducers where it is proportional to both acceleration and force signals. These
signals are filtered, digitised and transformed into the frequency domain for
analysis. The analyser has facilities to perform analogue to digital signal
conversion, signal filtering for anti-aliasing effects, averaging, windowing,
calculating the transfer function, phase and coherence functions and post-

processing time-domain data to frequency-domain etc.
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2.2.2 Procedure

The test procedure used in the experimental programme is very simple, repetitive and

quick. It can be explained in steps as follows:

Selection Of The Test Panel

A typical representative panel of the floor is identified. The selection depends on the plan
layout of the floor and dimensions. A panel with the longest spans would give the lowest
fundamental frequency and so every effort is made to select such a panel with the least

obstructions.

Marking The Test Grid
A grid of reasonable size is marked on the test panel. An aspect ratio of one or as close to
one as possible is maintained, depending on the size of the panel. The more grid points,

the more accurate are the average values of the experimental results.

Selecting The Accelerometer / Hammer Impact Location

The accelerometer is placed on a grid point that gives good response (i.e. not near a nodal
line) at the natural frequencies of interest. The choice can be quickly made by testing a few
points. Normally, the midspan point gives the best response and the accelerometer is
placed at this point to measure the vibrations. In the case of floors with false flooring, the
accelerometer is moved from point to point on the grid and only a few floor panels are

removed near the midspan for exciting the floor with the hammer.

Exciting The Floor
The floor is excited with the hammer at the various grid points in tumn. A minimum of five
impacts may be used at each grid point to obtain an average value of the response at these

locations.

Storing The Data
The spectrum analyser performs the analysis and provides plots of the transfer function,

phase and coherence functions. A frequency band-width of 25 Hz may be used for the
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analyser for good resolution of low frequencies of the floors. Data for each test grid
location measured in the above manner is then stored on the spectrum analyser. It is later

transferred to a personal computer for further analyses to extract the dynamic properties.
2.3 Data Processing

After obtaining the transfer function and phase for each grid location for each test through
the spectrum analyser, the following procedure was used to extract the modal parameters

(fundamental natural frequencies and damping ratios) of all the test floors.

Curve-Fitting

A multi-degree-of-freedom (MDOF) curve-fit program, MODENT, was used to extract
the fundamental frequency and corresponding damping ratios for all the grid locations of
each test. For procedural details see MODENT (1993) manuals.

The MDOF curve-fitting used a least-squares approach and is carried out for each mode
of vibration in the region of its natural frequency. It can identify closely spaced modes
because the transfer function in the region of a mode is dominated by its resonating
frequency. In the frequency range around the resonant peak, it is assumed that the plot is
due to the response of a damped MDOF system due to a harmonic input at and near that

natural frequency. Thus frequencies are obtained by noting the location of the peaks and

examining the value of phase at these frequencies, which ideally should be 90,

The damping ratio (&) associated with each peak is determined by the Half-Power (Band

Width) technique by the relation &= —'B—”;—'B" , Inman (1994), Figure 2.10.
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Figure 2.10:  Estimating Damping

Maximum amplitudes occur in damped vibrations when the forcing frequency (@) equals
the system’s damped natural frequency, which is slightly smaller than the undamped
natural frequency (@, ). In Figure 2.10, B, and f3, are the frequency ratios at which the

. . | . .
response amplitude is reduced to —E times its peak value, S, is the frequency ratio at

which the maximum amplitude occur. The accuracy with which the damping ratio is
determined using this method depends on the frequency resolution in the original

frequency response data.

Averaging
The results for frequency and damping for each grid location were averaged to obtain a

reliable estimate of these properties.

Caution

Although the MODENT software estimates frequency and damping reliably by comparing
all the data files for each test grid location, in many cases, however, it is necessary to study
the phase diagrams closely. This is because of interference in the data due to unavoidable
ambient vibrations and noise. Therefore, every test was analysed a number of times for a

more reliable and average estimate of frequency and damping.
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Chapter 3 EXPERIMENTAL RESULTS

This Chapter presents the field test results of the floor slabs tested in the experimental
programme. The experimental technique and methods of analysis have been presented in

Chapter 2.

Although the choice of floors was governed by availability, every effort was made to test
as many floors as possible. The floors tested are divided into four main categories as

follows:

i) Post-Tensioned Concrete 1-Way Spanning Solid Floor Slabs With Beams
ii) Post-Tensioned Concrete Solid Flat Slab Floors
iii) Pre-Tensioned Concrete Double-T Beam Floors

iv) Composite Steel-Concrete Slab Floors

Many owners of office buildings were reluctant to grant access for fear of causing alarm to
occupants. Therefore, most of the floors tested were either unoccupied offices at the time
or car parks. In many cases the designers and owners were reluctant to provide all
information including layout drawings and material properties. Most of those who did
provide drawings did not want them to be included in the thesis or published in the
research papers. Therefore, only a general plan layout drawing with a typical cross-section
is given for each category. Structural details for each floor are given individually along
with the experimental fundamental natural frequency. Although the main theme of the
research was the estimation of fundamental natural frequency, experimental damping
estimates are also given. Typical experimental graphs (transfer function, phase and
coherence function plots) are given for each individual floor. General comments on

individual floor testing and results are also given.
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3.1 Post-Tensioned Concrete 1-Way Spanning Solid
Floor Slabs With Beams

Only four (4) floors of this type could be tested. All of them had beams along the long-
span direction. Figure 3.1 shows a general layout for this floor type with a typical
cross-section (see also Appendix A). Specific dimensions are given for each floor

individually.
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Figure 3.1:  Typical Plan Layout and Cross-Section
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3.1.1 Wycombe Entertainment Centre Multi-Storey Car
Park, Level 1+

Structure Description (see Figure 3.1)

Location : High Wycombe

Typical panel : Ls=7305m,L;=12.05m

Beams : D =650 mm, W =665 mm

Columns : C1=C2 =300 mm x 800 mm
C3 =C4 = 1600 mm x 450 mm

Slab : t=210 mm

Finishing : None

Test date : Tuesday 21 April 1992

Test Results

Fundamental natural frequency : 10.2 Hz

Floor damping : 2.5 % cntical

Comments

At the time of the test, there was some noise due to the construction work in progress at
the site and also due to the generator used for power supply to the testing equipment. The
accelerometer sensitivity was, therefore, increased to measure floor vibrations due to the

hammer impact. The effect of noise is visible in the coherence function.

Measurements were taken when no vehicle was parked on the floor. The presence of
vehicles could reduce the frequencies due to the added mass. The floor damping was low
but may be increased with the presence of vehicles. Low damping was also due to the fact
that the floor was newly constructed uncracked solid concrete with no finishes or

suspended ceilings etc.
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Graphs
Figure 3.2 shows the typical experimental inertance transfer function, corresponding phase

diagram and coherence function plots.
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Figure 3.2:  Typical Transfer Function, Phase and Coherence Function



3.1.2 Wimbledon Town Hall Development Car Park,

Basement-1

Structure Description (see Figure 3.1)

Location : Wimbledon

Typical Panel : Ls=75mL,=140m
Beams : D =500 mm, W=1200 mm
Columns : C1=C2=C3=C4=500 mmx 500 mm
Slab : t =200 mm

Finishing : None

Test Date : Thursday 3 December 1992
Test Results

Fundamental natural frequency : 58Hz

Floor damping : 2.1 % critical
Comments

The car park is close to the London Underground railway line and so the vibrations due to
the moving trains have affected the results. Again, the accelerometer sensitivity was
increased to measure hammer impacted floor vibrations. The effect of noise is visible in the

coherence function.

Measurements were taken when no vehicle was parked on the floor panel tested.
However, there were a few vehicles parked on other floor panels nearby. Their effect on
frequency and damping could not be ascertained because testing could not be repeated for
the case of no vehicle on the floor. However, the floor frequency and damping were quite
low and, therefore, resulted in perceptible vibrations. Low damping was also due to the

absence of any finishing and suspended ceilings etc.
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Graphs
Figure 3.3 shows the typical experimental inertance transfer function, corresponding phase

diagram and coherence function plots.
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Figure 3.3:  Typical Transfer Function, Phase and Coherence Function
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3.13 The Hart Shopping Centre Car Park, Level-1

Structure Description (see Figure 3.1)

Location : Fleet

Typical panel ; Ls=72mL.=80m
Beams : D=375mm, W=1200 mm
Columns : C1=C2=C3=C4=300 mm x 600 mm
Slab ; t =200 mm

Finishing : Asphalt Layer

Test Date : Sunday 6 December 1992
Test Results

Fundamental natural frequency : 11.2Hz
Floor damping : 1.9 % critical
Comments

At the time of the test, there was a strong wind and light drizzle coming in through the
floor wall openings. This caused some ambient vibrations and, therefore, the
accelerometer sensitivity had to be increased. Also, some floor area was wet during testing
and thus any hammer impact on the wet area also produced noise due to splashing of
water. Data for a few grid points was, therefore, affected. It may, however, be noted that
the coherence function plot shows a better response of floor when compared with

previous floors.

Measurements were taken when a few vehicles were parked near the test panel.
Moreover, other vehicles continued to move around the floor for parking and exiting
purposes. The floor damping, however, did not show any improvement due to the

presence of an asphalt layer, when compared with the previous car parks.
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Graphs
Figure 3.4 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.4:  Typical Transfer Function, Phase and Coherence Function
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3.1.4 The Exchange Shopping Centre Multi-Storey Car
Park, Level-1

Structure Description (see Figure 3.1)

Location : Ilford

Typical panel : Ls=72m,L.=156m

Beams : D =700 mm, W =600 mm

Columns : C1=C2=600 mm x 400 mm
C3 =C4 =400 mm x 800 mm

Slab : t =160 mm

Finishing : None

Test Date ; Thursday 10 December 1992

Test Results

Fundamental natural frequency ; 73 Hz

Floor damping : 3.7 % citical

Comments

At the time of the test, there was a strong breeze coming in through the floor wall
openings. This caused some ambient vibrations and, therefore, the accelerometer
sensitivity had to be increased. The coherence function indicates the effect of this

disturbance.

Measurements were taken when no vehicle was parked on the floor. The floor damping
was more than that of previous floors, mainly due to the presence of a storage room near
the floor panel tested and the side ramp for vehicles. The presence of the storage room
and the ramp resulted in a breakage of the continuous nature of the floor and acted as

dampers.
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Graphs
Figure 3.5 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.

1.5
1.2 4
0.9

0.6 1

Amplitude (g / 1bf)

0.3

0 +—+—r—r—Trrr—TrTr5 T T T T T T T

6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1§
Frequency (Hz)

Transfer Function

400 ;

350 3
300
250 3
200
150 3
100
50 3

0 +r—r—+—"F"+—r—r—"—"""r—"r—rT—rTrrTTrrrrTTr T

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

Phase (Degrees)

Phase

lq
0.9:

0.5
0.4 ]
0.3 ]
0.2
0.1 1

o+ 71T

6 1 2 3 4 S5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

Coherence

Coherence Function

Figure 3.5:  Typical Transfer Function, Phase and Coherence Function
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3.2 Post-Tensioned Concrete Solid Flat Slab Floors

Only twelve (12) floors of this type could be tested. Figure 3.6 shows a general layout
for this floor type with a typical cross-section (see also Appendix A). Specific

dimensions are given for each floor individually.
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Figure 3.6:  Typical Plan Layout and Cross-Section
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3.2.1 Vantage West Car Park

Structure Description (see Figure 3.6)

Location : Hammersmith

Typical panel ; Ls=72mL,=84m

Slab : t =225 mm

Columns : C1=C2=C3=C4=360 mm x 360 mm
Finishing : None

Test date : Friday 7 August 1992

Test Results

Fundamental natural frequency : 8.1Hz

Floor damping : 4.6 % critical

Comments

The car park is close to the approach path of London’s Heathrow Airport and motorway
Ma4. Therefore, noise and vibrations due to the flying aeroplanes and road traffic have

affected the results. The effect of noise is visible in the coherence function.
Measurements were taken when no vehicle was parked on the floor panel tested. The

floor damping could not be estimated accurately due to the closely spaced modes and the

interference due to noise in the data.
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Graphs
Figure 3.7 shows the typical experimental inertance transfer function, corresponding phase

diagram and coherence function plots.
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3.2.2 The Hart Shopping Centre Car Park, Level-2

Structure Description (see Figure 3.6)

Location : Fleet

Typical panel : Ls=72mL.=10.7m

Slab : t=225 mm

Columns ; C1=C2=C3=C4=300mm x 600 mm
Finishing : None

Test Date : Sunday 6 December 1992

Test Results

Fundamental natural frequency : 59Hz

Floor damping : 6.5 % critical

Comments

The test on this roof level car park had to be repeated three times due to severe weather

interruptions. The effect of strong wind on the test day is visible in the coherence function.

Measurements were taken when a few vehicles were parked near the floor panel tested.
There were also disturbances due to vehicles moving on the floor for parking/exiting
purposes. The high floor damping is due to the fact that the panel tested was close to the
shopping mall below with walls etc. which acted as dampers. Also, the floor had

suspended ceilings undemeath.
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Graphs
Figure 3.8 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.
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Figure 3.8:  Typical Transfer Function, Phase and Coherence Function
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3.2.3 Nurdin & Peacock Office

Structure Description (see Figure 3.6)

Location ; London

Typical panel ; Ls=72m Ly =72m

Slab : t =225 mm

Columns : C1=C2=C3=C4=450 mm x 450 mm
Finishing : False Floor

Test Date : Saturday 10 December 1994

Test Results

Fundamental natural frequency ; 10.1 Hz

Floor damping : 7.1 % cntical

Comments

This office floor was vacant at the time of the test. However, the office equipment,
furniture, false floors and carpets etc. contributed to the values of frequency and damping.
The results benefit from the quiet environment during the testing. This is reflected in the
coherence function plot. However, the coherence function plot does not correspond to the
grid point for which the transfer function and phase are given. This is due to the fact that
only two plots could be stored at a time on the spectrum analyser and they were chosen as

the transfer function and the corresponding phase diagram.

