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Abstract

This thesis describes an investigation into the vibration serviceability of long-span and slender
in-situ concrete floors, which are typically post-tensioned. The motivation for the research is the

present trend towards increased slenderness of post-tensioned floors supporting open-plan high-
quality offices where vibration serviceability may easily become the governing design cnitenon.
The vibration serviceability issue in post-tensioned floors 1s now also recognised by the UK
Concrete Society which proposed, for the first time, guidelines for performing a wvibration
serviceability check when designing office floors. The guidelines were published in Concrete
Society Technical Report 43 (CSTR43) in 1994 and its publication prompted the initialisation of
this research project. There were two reasons for this. Firstly, problems were reported with the
reliability and practical application of these guidelines, and, secondly, the guidelines were not
experimentally verified which is unusual for any design provision related to wibration

serviceability.

In order to improve understanding of the dynamic performance of a rather specific group of
office floors which are long-span and made of cast in-situ concrete, a combined experimental

and analytical approach has been adopted. A state-of-the-art facility comprising hardware and
software suitable for field modal testing and dynamic response measurements of prototype floor
structures was commissioned as a part of this research. The facility 1s built up around the
instrumented sledge hammer, which served as the main excitation source in modal testing, and
multi-degree-of-freedom vibration parameter estimation procedures utilising measured floor
frequency response functions.

The main testing programme consisted of modal testing of four prototype floor structures of
varying complexity weighing between 13 and 1000 tonnes. All four slab structures were slender

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

investigated.

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

beneficial for their vibration serviceability.

The validated numerical FE models were then used to check the performance of three
representative walking excitation models available in the literature. It was shown that, 1n
general, all three models overestimated the measured response to the 3" harmonic of the
walking excitation, which is particularly important for low-frequency office floors. Only one of
the models did so in a way which is not overly conservative. This model 1s recommended for

use in vibration serviceability assessment of post-tensioned floors.

Finally, gross oversimplification of these important issues is identified as the principal reason
for the failure of the current CSTR43 vibration serviceability guidelines to predict reliably
vibration response of a wide range of post-tensioned in-situ cast concrete floors.
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A - Accelerometer

AC - Alternating Current

ACI - American Concrete Institute

ACSE - American Society of Civil Engineers
AISCE - American Institute of Steel Construction Engineering
APS — Acoustic Power Systems

APDL — ANSYS Parametric Design Language
ARRB - Australian Road Research Board

ASD - Auto-Spectral Density

ASME - American Society of Mechanical Engineers
Auto-MAC - Auto Modal Assurance Criterion.
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BRS - Building Research Station

BSI - British Standards Institution
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CEB - Comité Euro-International du Bet6n
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Notation

Matrix Symbols

[ ]
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ty
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[c]
[D]
[H(w)]
[K]
[K]e
K
[M]
X}
[\ "’r\]
'k

Matrix.
Column vector.

Single element of matrix or vector
Diagonal matrix

Transpose of a matrix

Transpose of a vector

Zero vector.

Damping matrix.

Damping matrix.

FRF matrix.

Stiffness matrix.

Effective stiffness matrix.
Geometric stiffness matrix.

Mass matrix.

Vector of time-independent displacement amplitudes.

Diagonal matrix of natural frequencies.

Diagonal matrix of modal stiffnesses.
Diagonal matrix of modal masses.
The j® element of the i mode shape (or eigenvector).

The ™ mode shape (or eigenvector).
Mode shape (or eigenvector, or modal) matrix.

The j" element of mass-normalised the r™ mode shape (or eigenvector).

Mass-normalised mode shape/eigenvector matrix.
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Alphabet Notation

Peak acceleration of an equivalent SDOF system; peak acceleration of a SDOF
system at the start of exponential decay used to measure damping of a SDOF system.

Maximum measurable acceleration by the accelerometer.

Peak acceleration of a SDOF system after n cycles of exponentially decaying
vibrations.

RMS accelerations, weighted and averaged over 10s.

RMS accelerations.

Acceleration time history.

Weighted acceleration time history.
‘A’ as subscript stands for 'analytical'.
Initial displacement amplitude.

Accelerance (acceleration/force) FRF.

Accelerance FRF between coordinates )’ and ‘k’ (acceleration at coordinate j’

caused by excitation at coordinate ‘k’). This type of FRF is also known as
‘Inertance’.
Modal constant/residue corresponding to coordinates ¢j’ and ‘k’ of the r® mode of

vibration
Frequency weighted acceleration time history

Modal (or effective) viscous damping of '™ mode; proportional damping.
Floor response coefficient corresponding to the r-direction

Modulus of elasticity.

Static modulus of elasticity for concrete

Dynamic modulus of elasticity for concrete

Direct Fourier transform

Inverse Fourier transform
Frequency; tloor natural frequency.
Lowest allowable floor natural frequency.

Frequency of the h™ harmonic of the Ohlsson’s M2 periodic walking excitation
model.
Natural frequency of the r'* mode of vibration.

Pacing rate.
Maximum force applied to the calibration mass.

Time-varying vertical force caused by a single person walking.

Amplitude of a sinusoidal force which causes the same RMS (resonant) accelerations
as the walking excitation force ASD.

Time-varying force excitation; system input.

The j*® time varying force excitation.



f,(t)
fo(t)
fe (1)
F(o)

G

g
h(t)

H(w)

H, (co) or H(j,k)

H®% (o) or H(i)j,k)

H; s ()

|

Im”* (H jsum (m))

3 8 RF

=

min
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Time-varying inertia force
Time-varying damping force.
Time-varying elastic force.

Input spectrum. Force (or excitation) spectrum; Fourier transform of the system
input.

Weight of a person walking.

Acceleration due to gravity (g =9.81m/s?)

Impulse response function

Frequency response function; receptance.

Individual element of FRF matrix between coordinates 'J' and 'k' (response at

coordinate 'j' due to excitation at coordinate 'k').

The i" measurement of H i ().

Sum of the moduli of all FRFs in the i row or column of the FRF matrix.

Impulse of the triangular hell-drop forcing function,
Sum of the squared imaginary parts of all FRFs in the j row or column of the FRF

matrix,
Second moment of area per unit width of an orthotropic plate in the x-direction.

Second moment of area per unit width of an orthotropic plate in the y-direction.

J-1.
Modal (or effective) stiffness of i mode.

Factor depending on the permissible acceleration limits.
Modal (or effective) mass of ™ mode.

Mass of the equivalent SDOF system representing a real-life concrete floor structure;
calibration mass.

Minimum calibration mass required.

Number of cycles.
Number of mode shape half-waves in the x-direction.

Number of mode shape half-waves in the y-direction.
Number of floor spans in the x-direction.

Number of floor spans in the y-direction.

Amplitude of the h™ harmonic of the periodic walking excitation model.
The r™ modal force.

Time-varying generalised coordinate.

First derivative of time-varying generalised coordinate.

Second derivative of time-varying generalised coordinate.
The r™ time-varying generalised coordinate.

First derivative of the r™ time-varying generalised coordinate.

Second derivative of the r'™ time-varying generalised coordinate.



x,(t)
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Transient part of the r™ time-varying generalised coordinate.

Forced part of the r' time-varying generalised coordinate.

Vibration response rating; floor response factor.
Acceleration auto-correlation function

Force auto-correlation function
Total floor response factor
Floor response factor in the x-direction

Floor response factor in the y-direction

Acceleration ASD.
Force ASD.

Time variable.
Vibration start time.
Vibration end time.

Duration of vibration; vibration exposure duration.
Data acquisition time.
Exponential widow constant.
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