The spectrum analyser used for this test and all the remaining tests of this floor type
(section 3.2), was newly bought and was different from the one used for earlier tests
(sections 3.1, 3.2.1, and 3.2.2). The choice of this new spectrum analyser was the

additional features required for other purposes in the laboratory.
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Graphs
Figure 3.9 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.
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Figure 3.9:  Typical Transfer Function, Phase and Coherence Function
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3.2.4 Crown Gate Shopping Centre, Chapel Walk,

Service Deck

Structure Description (see Figure 3.6)

Location : Worcester

Typical panel : Ls=80m,L.=80m

Slab : t=375mm

Columns : C1=C2=C3=C4 =400 mmx 400 mm
Finishing : Asphalt layer

Test Date : Wednesday 14 December 1994

Test Results

Fundamental natural frequency : 12.7Hz

Floor damping : 1.0 % cnitical

Comments

This floor was tested at night time when no vehicle was present on the floor. During the
test, the hammer impact tip broke down and another tip had to be used. The column
locations could not be accurately located due to accessibility problems to the floor below.
Therefore, some of the data was very poor possibly due to impact at or near column lines
and also due to a strong breeze at the time of the test. The coherence function, therefore,
shows a very poor floor response. The coherence function does not correspond to the grid
point for which the transfer function and phase are given, for reasons given earlier in

section 3.2.3.

The measured floor demping was below 1% of critical but was assumed as 1%. This low
damping is due to the sharp first peak of the transfer function. It also shows that the
presence of an asphalt layer has little contribution to floor damping. This has already been

noted in section 3.1.3.
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Graphs

Figure 3.10 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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3.2.5 St. Martin’s Gate Multi-Storey Car Park, Level-4

Structure Description (see Figure 3.6)

Location : Worcester

Typical panel ; Ls=72m, L =84m

Slab : t =250 mm

Columns : Cl1=C2=C3=C4=450 mmx 450 mm
Finishing : None

Test Date : Saturday 28 January 1995

Test Results

Fundamental natural frequency : 9.1Hz

Floor damping : 1.0 % critical

Comments

This floor was tested at a time when vehicles were moving out of the car park. Therefore,
some of the data was very poor due to this disturbance. The floor is a liftslab type
construction with special connections at the column locations. The floor damping
measured was below 1% of critical but was assumed as 1%. The low floor damping is due
to the non-monolithic column connections in addition to the not well defined peaks. The
coherence function does not correspond to the grid point for which the transfer function
and phase are given, for reasons given earlier in section 3.2.3. The coherence function
shows the poor floor response due to the interference caused by the movement of

vehicles.
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Graphs

Figure 3.11 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.11:  Typical Transfer Function, Phase and Coherence Function
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3.2.6 Brindley Drive Multi-Storey Car Park, Level-4

Structure Description (see Figure 3.6)

Location ; Birmingham

Typical panel : Ls=72m,LL=955m

Slab : t =250 mm

Columns : C1=C2=C3=C4 =400 mm x 400 mm
Finishing : None

Test Date : Saturday 28 January 1995

Test Results

Fundamental natural frequency : 72Hz

Floor damping : 1.4 % critical

Comments

This floor was tested in the evening when no vehicle was parked on the floor. However,
there was a light breeze through the wall openings. The floor is a liftslab type construction
with special connections at the column locations. The results were not very clear to
interpret and, therefore, were analysed a number of times to obtain average values for
frequency and damping. The low floor damping is due to the non-monolithic column
connections. The coherence function, which shows the poor floor response, does not
correspond to the grid point for which the transfer function and phase are given, for

reasons given earlier in section 3.2.3.
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Graphs
Figure 3.12 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.12:  Typical Transfer Function, Phase and Coherence Function
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3.2.7 Snow Hill Re-Development Livery Street Multi-
Storey Car Park, Level-1B

Structure Description (see Figure 3.6)

Location : Birmingham

Typical panel : Ls=75mL.=80m

Slab : t=225 mm

Columns : C1=C2=C3=C4=450 mmx 450 mm
Finishing : None

Test Date : Sunday 29 January 1995

Test Results

Fundamental natural frequency : 8.6 Hz

Floor damping : 1.0 % cnitical

Comments

This floor was tested at a time when no vehicle was parked on the floor. The car park is
close to the main road and, therefore, there was continuous noise of the traffic. Some of
the results were not very good and, therefore, they were analysed a few times before an
average estimate of frequency and damping was obtained. The coherence function, which
does not correspond to the grid points for which the transfer function and phase are given,
for reasons given earlier in section 3.2.3, shows the effect of noise and light breeze across

the car park.
The measured floor damping was below 1% of critical but was assumed as 1%. This is

due to the fact that the tested panel was near the middle of this large car park with no

partitions, suspended ceilings, and finishes etc.
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Graphs
Figure 3.13 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.

0.0006

0.0005 -
0.0004 -
0.0003 -
0.0002 -

E

0.0001 1

Amplitude (g / 1bf)

0ﬁlvﬁ-v‘vl-l-|-|-|-|vt—-'v(-;-lt

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (11z)

Transfer Function

400 5

350 3
300 3
250

200 3
150

Phase (Degrees)

100 3
50 3

o'l'l',llll'1'ﬁﬁl'ﬁ'llﬁ*l"ﬁ'l‘ﬁ’

0 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15
Frequency (lz)

Phase

0.9
0.8
0.7
0.6
0.5
0.4
0.3 4
0.2
0.1

Coherence

0 +—+—r—"r—rT—+rr—"—rvrrT—VrrrTrrrr—T v T T T T

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

Coherence Function

Figure 3.13:  Typical Transfer Function, Phase and Coherence Function
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3.2.8 Snow Hill Re-Development Livery Street Multi-
Storey Car Park, Level-1A

Structure Description (see Figure 3.6)

Location : Birmingham

Typical panel ; Ls=75mLL.=80m

Slab ; t =350 mm

Columns : C1=C2=C3=C4=450 mm x 450 mm
Finishing : None

Test Date : Sunday 29 January 1995

Test Results

Fundamental natural frequency : 12.7Hz

Floor damping : 1.6 % critical

Comments

This floor was tested at a time when no vehicle was parked on the floor. The floor is the
next level below of the previous car park. The layout of the floor is identical to the
previous floor except the slab thickness. This increased stiffhess raised the frequency and
also damping. The coherence function for this floor could not be measured due to the lack
of memory space of the spectrum analyser which had just been used for the previous floor.
Also, only a few grid points were measured for the same reason. The results were again

not very good due to various disturbances discussed earlier in section 3.2.7.
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Graphs
Figure 3.14 shows the typical experimental inertance transfer function and corresponding
phase diagram plots. The coherence function for this test could not be measured due to

lack of memory of the spectrum analyser.
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3.2.9 Island Site, Finsbury Pavement, Office, Level-4
(Flexible Panel)

Structure Description (see Figure 3.6)

Location : London

Typical panel : Ls=90m,L,=90m

Slab : t =300 mm

Columns : C1 =C2=C3 = C4 = 600 mm Diameter
(Assumed 600 mm x 600 mm)

Finishing : None

Test Date : Saturday 29 April 1995

Test Results

Fundamental natural frequency : 8.4Hz

Floor damping : 1.0 % critical

Comments

This floor was tested at a time when construction work was in progress at the site. The
site is located at the corner of a busy road junction. Therefore, the floor response was not
accurately measured. The coherence function shows the quality of the measurements.
Again, it does not correspond to the grid point for which the transfer function and phase

are given, for reasons given earlier in section 3.2.3.

The floor panel tested is close to a central opening which caused a breakage in the
continuous nature of the floor. The measured floor damping was less than 1% of critical

but was assumed as 1%. The reason for low damping is the sharp peak in the transfer

function.
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Graphs
Figure 3.15 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.
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Figure 3.15:  Typical Transfer Function, Phase and Coherence Function
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3.2.10 Island Site, Finsbury Pavement, Office, Level-4
(Stiff Panel)

Structure Description (see Figure 3.6)

Location : London

Typical panel : Ls=75mL.,=90m

Slab : t =300 mm

Columns : C1=C2=C3 =C4 =600 mm Diameter
(Assumed 600 mm x 600 mm)

Finishing : None

Test Date : Saturday 29 April 1995

Test Results

Fundamental natural frequency : 10.6 Hz

Floor damping : 1.3 % critical

Comments

This floor panel is adjacent to the previous panel tested but away from the central floor

opening. Therefore, the same comments apply here as for the previous floor in section
3.2.9.
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Graphs

Figure 3.16 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.

0.0005

0.0004 4

<

0.0003 1

0.0002
1
0.0001 A

Amplitude (g/1bf)

o LA L A B S 3 Ll v v L N S I S 4 v T ¥ T v T v L] T v LI Tt v

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

Transfer Function

400
350 3
300 3
250 3
200 3
150 3
100 3
50 3

Phase (Degrees)

0 +——5H—r—7"—r—rr—rF T

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Frequency (11z)

Phase

09 ]
0.8
0.7
0.6 }
0.5
0.4 ]
03 ]
02 ]
0.1

Coherence

0 51T

T v ey e T v

0 1 2 3 4 S5 6 7 8 9 10 11 12 13 14 15
Frequency (Hz)

Coherence Function

Figure 3.16: Typical Transfer Function, Phase and Coherence Function
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3.2.11 Friars Gate Multi-Storey Car Park, Level-5

Structure Description (see Figure 3.6)

Location : Winchester

Typical panel : Ls=60mLL,=75m

Slab : t =200 mm

Columns : C1=C2=C3=C4=250 mmx 450 mm
Finishing : None

Test Date : Wednesday 3 May 1995

Test Results

Fundamental natural frequency : 103 Hz

Floor damping : 1.5 % cntical

Comments

This car park is located near the city centre. However, the test was carried out when the
car park had been closed. The only disturbance that occurred was due to the light breeze
through the car park. Therefore, results are better and the quality of measurements is
reflected in the coherence function. The coherence function does not correspond to the
grid point for which the transfer function and phase are given, for reasons given earlier in

section 3.2.3.

The floor panel tested is part of the floor constructed as an extension of the existing car
park. The two floors are separated by a 50 mm expansion joint. The low damping is due

to the absence of any partitions, finishes and suspended ceilings etc.

83



Graphs
Figure 3.17 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.
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Figure 3.17: Typical Transfer Function, Phase and Coherence Function
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3.2.12 Tower Street Car Park

Structure Description (see Figure 3.6)

Location : Winchester

Typical panel : Ls=80m,L,=90m

Slab : t=275 mm

Columns : C1=C2=C3=C4=450 mm x 450 mm
Finishing : None

Test Date : Wednesday 3 May 1995

Test Results

Fundamental natural frequency : 8.5Hz

Floor damping : 2.8 % cnitical

Comments

This car park is located near the city centre and close to a busy traffic roundabout. The car
park is open 24 hours and there was some vehicular movement throughout testing.
However, due to time constraints, the test had to be carried out. Every effort was,
however, made to record measurements when no vehicle moved on the floor panels
nearby. The coherence function shows the effect of disturbances due to vehicle movement,
noise on the adjacent road and strong breeze through the car park. The coherence function
does not correspond to the grid point for which the transfer function and phase are given,

for reasons given earlier in section 3.2.3.
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Graphs
Figure 3.18 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.18: Typical Transfer Function, Phase and Coherence Function
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Pre-Tensioned Concrete Double-T Beam Floors

3.3

Only five (5) floors of this type could be tested. All of them consisted of double-T

beams supported on L-girders or inverted T-beams on neoprene bearing pads. Figure

3.19 shows a general layout for this floor type with a typical cross-section (see also

Appendix A). Specific dimensions are given for each floor individually.
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Typical Plan Layout and Cross-Section

Figure 3.19:
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3.3.1 Trigonos Phase V Multi-Storey Car Park, Level-6

Structure Description (see Figure 3.19)

Location : Swindon

Column Spacing ; 72m

Beam Size : Dy, =550 mm, t,, = 185 mm, tu = 130 mm
Beam Length ; L =16.045m

Finishing : 75 mm screed; 50 mm asphalt

Test date : Monday 27 July 1992

Test Results

Fundamental natural frequency : 49 Hz

Floor damping ; 2.1 % critical

Comments

At the time of the test, there was a strong breeze on this roof floor. This caused some
ambient vibrations and, therefore, the accelerometer sensitivity had to be increased. The

coherence function indicates the effect of this disturbance.

Measurements were taken when no vehicles were parked on the floor. The floor
frequency was low due to its long span. There were many closely spaced modes and the
data had to be analysed a number of times to obtain an average estimate of the floor

frequency and damping.
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Graphs

Figure 3.20 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.20: Typical Transfer Function, Phase and Coherence Function
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3.3.2 Reading Station Re-Development Multi-Storey Car
Park, Level-10

Structure Description (see Figure 3.19)

Location : Reading

Column Spacing ; 72m

Beam Size : Dy =550 mm, tw = 195 mm, ty, = 140 mm
Beam Length : L=154m

Finishing ; 75 mm screed

Test date ; Sunday 19 March 1995

Test Results

Fundamental natural frequency ; 56Hz

Floor damping ; 1.0 % critical

Comments

Measurements were taken when no vehicle was parked on the floor. The floor frequency
was low due to its long span. This frequency was estimated after a number of analysis of
the data. The quality of the data was very poor due to interferences caused by wind and
noise. Also, floor damping could not be accurately estimated for the same reasons. It was
evaluated at a value below 1.0 % of critical but was assumed as 1.0 % critical. The
results have also been affected by the poor construction of the floor which showed

leakages at the beam junctions.

The spectrum analyser used for this test and all the remaining tests of this floor type
(section 3.3), was newly bought and was different from the one used for earlier tests

(sections 3.1, 3.2.1, 3.2.2 and 3.3.1). The reasons have already been discussed in section
3.23.
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Graphs
Figure 3.21 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.21: Typical Transfer Function, Phase and Coherence Function
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3.3.3 Safeway Superstore Car Park

Structure Description (see Figure 3.19)

Location ; Sutton

Column Spacing ; 72m

Beam Size : Dy =550 mm, ty =225 mm, t,, = 170 mm
Beam Length : L=156m

Finishing : 75 mm screed

Test date : Sunday 23 April 1995

Test Results

Fundamental natural frequency : 5.5Hz

Floor damping (average) ; 1.0 % critical

Comments

At the time of the test, there was a strong breeze on this roof floor. Also, light rain started
towards the end of the test. This caused some ambient vibrations and, therefore, the
accelerometer sensitivity had to be increased. The coherence function indicates the effect
of this disturbance. It, however, does not correspond to the grid point for which the
transfer function and phase are given, for reasons given earlier in section 3.2.3. The quality

of floor construction also affected the results, as discussed in section 3.3.2.

Measurements were taken when no vehicle was parked on the floor. The floor frequency
was low due to its long span. The reasons for low damping are the same as for the

previous floor (section 3.3.2).
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Graphs
Figure 3.22 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.22: Typical Transfer Function, Phase and Coherence Function
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3.3.4 Toys R Us Multi-Storey Car Park # 4, Level-7

Structure Description (see Figure 3.19)

Location ; Basildon

Column Spacing : 72m

Beam Size : D, =450 mm, ty = 265 mm, t,, = 208 mm
Beam Length ; L=157m

Finishing ; 100 mm screed

Test date : Wednesday 26 April 1995

Test Results

Fundamental natural frequency : 4.6 Hz

Floor damping : 3.4 % critical

Comments

Measurements were taken when no vehicle was parked on the floor. However, the odd
vehicle did move along the adjacent bay for entering/exiting purposes. The floor frequency
was low due to its long span. Damping estimate was higher than other floors of this type.
This was due to the closely spaced modes. Again, the quality of data was poor due to the
interferences caused by a light breeze and traffic noise. The poor floor construction has

also affected the results.
The coherence function does not correspond to the grid point for which the transfer

function and phase are given, for reasons given earlier in section 3.2.3. The quality of

measurements is reflected in the coherence function.
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Graphs

Figure 3.23 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.23: Typical Transfer Function, Phase and Coherence Function
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3.3.5 Royal Victoria Place Multi-Storey Car Park,
Level-3

Structure Description (see Figure 3.19)

Location : Tunbridge Wells

Column Spacing ; 72m

Beam Size : Dy =550 mm, ty = 195 mm, t,, = 140 mm
Beam Length : L=154m

Finishing ; 75 mm screed

Test date ; Sunday 30 April 1995

Test Results

Fundamental natural frequency : 5.8Hz

Floor damping (average) : 1.0 % critical

Comments

Measurements were taken when no vehicle was parked on the floor. However, the odd
vehicle did move along the adjacent bay for entering/exiting purposes. The floor frequency
was low due to its long span. Damping estimate was lower than 1.0 % of critical but was
assumed as 1.0 % critical. Again, the quality of data was poor. This is a particular feature
for double-T car parks which have been investigated. The reason is thought to be caused
by the floor construction techniques at the junction of two adjacent beams and also due to
noise etc. The data was, therefore, analysed a number of times for reasonable estimates of

the floor frequency and damping.
The coherence function does not correspond to the grid point for which the transfer

function and phase are given, for reasons given earlier in section 3.2.3. It shows the quality

of measurements.
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Graphs
Figure 3.24 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.24: Typical Transfer Function, Phase and Coherence Function
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3.4 Composite Steel-Concrete Slab Floors

Only eight (8) floors of this type could be tested. All of them were continuous and
supported on steel columns except the first floor, which was connected to reinforced
concrete columns along the short span direction at the far side and steel columns at the
near side. Figure 3.25 shows a general layout for this floor type with a typical cross-
section (see also Appendix A). Specific dimensions are given for each floor

individually.
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Figure 3.25:  Typical Plan Layout and Cross-Section
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3.4.1 The Millwall Football and Athletics Stadium, Senegal
Fields, West Stand, Hospitality Level

Structure Description (see Figure 3.25)

Location : London
Typical Panel ; Ls=675m,L,=83m
Beams : B1 - UB610x229x101

B2, B3 - UB356x127x33
B4 - UB305x102x28

Girders : Gl, G2 - UB610x229x101
Profile : CF70(1.2)

Slab : t=130 mm

Finishing X None

Test Date : Monday 7 December 1992
Test Results

Fundamental natural frequency : 12.6 Hz
Floor damping : 1.0 % critical
Comments

This stadium was under construction at the time of the test. Therefore, the test was carried
out at night after the working shifts. However, the floor was wet at various locations and
only a few selected grid points could be tested. The response of the floor was quite good
as compared with many previous floors due to the quiet environment and absence of any

other disturbances. This is visible in the coherence function.
The floor damping is quite low and therefore resulted in perceptible vibrations. It is mainly

due to the sharp first peak of the transfer function, which in turn resulted due to the

absence of any partitions, finishes and suspended ceilings etc.
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Graphs

Figure 3.26 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.26: Typical Transfer Function, Phase and Coherence Function
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3.4.2 Worcester Central Development, Friary Walk Car
Park, Level-2

Structure Description (see Figure 3.25)

Location : Worcester
Typical Panel : Ls=72m, L, =80m
Beams : B1 - UB914x305x253
B2, B3 - UB610x229x101
B4 - UB914x419x388
Girders . G1, G2 - UB610x229x101
Profile : CF60 (1.2)
Slab : t=130 mm
Finishing : None
Test Date : Thursday 15 December 1994
Test Results
Fundamental natural frequency : 8.1Hz
Floor damping : 3.2 % critical
Comments

This car park was tested after the business hours. However, the floor panel tested was close to
the shopping mall where most of the shops were closing down and caused considerable
disturbance, which can be observed in the coherence function. The coherence function does not
correspond to the grid point for which the transfer function and phase are given, for reasons
given earlier in section 3.2.3. The floor frequency was obtained from an average sample of data
due to poor quality. The floor damping is relatively high when compared with the previous
floor of this type. The main reason for this was the nearby mall with shops at the lower levels

which acted as dampers.
The spectrum analyser used for this test and all the remaining tests of this floor type (section
3.4), was newly bought and was different from the one used for earlier tests (sections 3.1,

3.2.1,3.2.2,3.3.1 and 3.4.1). The reasons have already been discussed in section 3.2.3.
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Graphs
Figure 3.27 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.27: Typical Transfer Function, Phase and Coherence Function
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3.4.3 Braywick House Office

Structure Description (see Figure 3.25)

Location : Maidenhead
Typical Panel : Ls=90m,L,=90m
Beams : B1, B4 - Cellform650x152x60
B2, B3 - Cellform650x152x52
Girders : G1 - UB610x305x238
G2 - UB610x229x140
Profile : CF51(1.2)
Slab : t=130 mm
Finishing : None
Test Date : Friday 24 February 1995
Test Results
Fundamental natural frequency : 8.8Hz
Floor damping : 2.0 % critical
Comments

This floor was tested during construction hours. The floor was partly loaded with
construction material and some patchy water. Effects of noise and breeze are visible in the
coherence function plot. The coherence function does not correspond to the grid point for

which the transfer function and phase are given, for reasons given earlier in section 3.2.3.

The floor response was more accurately measured than the previous floor (section 3.4.2)
due to an increase in the sensitivity of the accelerometer. The floor damping is quite low
and, therefore, resulted in perceptible vibrations. It may increase when the construction

has finished due to the presence of planned suspended ceilings and boundary walls.
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Graphs
Figure 3.28 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.
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Figure 3.28: Typical Transfer Function, Phase and Coherence Function
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3.4.4 Premium Products Office

Structure Description (see Figure 3.25)

Location ; Heathrow

Typical Panel ; Ls=60m,L,=90m

Beams : B1, B3 - UB356x127x33
B2 - UB406x140x39

Girders : G1, G2 - UB533x210x92

Profile : CF70 (1.2)

Slab : t=130 mm

Finishing : False Floor

Test Date : Thursday 2 March 1995

Test Results

Fundamental natural frequency : 9.1Hz

Floor damping : 11.4 % critical

Comments

This building is located inside a cargo hanger near London’s Heathrow Airport Terminal-
4. This newly built floor was being fumnished. The floor had false flooring and was
carpeted recently. There were some partition walls being added. The test was carried out
after the working hours in an enclosed and quiet environment. However, most of the
furnishings and equipment was lying on the floor near the panel tested. The floor response
was measured by removing a flooring panel and placing the accelerometer on the bare
concrete. The floor damping is unexpectedly quite high due to the false floor and carpets

and partitions undemeath.
The coherence function does not correspond to the grid point for which the transfer

function and phase are given, for reasons given earlier in section 3.2.3. It shows a good

floor response.
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Graphs

Figure 3.29 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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3.4.5 Tattersalls Grandstand Windsor Racing Stadium

Structure Description (see Figure 3.25)

Location : Windsor

Typical Panel : Ls=60m,L.=7.75m
Beams : B1, B2, B3 - UB406x140x39
Girders : Gl, G2 - UB406x140x39
Profile : CF70 (1.2)

Slab : t =130 mm

Finishing : None

Test Date : Friday 3 March 1995

Test Results

Fundamental natural frequency : 10.6 Hz
Floor damping : 6.4 % critical
Comments

This floor was under construction and partly loaded with construction material. The test
was carried out after the working hours. The high floor damping is mainly due to the

partitions underneath and the close spacing of the beams.

The coherence function does not correspond to the grid point for which the transfer

function and phase are given, for reasons given earlier in section 3.2.3.
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Graphs
Figure 3.30 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.30:  Typical Transfer Function, Phase and Coherence Function
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3.4.6 St. George’s RC Secondary School Office

Structure Description (see Figure 3.25)

Location : London

Typical Panel : Ls=70m,LL=737m
Beams : B1, B2, B3 - UB533x210x101
Girders : G1, G2 -UBS533x210x101
Profile ; CF70(1.2)

Slab : t =200 mm

Finishing ; None

Test Date : Friday 17 March 1995

Test Results

Fundamental natural frequency : 140Hz
Floor damping : 2.7 % critical
Comments

This floor was under construction and partly loaded with construction material. Some rain
water was also coming in through the side walls at the time of the test. The results were,
therefore, affected and this can be observed in the coherence function. The high floor

frequency was primarily due to the heavy stiff beams and girders.
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Graphs

Figure 3.31 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.

0.0004 ¢

0.0003 A

0.0002 1

Amplitude (g / 1bf)

0.0001 1

0 +rrrrrr—rrrrrrrreerr T T T T Ty

0 2 4 6 8 10 12 14 16 18 20

Frequency (11z)

Transfer Function

400 7

3
0 +—rrrrrrrrrrr T T T TT T T TTT T T

0 2 4 6 8 10 12 14 16 18 20
Frequency (11z)

Phase

0.9 ]
0.8
0.7 3
0.6 ]

Coherence
o o
PRV

A A

"

0.3 4
0.2 4
0.1 4

0 ML I e e i i B e I e e o S B e

0 2 4 6 8 10 12 14 16 18 20

Frequency (Iiz)

Coherence Function

Figure 3.31: Typical Transfer Function, Phase and Coherence Function
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3.4.7 BRE’s Large Building Test Facility, Level-5

Structure Description (see Figure 3.25)

Location : Cardington
Typical Panel : Ls=90m,L.=90m
Beams : B1, B2, B3, B4 - UB305x165x40
Girders : G1 - UB356x171x51

G2 - UB610x229x101
Profile : CF70(1.2)
Slab ; t=130 mm
Finishing : None
Test Date : Monday 3 April 1995
Test Results
Fundamental natural frequency : 6.4 Hz
Floor damping : 3.6 % cnitical
Comments

This panel was the least cracked of the other panels on the floor. The floor had been
subjected to excessive loading tests. These tests had caused cracking of concrete thereby
reducing the overall moment of inertia of the slab. This, therefore, resulted in a lower first

frequency and a slightly higher damping.

The coherence function does not correspond to the grid point for which the transfer
function and phase are given, for reasons given earlier in section 3.2.3. The building is
situated in a hanger and the testing environment was very quiet. However, a separate
vibration test of the whole building was being carried out at the time of this test. This

caused some disturbances which are visible in the coherence function.
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Graphs
Figure 3.32 shows the typical experimental inertance transfer function, corresponding

phase diagram and coherence function plots.
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Figure 3.32: Typical Transfer Function, Phase and Coherence Function
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3.4.8 Guildford High School for Girls, Main Hall

Structure Description (see Figure 3.25)

Location : Guildford

Typical Panel : Ls=295m, L =17.0m
Beams : B1, B2 - UB610x229x140
Girders : Not supporting slab
Profile : CF70(1.2)

Slab : t=130 mm

Finishing : False Floor

Test Date : Tuesday 4 April 1995
Test Results

Fundamental natural frequency : 8.6 Hz
Floor damping : 3.8 % critical
Comments

This is a continuous floor supported on closely spaced long-span beams only. The floor had
wooden false flooring and fumiture for students. There were suspended ceilings underneath.
The damping of the floor is, therefore, relatively high when compared with other floors of this
type. The testing environment was ideal as it was carried out when the school had closed for
vacation. However, since the accelerometer could not be placed on the bare concrete surface
the results are not very good. This can be observed in the plot of the coherence function. The
impact of hammer on the wooden floor also produced noise which has affected the results as
visible from the coherence function plot. The coherence function does not correspond to the
grid point for which the transfer function and phase are given, for reasons given earlier in

section 3.2.3.

The frequency of the floor was estimated after careful and repeated analysis of the data due to
its poor quality. This floor has also been tested by Westok Structural Services Ltd. Their
measurements indicated a fundamental frequency of 7.8 Hz, WSSL (1995). They had

connected the accelerometer to the steel beams which explains the difference in frequencies.
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Graphs
Figure 3.33 shows the typical experimental inertance transfer function, corresponding
phase diagram and coherence function plots.
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Figure 3.33: Typical Transfer Function, Phase and Coherence Function
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Chapter 4 FINITE ELEMENT MODELLING

This Chapter presents the results of finite element (FE) modelling of all the floor slabs
tested in the experimental programme. Four different models are discussed according to
each category of floors which have been mentioned in Chapter 3. Material properties
pertinent to each floor category are given. Figures of typical models showing the boundary
conditions are given for each floor category with corresponding modelling details. FE
results for each floor are given individually along with the experimental fundamental
natural frequency. Since the main theme of the research was the estimation of fundamental
frequency, only this is used in all comparisons and discussions. A parametric study of the
models leading to various curves for the control of natural frequency and deflections is

also given. These curves were used to modify the SDOF system formula for the estimation

of frequency using static deflections ( f = 2—1— ’Ai , see section 1.2.3) for each floor type
71- 3

and this is discussed for each floor category.
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4.1 Post-Tensioned Concrete 1-Way Spanning Solid
Floor Slabs With Beams

The FE modelling of the four floors of this type was carried out using the I-DEAS and
ANSYS software packages. All these floors are continuous in both directions with
variable beam and column dimensions and span lengths in both directions. However,
the study was limited to 3x3 adjacent panels only (see Figure 3.1), to study the effect
of continuity of the floor on fundamental natural frequency and if a more detailed
model resulted in any accuracy. Models in steps of a single panel and upto 3x3 panels
where possible were, therefore, analysed. The High Wycombe car park floor could only
be studied upto 3x1 panels with the cantilever portion of slab. The Ilford car park
floor could be studied with an upto 2x2 panel model due to the unsymmetric layout

and other layout restrictions. Major details of modelling are as follows:

Geometry

The as-built dimensions (measured on-site) were used in modelling the floors (for the

reasons given in Chapter 3).
Boundary Conditions

The columns were modelled as fixed supports along their perimeter. This is the most

realistic approach considering that columns are cast monolithic with the concrete slab.

Element Type

Linear isotropic quadrilateral elastic thin shell elements were used for the slab (in the
horizontal plane) in the different models studied. The same shell elements (in the
vertical plane) and elastic beam elements were used for the beams to study their

effect. A brief discussion on both shell and beam elements follow. For full details, see

I-DEAS and ANSYS manuals.
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Shell Elements
The shell element has both bending and membrane capabilities. It has six degrees-of-

freedom (DOF) at each node: translations in the nodal x, y and z directions and
rotations about the nodal x, y and z axes. Both in-plane and normal loads are
permitted. The element is defined by four nodes, four thicknesses and the orthotropic
material properties. The element must not have a zero thickness or area. The four
nodes defining the element should lie in an exact flat plane: however, a small out-of-
plane tolerance is permitted so that the element may have a slightly warped shape.
The shell element used is referred to as the Thin Shell Element in I-DEAS and Shell63
in ANSYS. Figure 4.1 shows the shell element.
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Figure 4.1: Shell Element

Beam Elements

The beam element is uniaxial with tension, compression, torsion and bending
capabilities. It has six DOF’s at each node: translations in the nodal x, y and z
directions and rotations about the nodal x, y and z axes. The element is defined by
two nodes, the cross-sectional area, two area moments of inertia (I,y and I,,), two
thicknesses (t, and t.), an angle of orientation about the element x-axis, the torsional
moment of inertia (I«) and the material properties. The beam element can have any
cross-sectional shape for which the moments of inertia can be computed. However, the
stresses are determined as if the distance between the neutral axis and the extreme fibre is
one-half of the corresponding thickness. The element thicknesses are used only in the

bending calculations. The beam element must lie in an X-Y plane and must not have a
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zero length or area. The moments of inertia, however, may be zero. The beam element
is slightly stiffer than the shell element because it allows bending in one direction only.
The beam element used is referred to as the Beam Element in I-DEAS and 3-D

Beam4 in ANSYS. Figure 4.2 shows the beam element.
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Figure 4.2:  Beam Element

FE Modelling of Elements
The beams defined as shell elements of thickness B and depth D at the slab centroid O

are shown in Figure 4.3. The centroid of the beams defined as beam elements of section
BxD was translated in the vertical plane from O to O’ to avoid any duplication of the area
covered by the slab shell elements (see Figure 4.3). The centroids of the beam and slab
elements were then connected by a rigid element between them to produce a reasonable
constraint for their displacements (see Figure 4.3). This procedure establishes the simplest
level of modelling that provides a reasonable representation of the dynamic characteristics

“of these floors.

Figure 43:  Beam Section Model
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Material Properties

Assumptions regarding material properties had to be made for reasons which have
given under “Geometry”. Natural and normal weight aggregate concrete of Grade 40,
normally used in prestressed construction, was assumed in the FE analyses. The

following values for the material properties were used:

i) Density of concrete (p,) : 2400 Kg/m®
ii) Compressive strength of concrete (£, ) : Grade 40 (i.e. 40 N/mm®)
iii)  Modulus of elasticity of concrete ( E,) : 34.79 KN/mm?

The modulus of elasticity of concrete is the biggest uncertain variable in this type of
dynamic analysis. There are a number of equations available for its estimation and
none of them result in a single value, for example, Neville (1995), ACI (1994), etc. It
depends, therefore, on the analyst to choose any value of the modulus based on his
experience. However, in doing so, the following factors that would probably result in

a higher value for the modulus than estimated by any equation, must be considered:

i) Effect of creep and shrinkage of concrete over time;
i1) Gain in compressive strength of concrete over time;
iii) Effects of post-tensioning (discussed later);

iv) High value for modulus in dynamic motion.

Moreover, in the case of post-tensioned floors, the service loads do not normally
reach or exceed the design loads and, therefore, the concrete may be assumed

uncracked.

The British Standards BS8110:Part-I (1985) provide the equation E, =5,5\/fcu for

the estimation of modulus. However, a range of 22-34 KN/mm” with an average of 28
KN/mm? is given in BS8110:Part-II (1985) for the modulus of Grade 40 concrete
based on its 28-day strength. Since the 28-day compressive strength of Grade 40
concrete increases by 25% over 1-year, BS8110:Part-I (1985), this range, therefore,
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becomes 24.6-38.0 KN/mm?® with an average of 31.3 KN/mm? For simplicity of

calculation and considering the above factors affecting E_, the above equation was
used to estimate E_ for these floor slabs. Since the dynamic modulus of elasticity is

higher than the static by upto 21%, Chen and Aswad (1994), the results reported

here, based on the above assumption, may be considered to be conservative.

Post-Tensioning

The effect of post-tensioning was not modelled in this study as this was not the main
concern. However, it may be mentioned that post-tensioning enables the concrete
section to resist tension due to applied loading without cracking, thus increasing the
stiffness when compared with cracked sections which in turn would increase the
frequencies. Post-tensioned floors may be assumed to be uncracked mainly because of
the pre-compression and initial camber and the fact that the actual service loads are
normally less than the design loads. The increases in modulus of elasticity due to

strength gains, however, may be assumed to be offset by the prestress losses over

time.

Since there are a large number of uncertainties in floor vibrations, it may be assumed
that the modelling of post-tensioning will not lead to higher accuracies in frequency

estimation as compared to using the accurate estimates of the modulus of elasticity,

for example.
4.1.1 Single Panel vs Multi-Panel Models

It has been previously shown that a complete model of a composite floor leads to
accurate estimates of all frequencies, Osborne and Ellis (1990). However, the floor
analysed by Osborne and Ellis (1990) was a small building floor. In real life
structures, the layout may not be easy to model. The floor may not be symmetric and
may have different slab thicknesses and other structural element dimensions and
properties. Also, the floor layout may be so large that it may become difficult to

model the whole floor. Afterall, a very accurate analysis is not feasible in practice.
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In order to develop simple analytical models, it is necessary to investigate more
detailed models to ensure that accuracy is not jeopardised. However, it may be
mentioned that most designers or consultants do not wish to spend extra time on
detailed finite element modelling. Also, most floor arrangements tested in this
research consisted of upto a maximum of three floor panels extending in one direction
and several in the other direction (Figure 4.4). Therefore, the floors tested were

modelled in steps of one panel and upto 3 x 3 panels only.

I

[ °J " § 1°] L' L q
o ] 4] —— 3 L] t

H ( a e N g & -

/ Jol n o n 0 a o

I

Figure 4.4:  Typical Floor Layout

During modelling, the experimental results were used as a benchmark in order to
achieve accuracy. This type of analyses, called model tuning, was carried out because
it was not sure which element type or boundary condition would yield the closest
results. Although the material properties of concrete were a major factor of
uncertainty, these were kept constant throughout the analyses and for all the floors of

this type so that every modelling effects could be studied.

Table 4.1 compares the measured fundamental natural frequency of these floors with

the results of FE analyses for floor models with shell elements for both the slab and

beams.
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Table 4.1: FE and Measured Fundamental Frequencies
Site Field Results Finite Element Results (Hz)
(Hz) 1 Panel 2x2Panels | 3 x3 Panels
High Wycombe 10.2 10.13 9.85 10.08
Wimbledon 5.8 6.10 6.45 6.45
Fleet 11.2 11.53 7.34 N/A
Iiford 73 7.34 7.12 N/A

It can be seen from Table 4.1 that a single-panel model closely approximates the
fundamental natural frequency of this floor type. Additional panels affect this frequency

because of the differences in dimensions or boundary conditions.

The most important point to note from Table 4.1 is the results for the Fleet floor which
has adjacent floor panels of different dimensions. Since it was not possible to test the most
flexible panel, the fundamental frequencies using the 2 x 2 panel model do not match the
experimental results. It may, therefore, be concluded that fundamental frequency is a
localised property and will change from panel to panel. Because these low floor
frequencies damp out quickly due to inherent damping, additional panels or a more
complete floor model would, therefore, not affect the fundamental natural frequency
significantly. Based on this conclusion, further studies were limited to a single panel

model only.

The comparison of field and FE results for the single-panel FE model with shel

elements is plotted in Figure 4.5.
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Field vs FE Frequency

Table 4.2 compares the measured fundamental natural frequency of these floors with

the results of single panel FE analyses for floor models with shell elements for the slab

and beam elements for the beams. These FE analyses were carried out using I-DEAS.

Table 4.2: FE and Measured Fundamental Frequencies
Site Field Results (Hz) | Finite Element Results (Hz)
High Wycombe 10.2 10.35
Wimbledon 5.8 6.95
Fleet 11.2 11.48
Iiford 7.3 7.61

It can be seen from Table 4.2 that using a beam element for the beams of this floor type

results in a stiffer model and, therefore, higher frequencies. Thus, it may be concluded that

beams in this type of floors behave as part of the floor and not as supports.

Therefore, a single panel FE model with shell elements for both the slab and beams

(i.e. model using one element type) achieve true representative conditions for the

dynamic motion of these slabs and provides the best results. This model can, therefore,

be used reliably to estimate the fundamental frequency of this type of floors. The
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model also allow the beams to bend in both orthogonal directions which is more realistic

because of their longer spans. Further studies have, therefore, been based on this

model.

Figures 4.6 to 4.8 below shows the typical 1-panel, 2-panel and 3-panel models for

the floor type under consideration.
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4.1.2 Parametric Studies

The single panel FE model was used to study the variation of fundamental frequency with
the span/depth ratios in both directions of the floor slab; and the maximum static
deflections. The thickness of the slab was the only variable changed in the model. Static
and dynamic analyses of the model then yielded maximum static deflections and floor
frequencies for each slab thickness, respectively. These analyses were carried out for self-
weight only and no super-imposed load was considered. In practice, any extra loading
would reduce the frequencies and increase the deflections. However, in the FE analyses
the inclusion of these loads would only affect the frequencies if they are modelled as an
equivalent slab thickness of density equal to that of concrete. This, however, would also
increase the stiffness and thus raise the frequencies. Thus, the effect of modelling the

super-imposed loads in this way are negligible and were, therefore, not considered.

The analyses were restricted to a maximum frequency range of interest of 15 Hz and,
therefore, slab thicknesses which resulted in higher frequencies were not used in studying
these variations. The analyses were, however, carried out below the minimum frequency
limits only to establish these limits. However, a minimum slab thickness of 125 mm was
used for all the floors to achieve lower frequencies. The upper limit of slab thickness
resulting in the maximum frequencies of 15 Hz was variable for all the floors, depending

on their span/depth ratios in each direction.

Since the Canadian Code, CSA (1985, 1989), requires a full dynamic analysis for floors
with fundamental frequencies below 6 Hz, this frequency was used as a minimum in the

parametric studies.
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4.1.2.1 Frequency vs Span/Depth Ratios

Figures 4.9 and 4.10 shows the variation of floor frequency with the short and long
span/depth ratios, respectively.
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Figure 4.10:  Frequency vs Long Span/Depth Ratio

129



From Figures 4.9 and 4.10, it may be noted that the graphs of span/depth ratios against
floor fundamental frequencies follow a general trend but differ in shape due to the different
dimensions of the beams. The difference in the ordinates, however, is due to the different

stiffnesses caused by the span/depth ratios and beam and column dimensions of each floor.

It is clear from Figures 4.9 and 4.10 that a maximum span/depth ratio of 42 for the slab’s
short span direction (normal to beams) and 78 for the slab’s long span direction
(along beams), respectively, would ensure a minimum fundamental frequency of 6 Hz for
this floor type. It may be noted, therefore, that the Ilford floor donot satisfy this

requirement (see Table 4.3).

Assuming that the fundamental frequencies of the single-panel FE model are correct, it can
be concluded that all the floors tested satisfy the minimum frequency requirement.
However, the high frequency of Ilford floor even for higher short and long span/depth
ratios is due to the contribution of beams and the extra stiffness provided by columns. It
has been shown previously that beams behave as part of the floors and not as supports but
they increase local stiffness which plays an important role in using high span/depth ratios
for the slab. Generally, a lower span/depth ratio is obtained for a floor with a wide beam
of large cross-section area and a higher span/depth ratio is obtained for a floor with a

narrow beam of small cross-section area (see Table 4.1, Figures 4.9 and 4.10 and Table

4.3).

Table 4.3: Span/Depth Ratios of the Tested Floors

Site Short Span/Depth Ratio Long Span/Depth Ratio
High Wycombe 348 57.4
Wimbledon 375 70.0
Fleet 36.0 40.0
Iiford 45.0 975
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4.1.2.2 Frequency vs Deflection Relationship

Figures 4.11 shows the variation of floor frequency with maximum static deflections.
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Figure 4.11:  Frequency vs Static Deflections

Figure 4.11 shows that the vanation of static deflections against corresponding floor
frequency generally follows a consistent trend. The difference in the shape of these curves
is due to the different dimensions of the beams. A trendline least-squares curve-fit shows

that these relationships are of the following form:

K

f= \/K_: (4-1)

Equation 4.1 is a modified form of the more well-known formula f = 2L /Ai for a
7[ s

SDOF spring-mass system (see also section 1.2.3). The constant X as determined by

curve-fitting is given in Table 4.4 below:
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Table 4.4: FE Single Panel Deflections and Constant K

Site Maximum Static Deflection (mm) Constant K
High Wycombe 3.78 17.714
Wimbledon 9.40 17.065
Fleet 2.64 18.197
Ilford 7.32 15.524
Average 17.125

It may be noted from Table 4.4 that the constant X varies from 15.524 to 18.197
(17.22% rise) for the four floors tested. An average value of this constant may be assumed
as 17. It can, therefore, be assumed that the fundamental frequency of beam and slab type
floors (distributed-mass i.e. MDOF system) can be closely approximated by the following

relationship:

= 4.2)

It may be noted that the value of X for a lumped-mass SDOF system is approximately

). Therefore, because of the limited number of tests on this floor type

15.8 (i.e. E@

showing a wide range of variation for X, a lower bound limit for K should be taken
as 15.8. This is also a very conservative limit because the frequency of a MDOF

system will always be greater than that of a corresponding SDOF idealisation.

From Figure 4.11, it can also be seen that the minimum deflection for a minimum floor
frequency of 6 Hz is about 10 mm. Therefore, limiting the deflections to 10 mm will
ensure frequencies higher than 6 Hz. Alternatively, equation 4.2 can be used to estimate

frequencies for a given deflection limit.
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4.2 Post-Tensioned Concrete Solid Flat Slab Floors

The FE modelling of the twelve floors of this type was carried out using ANSYS
software. All of these floors were continuous in both directions with variable column
dimensions and span lengths in both directions (see Figure 3.6). However, the study
was limited to 3x3 adjacent panels only, to study the effect of continuity of the floor
on the fundamental frequency and if a more detailed model improves the accuracy of the
result. Models in steps of a single panel and upto 3x3 panels where possible were,
therefore, analysed. Major details of modelling of this floor type are the same as those

discussed in section 4.1, except that in this case there are no beams to model.
4.2.1 Single Panel vs Multi-Panel Models

Table 4.5 compares the measured fundamental frequency of these floors with the

results of FE analyses for floor models with shell elements for the slab.

Table 4.5: FE and Measured Fundamental Frequencies

Site Fundamental Frequency (Hz)
Field Results Finite Element Results
1 Panel 2x2Panels | 3x3 Panels

Hammersmith 8.1 8.41 9.25 9.81
Fleet 5.9 6.18 6.58 N/A
London 10.1 10.96 12.21 12.81
Worcester 12.7 14.19 15.90 16.69
Worcester 9.1 9.98 10.70 N/A
Birmingham 72 8.00 8.61 8.66
Birmingham 8.6 9.28 10.03 10.18
Birmingham 12.7 14.44 15.61 15.84
London 8.4 9.48 10.53 N/A
London 10.6 11.15 10.53 N/A
Winchester 10.3 10.32 10.81 N/A
Winchester 8.5 9.19 9.80 9.94
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It can be seen from Table 4.5 that a single-panel model closely approximates the
fundamental frequency of this floor type. This conclusion is identical to that given in

section 4.1. Therefore, all other relevant comments in section 4.1.1 apply here as well.

Also, the 2 and 3-panel models show a consistent over-estimation of fundamental
frequency. This is considered to be caused by the dimensions and boundary conditions of

adjacent panels not always being the same.

The comparison of field and FE results for the single-panel FE model are plotted in

Figure 4.12.
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Figure 4.12:  Field vs FE Frequency

Figures 4.13 to 4.15 below shows the typical 1-panel, 2-panel and 3-panel models of
this floor type.
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Figure 4.15: A Typical FE 3-Panel Model



4.2.2 Parametric Studies

The single panel FE model was used to study the variation of fundamental frequency with
the span/depth ratios in both directions of the floor slab; and the maximum static

deflections, in a manner similar to that given in section 4.1.2.
The thickness of slab only was varied in the model. Static and dynamic analyses of the

model then yielded maximum static deflections and floor frequencies for each slab

thickness, respectively.

4.2.2.1 Frequency vs Span/Depth Ratios

Figures 4.16 and 4.17 shows the variation of floor frequency with the short and long

span/depth ratios, respectively.
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Figure 4.16:  Frequency vs Short Span/Depth Ratio

It is clear from Figure 4.16 above that a maximum span/depth ratio of 33.5 for the short

span direction will ensure frequencies above 6 Hz.
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Figure 4.17:  Frequency vs Long Span/Depth Ratio

It is clear from Figure 4.17 above that a maximum span/depth ratio of 47.8 for the long

span direction will ensure frequencies above 6 Hz.

Figures 4.16 and 4.17 shows that the graphs of span/depth ratios against floor
fundamental frequencies follow a general trend and similar shape. This is due to the
homogeneous nature of the floor and absence of any beams. The difference in the
ordinates, however, is due to the different stiffnesses caused by the span/depth ratios and

column dimensions of each floor.

Therefore, in order to avoid fundamental frequencies below 6 Hz for this floor type, it is
necessary to use span/depth ratios of upto 33.5 for the short span direction and 47.8 for
the long span direction. It may be noted, therefore, that the Worcester floor (Test-4)

donot satisfy this requirement (see Table 4.6).

Assuming that the fundamental frequencies of the single-panel FE model are correct, it can
be concluded that all the floors tested satisfy the minimum frequency requirement.
However, the high frequency of Worcester floor (Test-4) even for a higher short
span/depth ratio is due to the extra stiffness provided by columns.
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Table 4.6: Span/Depth Ratios of the Tested Floors

Site Short Span/Depth Ratio Long Span/Depth Ratio

Hammersmith 32.0 37.3
Fleet 320 47.6
London 32.0 320
Worcester 35.6 35.6
Worcester 28.8 33.6
Birmingham 28.8 382
Birmingham 333 35.6
Birmingham 21.4 229
London 30.0 30.0
London 25.0 30.0
Winchester 30.0 375
Winchester 29.1 32.7
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4.2.2.2 Frequency vs Deflection Relationship

Figures 4.18 shows the variation of floor frequency with maximum static deflections.
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Figure 4.18:  Frequency vs Static Deflections
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Figure 4.18 shows that the variation of static deflections against corresponding floor

frequency generally follows a consistent trend. A trendline least-squares curve-fit shows

that these relationships are of the same form as equation 4.1 obtained earlier for the

beam and slab type floors (see section 4.1.2.2). The constant K for these floors is

given in Table 4.7 below:
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Table 4.7: FE Single Panel Deflections and Constant K

Site Maximum Static Deflections (mm) Constant K
Hammersmith 4.89 18.607
Fleet 8.67 18.209
London 2.96 18.852
Worcester 1.75 18.795
Worcester 3.50 18.687
Birmingham 5.29 18.408
Birmingham 4.10 18.804
Birmingham 1.67 18.804
London 3.96 18.871
London 2.80 18.692
Winchester 3.24 18.573
Winchester 4.15 18.724
Average 18.669

It may be noted from Table 4.7 that the constant X varies from 18.209 to 18.871
(3.64% rise) for the twelve floors tested. An average value of this constant may be
assumed as 18.7. It can, therefore, be assumed that the fundamental frequency of flat slab

type floors can be closely approximated by the following relationship:

187

s

(4.3)

It may be noted, however, that this constant depends on the type of floor (see section
4.1.2.2). The above results donot show a wide range of variation for K and, therefore, a

conservative lower bound limit for K may be taken as 18.

From Figure 4.18, it can also be seen that the maximum deflection for a minimum floor
frequency of 6 Hz is about 9 mm. Therefore, limiting the deflections to 9 mm will ensure
frequencies higher than 6 Hz. Alternatively, equation 4.3 can be used to estimate

frequencies for a given deflection limit.
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4.3 Pre-Tensioned Concrete Double-T Beam Floors

The FE modelling of the five floors of this type was carried out using I-DEAS software.
All floors are made of precast Double-T beams placed on inverted T or L-shaped
girders. The topping in the form of screed or asphalt layer serves as a bond between
these beams. Therefore, the FE modelling of this floor type included a single-beam
model and upto ten adjacent beams to study the effect of adjacent beams on floor
fundamental frequency and to determine if a more detailed model improves the
accuracy of the results. Major details of modelling of this floor type are the same as those

discussed in section 4.1, except the following:

Boundary Conditions

The beams were modelled as simply supported. This is the most realistic approach
considering that these precast beams are placed on the girders supported by bearing

pads.

Element Type

Linear isotropic quadrilateral thin shell elements were used for the flanges and linear
isotropic beam elements were used for the webs in the different double-T models
studied (see Figure 3.19). The webs of the double-T beams were approximated by a
rectangular beam section. The beam and the shell elements were connected by rigid
elements to define the correct restraint conditions for their displacements. This
achieved true representative conditions for the dynamic motion of these simply
supported long-span beams which essentially behave as one-way bending along the

span.
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Material Properties

Because these beams are manufactured with specific requirements, their material
properties were easily available. The estimation of the modulus of elasticity of
concrete, however, follow the same arguments as those given in section 4.1. The

following values for material properties were used, Table 4.8:

Table 4.8: Material Properties

Site Strength Modulus Density
(GPa) (GPa) (kg/m®)
Swindon 50 38.89 2500
Reading 52.5 39.85 2350
Sutton 50 38.89 2500
Basildon 52.5 39.85 2350
Tunbridge Wells -do- -do- -do-

Pre-Tensioning

The effect of pre-tensioning was not modelled in this study. However, it may be
mentioned that pre-tensioning enables the concrete section to resist tension due to
applied loading without cracking, thus increasing the stiffness which in turn would
increase the frequencies. Pre-tensioned floors may be assumed to be uncracked mainly
because of the pre-compression and initial camber and the fact that the actual service
loads are normally less than the design loads. However, the increases in modulus of
elasticity due to strength gains may be assumed to be offset by the prestress losses

over time.

144



4.3.1 Single Beam vs Multi-Beam Models

Chen and Aswad (1994) have studied a series of beams in a floor model for the estimation
of frequencies. However, their studies are not based on experimental results. Since it has
been established earlier that a single-panel floor model closely approximates the
fundamental frequency of floors, this principle was applied to double-T beam type floors.
Therefore, FE models for the Swindon floor with one double-T beam and upto ten
adjacent double-T beams were studied for frequency estimation. In all FE models, the end
nodes representing beam elements were assumed to be simply supported. All other nodes
were free to move and rotate (see Figure 4.20). It was found that there was no effect of
adjacent beams on fundamental frequency and that the 1-beam model closely
approximates the fundamental frequency of the floor. Therefore, only the 1-beam model

was studied for all the remaining floors of this type.

Table 4.9 gives the measured fundamental frequency of these floors along with the

results of FE analysis.

Table 4.9: FE and Measured Fundamental Frequencies

Site Fundamental frequency (Hz)
Field Results FE Results
Swindon 4.9 4.6
Reading 56 52
Sutton 5.5 5.0
Basildon 4.6 44
Tunbnidge Wells 5.8 5.2

It can be seen from Table 4.9 that a single-beam model closely approximates the
fundamental frequency of this floor type. The addition of adjacent beams do not affect this
frequency because they are of the same size. Because these low floor frequencies damp
out quickly due to inherent damping, additional beams or a more complete floor

model would, therefore, not affect the fundamental frequency significantly.
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The comparison of field and FE results (Table 4.9) are plotted in Figure 4.19.
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Figure 4.19: Field vs FE Frequency

Figure 4.19 above shows the close comparison of FE results with the experimental
results. It may be noted, however, that all the FE frequencies are lower-bound and,

therefore, conservative estimates.

Figure 4.20 and 4.21 shows the typical 1-beam and 10-beam models of this floor

type.
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Figure 4.21: A Typical FE 10-Beam model



4.3.2 Parametric Studies

The single-beam FE model was used to study the variation of fundamental frequency with
the beam length and the maximum static deflections, in a manner similar to that given in
section 4.1.2. In this study, only the length of the beam was varied and fundamental

frequency and static deflections evaluated.

Since the fundamental frequencies of double-T floors studied here were found to be below
6 Hz (Canadian Code requirement), a minimum fundamental frequency of 4.5 Hz was
chosen for satisfactory vibration response. This frequency is more than twice the average
walking frequency of 2 Hz and being not an exact multiple of walking frequency, is
unlikely to be excited by people walking. Therefore, this frequency was used as a

minimum in the parametric studies.

4.3.2.1 Frequency vs Beam Length

Figure 4.22 shows the variation of floor frequency with beam length.
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Figure 4.22:  Frequency vs Beam Length
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Table 4.10 gives the proposed span length limits based on a minimum fundamental
frequency of 4.5 Hz. It may be noted, however, that the experimental fundamental

frequency of the Basildon floor satisfy this requirement whereas its FE model result

doesnot.
Table 4.10:  Proposed Spans for the Tested Floors
Site Original Span (m) Proposed Span (m)

Swindon 16.045 16.2
Reading 15.4 16.6

Sutton 15.6 16.4

Basildon 15.7 15.4
Tunbridge Wells 15.4 16.6

4.3.2.2 Frequency vs Deflection Relationship

Figure 4.23 shows the variation of floor frequency with beam deflections.
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Figure 4.23 shows a single curve following an average relationship of the form of
equation 4.1, obtained earlier for beam and slab and flat slab type floors. The constant

K is given in Table 4.11 below.

Table4.11:  FE Single Beam Deflections and Constant K

Site Maximum Static Deflections (mm) Constant K
Swindon 15.0 17.72
Reading 11.5 17.72

Sutton 12.7 17.73
Basildon 16.6 17.73
Tunbridge Wells 11.5 17.72
Average 17.72

It may be noted from Table 4.11 that the constant K varies from 17.72 to 17.73
(0.06% rise) for the five floors tested. An average value of this constant may be
assumed as 17.7. Therefore, the fundamental frequency of double-T beam type floors

can be closely approximated by the following relationship:

17.7
Sf= _\/f (4.4)

Since the above results donot show a wide range of variation for K, a conservative

lower bound limit for K may be taken as 17.5.

From Figure 4.23, it can also be seen that the maximum self-weight deflection for a
minimum fundamental frequency of 4.5 Hz is about 8.5 mm. Therefore, limiting the
deflections to 8.5 mm will ensure frequencies higher than 4.5 Hz. Alternatively,

equation 4.4 can be used to estimate frequencies for a given deflection limit.
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4.4 Composite Steel-Concrete Slab Floors

The FE modelling of the eight floors of this type was carried out using I-DEAS software.
All of these floors are continuous in both directions and are made of concrete slabs
supported on a steel profile which is welded to steel beams and girders (see Figure
3.25 and Appendix A.4). Based on previous floor modelling, only a single-panel of
these floors was modelled. Major details of modelling of this floor type are the same as

those discussed in section 4.1, except the following:

Boundary Conditions

The steel columns were modelled as simply supported at their centroid at the four
corners of the single-panel FE model. This is the most realistic approach considering
that the steel beams and girders are riveted to these columns. In the case of Millwall
Stadium floor, however, the two north columns were encased in a concrete column of
780 mm diameter. These were, therefore assumed fixed at the perimeter of the

column (assumed as 780 mm x 780 mm).
Element Type

Shell elements were used for the slab and beam elements were used for the beams and
girders (see section 4.1). The slab was modelled in two different ways: of uniform
slab thickness and of actual slab profile dimensions (for calculations, see Appendix
B.4). In both cases shell elements were used. In the case of actual slab profile,
however, the profile was modelled as shells in vertical plane (see section 4.1). The
beam and girder elements were connected to the shell elements by rigid elements to

represent the welded joints and define the correct constraint for their displacements.
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Material Properties

Relevant data for the composite floors were taken from the brochures of Precision Metal
Forming Limited on Composite Floor Decking Systems [71]. The following material

properties were used in all calculations for these floors (see also section 4.1):

Concrete

Density (p,) : 1900 Kg/m®
Compressive strength (f.,) : Grade 40 (i.e. 40 N/mm?)
Modulus of elasticity (£, ) : 22 KN/mm®

The modulus of concrete (E, ) has been suggested by Wyatt (1989) as 22 KN/mm®

for composite floors with light-weight concrete.

Steel
Density (p,) : 7820 Kg/m®
Modulus of elasticity (£, ) : 206.8 KN/mm?

These values have been used as default for steel in I-DEAS and have, therefore, been

assumed for all calculation purposes.

4.4.1 Single Panel Models

Table 4.12 compares the measured fundamental frequency of these floors with the

results of single panel FE models. Results for both types of models studied are

included.
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Table 4.12:  FE and Measured Fundamental Frequencies

Site Fundamental Frequency (Hz)
Field FE Results
Uniform Slab Thickness | Actual Slab Profile

London 12.6 11.0 10.5

Worcester 8.1 7.9 N/A
Maidenhead 8.8 9.9 8.6
Heathrow 9.1 10.4 8.8
Windsor 10.6 9.9 83
London 14.0 15.0 12.2
Cardington 6.4 7.2 6.4
Guildford 8.6 7.3 6.8

It can be seen from Table 4.12 that the single panel model closely approximates the
fundamental frequency of this floor type. The results for the model with actual slab profile
dimensions are lower than that with a uniform slab thickness for the floor. This is due to
the increased flexibility of the model due to the profile dimensions. Both of these models
may be used for frequency estimation. However, the model with actual slab profile
dimensions consist of a large number of elements and is time consuming both from
modelling and analysis point of view which may not be desirable for practical purposes.
In any case, it has been shown previously that there is no need to modelling the floor in

more detail to achieve higher accuracies in frequencies.

The comparison of field and FE results for the uniform slab thickness model are plotted

in Figure 4.24.
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Figure 4.24: Field vs FE Frequency

Figures 4.25 and 4.26 shows typical 1-panel models based on a uniform slab thickness

and the actual slab profile dimensions for this floor type, respectively.
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Figure 4.26: A Typical FE 1-Panel Model



4.4.2 Parametric Studies

The single panel FE model was used to study the variation of fundamental frequency
with the depth of the composite slab and corresponding maximum static deflections,
in a manner similar to that given in section 4.1.2. The slab depth was varied according

to PMF (1994).

4.4.2.1 Frequency vs Slab Thickness

In the design of composite floors, only the slab thickness and/or beam or girder
sections are varied, keeping their length constant, for a given design requirement. In
the present study, however, only the slab thickness was varied to study their effect on
the fundamental frequency of the floor. Figure 4.27 shows the variation of frequency

versus slab thickness.
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Figure 4.27:  Frequency vs Slab Thickness

It is clear from Figure 4.27 that all the floors tested satisfy the minimum frequency limit of
7 Hz, Wyatt (1989), except the Cardington floor. The reasons for the low frequency of
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Cardington floor has already been discussed in section 3.4.7. The figure shows that floor
frequencies increase with increasing slab thickness. However, this increase is not high for
most floors. Therefore, it may be concluded that increasing the slab thickness alone may
not be a sufficient and economical solution to increase the fundamental frequency.

However, changing the beam/girder section may lead to higher floor frequencies.

4.4.2.2 Frequency vs Deflection Relationship

Figure 4.28 shows the variation of frequency versus slab deflection.
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Figure 428.  Frequency vs Static Deflections

Figure 4.28 shows that the varation of static deflections against corresponding floor
frequency generally follows a consistent trend of the form of equation 4.1, obtained earlier
for beam and slab, flat slab and double-T type floors. However, all the data points do not
lie on a single curve. This is due to the difference in beam and girder sizes in addition to
the profile shape and dimensions (see also section 4.1.2.2). The constant X is given in

Table 4.13 below:
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Table 4.13:  FE Single Panel Deflections and Constant K

Site Maximum Static Deflections (mm) Constant K
Uniform Slab Thickness | Actual Slab Profile

London 2.28 241 14.996
Worcester 6.81 3.78 16.448
Maidenhead 4.04 8.60 19.982
Heathrow 3.45 8.78 19.437
Windsor 3.95 8.33 20.107
London 1.70 12.23 19.097
Cardington 7.65 6.59 20.087
Guildford 5.14 5.81 18.834
Average 18.624

It may be noted from Table 4.13 that the constant K varies from 14.996 to 20.107
(34.08% rise) for the eight floors tested. An average value of the constant KX may be
assumed as 18.6. It can, therefore, be assumed that the fundamental frequency of

composite floors can be closely approximated by the following relationship:

_ 186 (4.5)

T

The above results show a wide range of variation for K and since the minimum value
of this constant for a MDOF system is 15.8 (see section 4.1.2.2), a conservative

lower bound limit of X may be taken as 15.8.

From Figure 4.28, it can also be seen that the maximum deflection for a minimum floor
frequency of 7 Hz is about 5.5 mm. Therefore, limiting the deflections to 5.5 mm will
ensure frequencies higher than 7 Hz. Alternatively, equation 4.5 can be used to

estimate frequencies for a given deflection limit.
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Chapter 5 COMPARISONS

This Chapter presents the comparisons of the experimental fundamental frequency of all
the floor slabs tested with the analytical methods given in Chapter 1. The results from only
the methods appropriate to each category are compared. This is followed by brief
comments on the use of each method. Typical calculations for each floor category are

given in Appendix B.

5.1 Post-Tensioned Concrete 1-Way Spanning Solid

Floor Slabs with Beams

Table 5.1 below compares the results obtained by the analytical methods with the
experimental results for the four floors of this type. Typical calculations for the High

Wycombe floor are given in Appendix B.1.
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5.1.1 Discussion

Based on the results for the four floors given in Table 5.1 above, the estimation of

fundamental frequency of this type of floor can be summarised as follows:

EBM: This method provides two estimates of the fundamental frequency. The
simple support assumption for the equivalent beam always under-
estimates the fundamental frequency whereas the fixed support
assumption always over-estimates this frequency.

PM: This method provides two estimates of the fundamental frequency. The
simple support assumption does not produce consistent estimates of the
fundamental frequency whereas the comer support assumption always
under-estimates this frequency.

CSM: This method offers two estimates. One estimate along the short span
direction is always an under-estimate. The estimates using the long-span
direction is not consistent.

FEM: This method offers the closest possible estimates.

SDM: This method provides three estimates of the fundamental frequency. The
estimates may be based on the SDOF formula or the modified SDOF
formula developed in this research. In the SDOF formula, deflections may
be assumed for the EBM or PM approaches. For the EBM approach, the
simple support deflections always under-estimate the fundamental
frequency whereas the fixed support deflections always over-estimate this
frequency. The PM deflections are difficult to estimate and, therefore,
have not been used here. However, the modified SDOF formula using the

maximum deflection from the static analysis of the single panel FE model

provides the closest estimates.
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5.1.2 Equivalent Beam Span Length

As noted in section 5.1.1, the EBM method for simple support conditions provide
frequency estimates lower than the experimental results whereas the fixed support
conditions provide higher estimates. Therefore, both the support conditions are not
correct if EBM approach is to be used for frequency estimation. However, the EBM
formula for simple supports could be used for frequency estimation if the beam span
length taking part in vibrations is correctly identified. Figure 5.1 shows the relationship for
the estimation of an equivalent span length for the EBM formula for simple supports for

the estimation of fundamental frequency of the floor.
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Figure 5.1:  Estimation of Equivalent Span Length for EBM Formula

It may be noted from Figure 5.1 above that the EBM formula for the estimation of
fundamental frequency may be used reliably if the span length of the beam is reduced by a
factor between 0.825 and 0.925. The full length of the beam does not take part in
vibrations due to restraints or end conditions at the column supports. It also depends on
the slab thickness and beam cross-section area. Thus, if the EBM method is to be used
instead of a single-panel FE model, the length of beam should be multiplied by a factor
between 0.825 and 0.925. The choice is arbitrary because not enough experiments have
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been carried out on this floor type. However, for conservative estimates, a factor of 0,925
or close to it may be used as a first approximation. Note, however, that the curves for the

High Wycombe and Wimbledon floors overlap.

5.2 Post-Tensioned Concrete Solid Flat Slab Floors

Table 5.2 below compares the results obtained by the analytical methods with the
experimental results for the twelve floors of this type. Typical calculations for the

Hammersmith floor are given in Appendix B.2.

5.2.1 Discussion

Based on the results for the twelve tests given in Table 5.2 above, the estimation of

fundamental frequency for this type of floor can be summarise as follows:

EBM: Same conclusions as in section 5.1.1.

PM: This method provides two estimates of the fundamental frequency. The
simple support assumption always over-estimate the fundamental
frequency whereas the comer support assumption generally under-

estimates this frequency (except in the case of Test # 6).

CSM: Same conclusions as in section 5.1.1.
FEM: Same conclusions as in section 5.1.1.
SDM: Same conclusions as in section 5.1.1.
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5.2.2 Equivalent Beam Span Length

Following on the reasons given in section 5.1.2, Figure 5.2 shows the relationship for the

estimation of an equivalent span length for the EBM formula for simple supports for the

estimation of fundamental frequency of flat slab floors.
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Figure 5.2: Estimation of Equivalent Span Length for EBM Formula

As in section 5.1.2, it may be noted from Figure 5.2 above that the EBM formula for the
estimation of fundamental frequency may be used reliably if the span length of the beam is
reduced by a factor between 0.7 and 0.9. This relatively wide range is due to the fact that
these floor types do not have beams and are essentially 2-way slabs. The use of EBM
formula for these floors is not directly applicable. However, it may still be used for quick
and conservative estimates. Thus, if the EBM method is to be used instead of a single-
panel FE model, the length of beam should be multiplied by a factor between 0.7 and 0.9.

For conservative estimates, a factor of 0.9 or close to it may be used as a first

approximation.
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5.3

Pre-Tensioned Concrete Double-T Beam Floors

Table 5.3 below compares the results obtained by the analytical methods with the

experimental results for the five floors of this type. Typical calculations for the Swindon

floor are given in Appendix B.3.

Table 5.3: Comparison of Results for Double-T Beam Floors
Fundamental Frequency (Hz)
Site Field | EBM | FEM SDM
(Single- SDOF Modified SDOF
Panel) Formula Formula
(EBM Deflections) | (FEM Deflections)
Swindon 4.9 4.61 4.58 4.10 4.57
Reading 5.6 5.27 5.23 4.68 5.22
Sutton 55 | 5.02 4.98 4.46 4.97
Basildon 4.6 4.38 4.35 3.89 434
Tunbridge Wells | 5.8 | 527 5.23 4.68 5.22
5.3.1 Discussion

Based on the

results for the five tests given in Table 5.3 above, the estimation of

fundamental frequency for this type of floor can be summarise as follows:

EBM:

FEM:
SDM:

This method always under-estimates the fundamental frequency. The use
of an equivalent span length is not applicable to this floor type because the
double-T beams are simply supported and, therefore, their full length takes
part in any vibration response.

Same conclusions as in section 5.1.1.

This method provides two estimates of the fundamental frequency using

the SDOF and modified SDOF formulae. Both the formulae always
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54

under-estimates the fundamental frequency but the modified SDOF

formula results are better of the two.

Composite Steel-Concrete Slab Floors

The results obtained from the analytical methods are compared with the experimental

results for the ten floors of this type in Table 5.4 below. Typical calculations for the

Millwall floor are given in Appendix B.4.

54.1

Discussion

Based on the results for the eight tests given in Table 5.4 above, the estimation of

fundamental frequency for this type of floor can be summarise as follows:

EBM:

Dunkerly:

SDM:

FEM:

This method offers better estimates of the fundamental frequency for
the case of beam supporting slab only. The use of an equivalent span
length is not applicable to this floor type because the steel beams are
simply supported at girders (as shown in FE modelling) and, therefore,
their full length takes part in any vibration response.

This method does not produce consistent estimates of the fundamental
frequency.

The three different approaches of this method do not produce consistent
estimates for the fundamental frequency. The Wyatt and Allen-Murray
estimates are reasonably close. However, the frequency estimation
using FE deflections are the closest of the three methods.

Same conclusions as in section 5.1.1. The uniform slab thickness model
is simple as compared to the actual slab profile model and requires

considerably less CPU time for analysis.
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Chapter 6 CONCLUSIONS

The main objective of the research was to study the various analytical techniques for the
estimation of fundamental frequency of floors. This Chapter presents a summary of the
findings of the research on frequency estimation based on the comparisons made in
Chapter 5. A brief discussion is included on damping estimation and conclusions of a
parametric study of the FE models. Recommendations are suggested and some

suggestions are made for future research.

6.1 Conclusions

6.1.1 Frequency Estimation Methods

The various analytical techniques for the estimation of the fundamental frequency of floors
were reviewed in Chapter 1. The fundamental frequency for all the floors tested was
calculated by these methods and compared with the experimental results in Chapter S.
Each method was found to have a different application and suitability for different floor

types. The following is a summary of the use of each method for the floors tested.

Equivalent Beam Method (EBM)

The EBM depends on a reasonable estimate of an equivalent beam span and an effective
slab width supported by the beam, which is recommended in the BS 8110 (1985), for
beam and slab, and flat slab floors. The choice of equivalent beam span depends on the
boundary conditions and may range between 0.825 and 0.925 for the beam and slab type
floors and between 0.7 and 0.9 for the flat slab type floors, respectively. A conservative
equivalent beam span and a higher effective slab width may result in closer frequency
estimates. In general, the EBM gives good estimates of fundamental frequency and may

be used if a conservative estimates of equivalent beam span and effective slab width are

used.
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The beam formula for simple supports is directly applicable to double-T floors because the
double-T beam units are simply supported, this is an assumption in the derivation of the
formula. Therefore, for all practical purposes, the beam formula can be used to predict the
fundamental frequency of double-T floors. For composite floors, the results for both the
cases of beam supporting the slab and girder supporting the beams are not consistent and
depends on the layout and section dimensions. For simplicity, therefore, the case of beam

supporting the slab may be used for initial estimates of the fundamental frequency.

Plate Method (PM)
The PM is not directly applicable to all the floors because the boundary conditions of the

panels tested are not either simply supported or comer supported. Also, the columns
supporting these slabs are monolithic with the slab resulting in a very rigid connection
around their perimeter. Therefore, they cannot be assumed as point supports and should
be modelled as fixed supports around their perimeter. The inconsistency in the results is
also due to the summation of stiffnesses in both the directions. The presence of beams in
one direction, in the case of beam and slab floors, for example, result in a higher relative
stiffness. The PM is not applicable to double-T and composite floors. In the absence of
any exact formula for all the practical cases, the PM in its present form (equation 1.3,

section 1.2.2) is not recommended for fundamental frequency estimation.

Concrete Society Method (CSM)

The CSM is similar to EBM. It offers two estimates for the fundamental frequency in
which the number of panels in each direction plays a very important role. The CSM does
not identify whether all the panels in each direction should be considered or only those
with similar dimensions and support conditions. Obviously, this selection leads to
inaccurate results because reducing the number of panels increases the frequencies and
vice-versa. The CSM is not applicable to double-T and composite floors. Since this
method is not based on any experimental evidence and its application does not lead to any

reliable conclusions, it is not recommended for use.
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Finite Element Method (FEM)
The FEM offers the closest possible frequency estimates but depends to a large extent on

the material properties and boundary conditions of the floors. Since a single constant value
of the concrete strength and thus the modulus of elasticity of concrete was assumed for all
the floors except where notified (in the case of double-T beam floors), some of the
frequency estimation is not very close. Since the single-panel model developed shows
good correlation in most cases, it may be reasonably assumed that if the actual strengths
were known for all the floors, accurate estimates of the fundamental frequency would
have resulted. The FE model, however, allows the analyst to vary the different parameters
in order to achieve higher frequencies and/or lower static deflections. The FEM can be
easily employed on any available FE package and is strongly recommended for both

fundamental frequency and static deflection estimates.

Static Deflection Method (SDM)

The SDM leads to inaccurate estimates of the fundamental frequency except in the case of
static deflections obtained from FE analysis. The SDM, however, can be used reliably only
after necessary modification of the SDOF system frequency formula. The SDM requires
estimates of the maximum static deflection of the floors which can either be selected
before design or calculated from FEM for a single-panel or beam models. The modified
SDOF formula, therefore, offers flexibility in either controlling frequency or deflections of

the floors at the design stage.

For composite floors, both Wyatt’s and Allen-Murray’s approaches lead to reasonable

estimates of fundamental frequency and may be used in the absence of a FE package.

Dunkerly’s Formula

The application of Dunkerly’s formula to both the EBM and SDM approaches always
lead to an under-estimation of fundamental frequency. Since the frequency estimation of
the system by this formula depends on the two estimates of frequency for the beam and
girder elements, the results are not always consistent. This is because most floors are

inherently continuous and cannot be separated into individual components, this was noted
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in the case of beam and slab type floors (section 4.1.1). This formula is, therefore, not

recommended for any frequency estimation at all.

6.1.2 Minimum Fundamental Frequency

In order to control vibration problems, it is vitally important to ensure a high fundamental
frequency for the floors at the design stage. Table 6.1 below gives the estimated range,
average and the recommended minimum fundamental frequencies for the floors
tested. It may be noted, however, that the recommended minimum fundamental
frequencies are for general purpose buildings and are based on CSA (1990) and

Wyatt (1989) with due consideration to the economy of construction.

Table 6.1: Fundamental Frequency Estimates
Floor Type Fundamental Frequency (Hz)
Estimated Range | Average | Recommended Minimum
Beam and Slab 5.8-11.2 8.6 6.0
Flat Slab 5.9-12.7 9.4 6.0
Double-T Beam 4.6-5.8 5.3 4.5
Composite 6.4-14.0 9.8 7.0

From Table 6.1, it is clear that both the maximum estimated and average fundamental
frequencies are for composite floors. The above minimum fundamental frequencies
are recommended to avoid any objectionable vibrations due to walking at or near a
frequency of 2 Hz. This is because floor frequencies above the second harmonic of
walking frequency or not an exact multiple of that has been found to be difficult to

excite by normal daily life activities.
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6.1.3 Damping Estimation

The inherent floor damping depends mainly on the material properties, suspended
ceilings, partition or support walls, false floors, and other floor attachments apart
from the loading on the floor including furniture etc. Damping estimates also depends
on the location of measurement because exciting a floor near a support wall would
not result in an accurate estimate of true damping as compared to excitation at the
midspan, for example. The estimation of damping using the Half-Power method
requires accurate estimation of half-power frequencies and the floor natural frequency
(see Figure 2.10). This, in turn, depends on the frequency resolution. Since it was not
possible to measure data for a high frequency resolution in some cases, the estimation
of damping in these cases is not accurate. Other reasons for such inaccuracies include

closely spaced modes, noise and other ambient vibrations in the data.

Another method of estimating damping accurately would be to excite the floor at its
fundamental frequency and allowing the vibration to decay. The log-decrement
method can then be used for estimating damping. However, this requires the prior
knowledge of the floor fundamental frequency which was the unknown in the present

research.

Table 6.2 below gives the estimated range and average values of damping for the

floors tested.

Table 6.2: Damping Estimates

Floor Type Damping Ratio (% Critical)
Estimated Range Average

Beam and Slab 1.9-3.7 2.6

Flat Slab 1.0-7.1 2.6

Double-T Beam 1.0-3.4 1.7

Composite 1.0-11.4 43
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From Table 6.2, it is clear that both the maximum estimated and average damping
values are for composite floors. Therefore, although it is difficult to predict damping
at the design stage, a minimum damping ratio of 5% of critical is recommended for all
floors to ensure that all objectionable vibrations die out in a reasonable amount of

time.

6.1.4 Span / Depth Ratios and Static Deflections

In the parametric studies in Chapter 4, only the thickness of the floor slab was varied
in the case of beam and slab, flat slab and composite floors whereas the length of
beam was varied in the case of double-T beam floors. The following conclusions are

based on these studies.

Beam and Slab Floors

Based on the results of the four floors of this type, a lower span/depth ratio of the
slab was obtained for a floor with a wide beam of large cross-section area and a
higher span/depth ratio was obtained for a floor with a narrow beam of small cross-
section area. It may be mentioned here that the effect of the span/depth ratio of beams
on fundamental frequency was not studied in this research. Table 6.3 below shows the

estimated and recommended maximum span/depth ratios.

Table 6.3: Maximum Span/Depth Ratios for Beam and Slab Floors

Span Direction Maximum Span/Depth Ratios
Estimated Recommended
Short 42 40
Long 78 70

The Concrete Society (1994) recommends a maximum span/depth ratio of 45 for
these slabs for spans less than 13 m and more than 6 m. This limit, however, is only
for the slab’s long span direction whereas the limits given in Table 6.3 restricts both

the spans to avoid frequencies below 6 Hz.
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Similarly, a static deflection limit of 10.0 mm was obtained for these floors. However,
these conclusions may not be generalised due to the limited amount of tests on this
floor type. Moreover, these conclusion are based on a minimum fundamental

frequency of 6 Hz and will be different for other choices of minimum frequency.

Flat Slab Floors
Table 6.4 below shows the estimated and recommended maximum span/depth ratios

based on the results of the twelve floors of this type.

Table 6.4: Maximum Span/Depth Ratios for Flat Slab Floors

Span Direction Maximum Span/Depth Ratios
Estimated Recommended
Short 335 30
Long 47.8 45

The Concrete Society (1994) recommends a maximum span/depth ratio of 44 for flat
slabs with drop panels for spans less than 13 m and more than 6 m. This limit,
however, is only for the slab’s long span direction whereas the limits given in Table

6.4 restricts both the spans to avoid frequencies below 6 Hz.

Similarly, a static deflection limit of 9.0 mm was obtained for these floors. However,
these conclusions are based on a minimum fundamental frequency of 6 Hz and will be

different for other choices of minimum frequency.

Double-T Beam Floors

The dynamic behaviour of these floors depend on the span length of the beams and
their cross-sections. Based on the results of the five floors of this type, limits for their
span lengths have been suggested in section 4.3.2.1. Similarly, a static deflection limit
of 8.5 mm was obtained for these floors. However, these conclusions are based on a
minimum fundamental frequency of 4.5 Hz and will be different for other choices of

minimum frequency.
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Composite Floors

The dynamic behaviour of these floors depend on the slab thickness and the beam or
girder sections. A static deflection limit of 5.5 mm was obtained for these floors,
based on a minimum fundamental frequency of 7 Hz. Based on the results of the eight
floors of this type, their dynamic behaviour may be improved by increasing the beam

or girder section irrespective of the slab thickness or a minimum fundamental

frequency (see section 4.4.2.1).

6.1.5 Modified SDOF Formula

It has been shown in Chapter 4 that the fundamental frequency of the floors tested
can be closely approximated by the following modified form of the SDOF system

frequency formula using static deflections:

f= \fAj (6.1)

where K is a constant dependent on the type of floor. The average value of this
constant, as estimated from the frequency versus deflection relationship for the floors
tested (see Chapter 4), and its recommended minimum values are given in Table 6.5
below. In addition, the estimated and recommended maximum static deflection limits

for these floors are also given in Table 6.5.

Table 6.5: Maximum Static Deflections and Constant X for Modified SDOF

Formula
Floor Type Maximum Static Deflections (mm) K
Estimated Recommended Estimated | Recommended
Average Minimum

Beam and Slab 10.0 9.0 17.0 15.8
Flat Slab 9.0 8.0 18.7 18.0
Double-T Beam 8.5 8.0 17.7 17.5
Composite 5.5 5.0 18.6 15.8
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6.2 Recommendations

Following recommendations are suggested which are based on the author’s

experience of vibration testing of floors and the comparisons given in Chapter 5:

Testing
1. The testing should always be carried out in a very quiet environment.
2. A minimum number of 512 samples should be used for acquiring vibration

data. This will result in smooth plots and, therefore, easy identification of
peaks in the transfer function.

3. A high sensitivity value should be used for the accelerometer when collecting
vibration data. This will ensure that only the floor response is being measured
and, therefore, will result in a clean data.

4, The vibration data should be analysed a number of times for an average
estimation of the dynamic characteristics.

5. When analysing the vibration data, the corresponding phase variation should
be closely studied to check the pattern and detect any closely spaced modes, if
any.

6. A backup data storage system should always be carried to the site to allow for
extra set of data points to be measured. This is because sometimes there may
be different floor types or panels available for testing on the site.

7. The layout dimensions should always be measured on site to check if the
original design has not been altered.

8. Every effort should be made to obtain the actual material properties used in

the design of the site being tested.

Frequency Estimation

L. The single-panel FE model developed in this thesis may be used at the design
stage for the estimation of the fundamental frequencies. The model allows the
variation of the different parameters in ensuring high floor frequencies and/or

lower static deflections.

179



2. The span/depth ratio limits obtained for beam and slab, and flat slab type
floors may be used as a guide at the design stage to avoid low fundamental
frequencies.

3. The span length limits obtained for double-T beam type floors may be used as
a guide at the design stage to avoid low fundamental frequencies.

4. Equation 6.1 may be used for the estimation of the fundamental frequency of
floors. Alternatively, the static deflections may be limited based on a minimum

fundamental frequency.

6.3 Future Research

Acceptable floor vibrations mainly depend on the floor fundamental frequency and
associated damping. It has been established that a single-panel FE model can be used
to predict the fundamental frequency of a floor, whereas a more detailed model of the
whole floor may be needed to estimate the higher floor frequencies. However, the
estimation of floor damping need to be investigated in detail and methods for ensuring

and enhancing the floor damping should be developed.

The span/depth ratios for beam and slab, flat slab and composite floors and span
length limits for double-T beam type floors should be further studied to include the
effect of floor accelerations due to various human activities. Therefore, acceleration
limits should be studied and developed for different floors in addition to the existing

deflection and span/depth ratio limitations.
Floors which have been designed for high fundamental frequency and damping

performance and low deflection and acceleration limits could have their dynamic

behaviour significantly improved.
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AppendixA

Floor Types

This appendix presents typical isometric sketches for each of the four floor types
tested. Typical plan layout and cross-sections have already been given in Chapter 3.
For the composite floors, only the profiles used in the floors tested are given along
with their corresponding dimensions. For full structural details and dimensions, see

Chapter 3.

A.1  Post-Tensioned Concrete 1-Way Spanning Solid Floor Slabs with Beams

Beam and Slab Floor Banded Flat slab Floor

A.2  Post-Tensioned Concrete Solid Flat Slab Floors

Solid Flat Slab Floor Solid Flat Slab Floor with Drop Panels
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A3 Pre-Tensioned Concrete Double-T Beam Floors

Prccast Double-T Beam Floor

A.4  Composite Steel-Concrete Slab Floors

CoMm

oy Y
SRR
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Profife ComFior §t

CF 70 Profile with Dimcnsions
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Appendix B

Typical Calculations

This appendix presents the typical calculations for frequency estimation by the various
methods given in Chapter 1 for each of the four floor types tested. However, results
for finite element method are not given here (see Chapter 4). Calculations for only

one representative floor in each category are presented. The results for all the floors

are given and discussed in Chapter 5.
B.1  Post-Tensioned Concrete 1-Way Spanning Solid Floor Slabs with Beams

Typical calculations for the High Wycombe floor are given here. Results for other
floors of this type follow the same procedure. Material properties for this floor type

are as follows:

Density of concrete (o) = 2400 kg/m’

Modulus of elasticity of concrete (£) = 34.79 kN/mm? (GPa)

Equivalent Beam Method (EBM)

Effective beam length (L) = ¢/c distance = 12.05 m

Width of beam web (wy) =0.665m

Effective T-beam width =w,+0.75 x —1;“- =24725m

Centroid of T-beam =0221m = ""”* 1 .

Moment of inertia of T-beam (/) =0.0264 m* L _ __ i S T

bevirdl Aol

Area of cross-section (A4) =0.8118 m* e

— s m—] '
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Fundamental natural frequency =z ’pii‘ = 7.43 Hz (simple supports)

2
2
Fundamental natural frequency = (4'73) El — = 16.84 Hz (fixed supports)
27 \ pAL
Plate Method (PM)
Poisson ratio of concrete (v) = 0.2
Slab thickness (/) =02lm
Long span (L) =12.05m
Short span (L) =7305m
L = 1.65
L

Y

2
For simply supported plate, A* = nl[l +1]:—2:l =36.73
y

_ A En?
272\ 12p(1-v?)

Fundamental natural frequency =948 Hz

For corner supported plate,

A =15467x(165) - 982x(1.65)" +20803x(1.65) - 541=9.13

_ A Eh?
222V 12p(1-v?)

Fundamental natural frequency =236 Hz

Concrete Society Method (CSM)

. 1x0.21° 4
Moment of inertia of slab (/, = I, = )=0.00077175 m"/m
Number of spans along short span (7_) =3
Number of spans along long span (7,) =1
2, =" 8187 Ke= 1+ — =1.3023
L A

id
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1L
A, =22 1 6406 Ky=1+ - = 13675
L 2

For slabs with perimeter beams,

EI
fi=k— | —2 =3.25Hz £, =k~ E]g =9.29 Hz
2\ pAL, 2\ pAL;

Static Deflection Method (SDM)
Using the EBM values of area, length and moment of inertia with acceleration due to

gravity (g) = 9.80665 m/sec’:

. : : 5pAgl? .
Static deflection of equivalent beam (A, ) = S8aE] = 5.71 mm (simple supports)

Fundamental natural frequency = LA a 6.59 Hz
2r A,

pAgL?

= 1.14 mm (fixed supports
24 El (fi pports)

Static deflection of equivalent beam (A,) =

3
Fundamental natural frequency = ZL /zg- =14.75 Hz
” S

FE maximum static deflection (A,) =3.78 mm

Fundamental natural frequency = —% =8.74Hz
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B.2 Post-Tensioned Concrete Solid Flat Slab Floors

Typical calculations for the Hammersmith floor are given here. Results for other
floors of this type follow the same procedure. Material properties for this floor type
are the same as for 1-Way Spanning Solid Post-Tensioned Concrete Slabs with

Beams, given in Appendix B.1.

Equivalent Beam Method (EBM)

Effective beam length (L) = ¢/c distance (long span) = 8.4 m
Width of beam =10m
Area of beam (4) =1x0.225=0.225m’
3

Moment of inertia (/) - 1x0225 _ 0.00095 m*

x| EI .
Fundamental natural frequency = ) 7 = 5.51 Hz (simple supports)

2
Fundamental natural frequency = (4'273) E} = 12.48 Hz (fixed supports)
T

Plate Method (P)

Poisson ratio of concrete (v) = 0.2

Slab thickness (4) =0225m
Long span (L,) =84m
Short span (L,) =72m
L = 1.17

Ly

2
For simply supported plate, A* = nzlil +%} =23.30
Y

A Eh?
Fundamental natural frequency = > — =13.27Hz
2712\ 12p(1- V?)
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For corner supported plate,

A2 =15467x(117)’ - 9.82x(1.17)" +20803x(117) - 541 = 7.95

_ X En?
272 V12p(1-v?)

Fundamental natural frequency =453 Hz

Concrete Society Method (CSM)

3

Moment of inertia of slab (/, = 7, = 1x0225 ) =0.00095 m*/m
Number of spans along short span (7, =5
Number of spans along long span (7,) =3
4, ="k — 408 Ke= 1+ — =1.0544

L, Ax

nL

A, =22 =583 K,=1+— =10294

L, A

For slabs without perimeter beams,

f,=kx§ 2 =580Hz
PAL,
x| EI,
fy=kvy o =771z
7 | El,
2V pAL
f= 1P * =444 Hz
L
1+£—f
I, L
(1 1)
._+_
, , n, n,
= /i - (f] - 0| P | =SS0z
. )
\
(1.1
, : n, n,
= f, - (f, -f)| =5 | =6.98 Hz
L)
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Static Deflection Method (SDA)

Using the equivalent beam method values of area, length and moment of inertia with

acceleration due to gravity (g) = 9.80665 m/sec’:

. . . 5pAgL? :
Static deflection of equivalent beam (A, ) = 3SAE] = 4.89 mm (simple supports)
Fundamental natural frequency = LA 7.13 Hz
2z VA

s

pAgL

= 2.08 mm (fixed supports)

Static deflection of equivalent beam (A,) =

Fundamental natural frequency = 2L f— =10.93 Hz
pa \}

5

FE maximum static deflections (A,) =4.89 mm

Fundamental natural frequency = %1 =8.46 Hz
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B.3  Pre-Tensioned Concrete Double-T Beam Floors

Typical calculations for the Swindon floor are given here. Results for other floors of
this type follow the same procedure. The Plate and Concrete Society Methods donot

apply to this floor type. Material properties for this floor type are as follows:

Site p (kg/m®) E (KN/mm®)
Swindon, Sutton 2500 38.89
Reading, Basildon, Tunbridge wells 2350 39.85

Equivalent Beam Method (EBM)

Effective beam length (L) = c/c distance = 16.045 m
Area of beam (4) =0.4242 m?
Moment of inertia (/) =0.01559 m*
Fundamental natural frequency x| E + =461 Hz

2\ pAL

Static Deflection Method (SDM)

Using the equivalent beam method values of area, length and moment of inertia with

acceleration due to gravity (g) = 9.80665 m/sec’:

SpAgL!

Static deflection of T-beam (A, ) = =14.8 mm
384L1

Fundamental natural frequency = ZL Ai =4 10Hz
7

s

FE maximum static deflections (A,) = 15.0 mm

Fundamental natural frequency = \l/; =457 Hz
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B.4  Composite Steel-Concrete Slab Floors

Typical calculations for the Millwall Stadium, London floor are given here. Results
for other floors of this type follow the same procedure. The Plate and Concrete

Society Methods donot apply to this floor type. Material properties for this floor type

are as follows:

Density of Concrete (pc) = 1900 kg/m®
Modulus of Elasticity of Concrete (E,) = 22 kN/mm?
= 7820 kg/m’

Density of Steel (p;)

Modulus of Elasticity of Steel (E, ) = 206.8 kN/mm?

Modular Ratio (n) = ? = 9.4

c

Equivalent Beam Method (EBM)
a) Beam (UB356x127x33) Supporting CF70 Profile Slab
Slab thickness (t) = least of t; or t; = 105 mm (see PMF (1994)):

Profile based thickness: t,=130- 112 +164 x S 105 mm
2 300
Weight based thickness: ty= MHOOO =110 mm
9.80665x1900
Beam length (L,) =6.75m
Area of beam = 4180 mm?
Moment of inertia of beam = 8200,0000 mm* — 180 e ——
Beam spacing (Sp) =2.665 m 1T - ]’gs—"F
JEm —25 nm

Effective slab width (ESW') = least of —%4 or Sp

=1.6875m 38041 nn_ fI __[

ESw 17425 nn

Transformed width= —— =180
ransformed wi " mm i

426 mm

Centroid = 380.41 mm from base

Transformed moment of inertia (7, ) = 316305176.3 mm*

Beam mass/length (mg) = 33 kg/m
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Supported mass (m,) =Sy x t x p. + mp
=2.665 x 0.105 x 1900 + 33 = 564.6675 kg/m

Fundamental natural frequency of beam ( f,) = z ’E‘IT:’ =11.73 Hz
2\{mL,

b) Girder (UB610x229x101) Supporting Two Beams

Girder length (L) =83 m

Area of girder = 12920 mm®
Moment of inertia of girder = 75720,0000 mm*
Girder spacing (Sg) =6.75m

L
Effective slab width = least of Tg or$;=2.075m

ESIV
n

=220 mm

Transformed width =

Centroid = 543.90 mm from base
Transformed moment of inertia (/) = 1966082782 mm*

Girder mass/m (m;) = 101 kg/m

Supported mass (m,) =2 x m, X I + my
4

6
= 2 x 564.6675 x 8—735 +101 = 1019.4351 kg/m

EI
Fundamental natural frequency of girder (f,) = Z |2 Tf = 14.40Hz
2YmL,

Dunkerly’s Formula

1
f=——1 =9.10Hz

1
_—
VA
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Static Deflection Method (SDA)

a) Wyatt’s Approach
For 1.2 mm thick CF70 profile deck (see PMF (1994)):

Neutral Axis (N.A.) of profile = 30.32 mm from bottom
Area of profile = 1585 mm*/m
Moment of inertia of profile = 760000 mm*/m
1000 xlOle—o5 +1585x(130-3032)
Slab N.A, = 24 100% = 58.36 mm from top

——x105+1585
9.4

Moment of inertia of slab (7, ):

1 + x105x(5836——
9.4 2

s X
94 12

1,=14112351.23 mm*/m

Mode-1: Slab - Fixed between beams
Slab width=1m
Slab length (L,) = 2.665 m
Slab mass (m,) = 0.105 x 1900 = 199.5 kg/m’
Assuming acceleration due to gravity (g) = 9.80665 m/sec?,

4
Static deflection of slab (A, ) = _mgl,_ _ 0.0880585 mm
384E 1,

Beam - Simply supported between girders

4
Static deflection of beam (A, ) = Smgl, _ 2.2882871 mm
384E1,,

Total deflection (A;)= A, + A, =2.37634556 mm

18
Fundamental natural frequency = =11.68 Hz
VA,

Mode-2: Slab - Fixed between beams
Static deflection of slab (A,) = 0.0880585 mm

Beam - Fixed between girders
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b)

4
Static deflection of beam (A, ) = —8% _ = 0 45765741 mm

384E,1,

Girder - Simply supported between columns

Static deflection of girder (A,) = (—mb =+ mGJ
. EI,

Total deflection (A;) = A,

Fundamental natural frequency =

Allen-Murray Approach

Modular Ratio (1) = 1 E__ 6.9

35E

c

Beam Panel Mode;
Deck weight = 2.07 kN/m?
2070

= =211.08 kg/m?

980665

23 L, S gL,

648 "L, 384

=2.01628 mm
+4,+A, =256199591 mm

18

e

=11.25Hz

109 np

L _l

6 =r;r

40213 mn

426

Effective slab width = least of 0.4 L, or S, =2.665 m

ESW

Transformed width = —— =380 mm

n

Centroid = 402.13 mm from base

Transformed moment of inertia (/,,, ) = 358456673.5 mm*

Supported mass (m,,) = deck weight x

+ mg
n

=211.08 x 2.665 + 33 = 595.5315 kg/m

4
Beam deflection (A,,) = S8y, 2.13 mm
384E.1,,

Fundamental natural frequency = 0.18

g =1221Hz

ba
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Girder Panel Mode: S P

Effective slab width = least of 0.4 L, or S,

=332m

ESW
n

6018 mn -

=475 mm

Transformed width =

Centroid = 601.8 mm from base

30L) A

Transformed moment of inertia ( /7, ) = 2273917335 mm*

Supported mass (m,,) =2 x m, x —LLL + m; =1069.6 kg/m

g8

Sm,, gL';
384E, I,

Girder deflection (A,) = =1.38 mm

Fundamental natural frequency = 0.18 ’—Ag— =15.18 Hz
b

Combined Mode:

Slab rigidity (D,) = L 1905167416 mm*/m
h

L _ 134505318.4 mm*/m

Beam rigidity (D,) = ,
spacing

Beam panel effective width =2 (

Since Lg =83m>768m

WA
D, 2
J b 7.68 m< ;Llold

Fundamental natural frequency = 0.18 £  -952Hz

A, +A,

Finite Element Method

For the constant slab thickness FE model:

FE maximum static deflections (A,) =2.28 mm

Fundamental natural frequency = 186 _ 12.32 Hz

JA,
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Appendix C

Typical FE Model Input File

This appendix presents a typical ANSYS input file for the dynamic analysis of a
single-panel FE model, as discussed in Chapter 4. The modelling has been described
by including comments using the “!” sign. For further details on FE modelling using I-
DEAS and ANSYS, see respective manuals.

/file, Modell

/title, Hammersmith Cark Park (mesh size = 6x6)

/units,si I'N, m, kg

| Build model

/prep7

! Element type

et,1,shell63 | First element type

| Material properties

mp,ex,1,3.479¢10 | E for first element type
mp,dens, 1,2400 I Density for first element type
| Real constants

r,1,0.225 I Thickness for first element type
! Node generation

n,2,0.15 ! Generate node 2

| Generate set of nodes, node increment, from node, to node, node increment, X, y
ngen,7,1,2,2,0,1.15,0 | Horizontal nodes (2 - 8)
n,10,0,0.15 ! Generate node 10
ngen,2,9,2,8,1,0,0.15 I Vertical nodes (2 - 17)
n,18,7.2,0.15 | Generate node 18
ngen,7,9,10,18,1,0,1.35 ! Vertical nodes (10 - 72)
ngen,2,9,65,71,1,0,0.15 I Vertical nodes (65 - 80)

I Element generation

en,2,2312,11 ! Generate element 2

I Generate element increment, set of elements, node increment, from element,
! to element, element increment

engen,1,6,1,2,2,0 ! Horizontal elements (2 - 7)

engen,8 8 9,2,7,1 | Vertical elements (2 - 63)

en,9,10,11,20,19 | Generate element 9

engen,8,6,9,9,9,0 ! Vertical elements (9 - 49)

engen,7,2,7,9,49,8 ! Horizontal elements (9, 16, 17, 24, 25, 32, 33,

! 40, 41, 48, 49, 56, 58, 63)
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! Boundary conditions

d,2,all | Fix nodes 2, 8, 10, 11, 17, 18, 64, 65, 71, 72,
! 74, 80

d.8,all

d,10,all

d,11,all

d,17,all

d,18,all

d,64,all

d,65,all

d,71,all

d,72,all

d,74,all

d,80,all

Finish

I Start solution

/solu

antype,modal I Analysis type
| Options (method, number of modes, from frequency , to frequency,
! reduced modes, normalise)
modopt,subsp,10,0,20,,off

mxpand,5,0,20,n0

solve

Finish

I Start post-processing

/postl

Note: Nodes 1, 9, 73, and 81 have not been modelled because they represent the
column centres at the four corners of the model and, therefore, would be fixed in the
same manner as the perimeter of these columns (nodes 2, 10, 11; 8, 17, 18; 64, 65,
74; and 71, 72, 80).

The above input file is for the Hammersmith floor. Figure 4.11 shows this model.
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