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Abstract: The dynamic characteristics of
a tall-building are determined from full-scale
acceleration traces collected at wvarious stages
of the construction cycle. The change in the
buildings natural frequencies over the construc-
tion life cycle are investigated to determine if
the natural frequencies of the partially com-
pleted structure provides insight into the nat-
ural frequencies of the completed structure.
Spectlral techniques are used to extract natural
frequencies from acceleration dota, with addi-
tional processing using wavelet analysis in cir-
cumstances were separate modes of vibration
are in close proximity. Natural frequencies de-
creased as the tower height increased, and it
was found that the lower level floor slabs sig-
nificantly influenced the natural frequencies.

1 Introduction

Tall structures must be designed so that their
wind induced motion does not cause discom-
fort to occupants. Building designs are becom-
ing taller and more slender, and developers are
alming to achieve more economical designs and
construction methods. These factors are lead-
ing to buildings that are more susceptible to
dynamic excitation by wind. In practice this
could lead to a structure that does not meet
serviceability requirements for occupant com-
fort.

Natural frequencies and damping ratios are
the parameters that define the dynamic re-
sponse of structures, and have a significant im-
pact on the design. However, uncertainty sur-
rounds the accurate prediction of these param-
eters. Natural frequencies and damping ratios
of a structure can be measured using full-scale

testing techniques once construction is com-
pleted, but undesirable results could lead to
extremely difficult and costly alterations to the
structure if discovered after completion.

The aim of this research is to analyse a nu-
merical model of a tall-building to improve its
estimate of natural frequency. Analysis is un-
dertaken by comparing the natural frequencies
from a numerical model with those attained
from periodic full-scale testing of the partially
completed structure. By modelling the struc-
ture in a partially completed state, it may be
possible to assess the validity of the numeri-
cal model and make appropriate adjustments
to improve its final preditions.

This paper discusses the results of periodic
full-scale testing during the construction of a
tall building. Natural frequencies for the fun-
damental translation modes of vibration are
determined via full-scale testing, and signif-
icant structural changes resulting from con-
struction are record. By analysing the progres-
sive change in natural frequencies, it is possible
that undesirable characteristics can be discov-
ered and acted upon before a structure is com-
pleted.

2 Test Structure Details

The structure investigated is a 46 storey of-
fice tower, with a maximum height of approx-
imately 190 m above street level. The tower
includes 20 m of underground levels, and the
base is surrounded by a six storey podium. The
floor plan is approximately rectangular, with
small rectangular sections of the floor plan re-
moved in the north-east and south-west cor-
ners of the tower. The major axes of the build-




ing correspond to the cardinal points, and are
displayed in Figure 1.

The tower is a composite structure, consist-
ing of reinforced concrete and structural steel
components. Core construction is reinforced
concrete, with steel beams and a composite
slab spanning to the perimeter columns, which
consist of concrete filled steel hollow sections.
Block work in-fill is used at the core, but is not
prevalent in the towers design.

Construction of the tower utilises an existing
partially completed reinforced concrete struc-
ture, with the core completed to level 23 and
floors to level 14. As the tower construction
progressed upwards, a substantial amount of
demolition work to remove floor slabs and core
sections was completed simultaneously. The
demolished floor slabs and core sections were
re-constructed according to revised designs and
alignments.

Figure 1: Plan view of tested building with
major axes and orientation.

3 Testing Procedure

A pair of orthogonally aligned accelerometers
were used to measure accelerations of the par-
tially completed tower. Each accelerometer
output was passed to a dedicated signal con-
ditioner to filter and amplify the signal, before
being converted to a digital signal and recorded
on a computer. The accelerometers were po-
sitioned on the highest accessible level of the
tower.

The accelerometers captured random vibra-
tion from wind loading, and testing was usually

conducted in the afternoon as wind velocity is
typically higher. Considerable effort was taken
to avoid testing while construction work oc-
curred, particularly the operation of the three
cranes attached to the tower. However, most of
the recorded time series include accelerations
generated by the operation of the cranes. Ran-
dom vibration data and structural progress re-
ports were collected on 18 separate occasions
during construction.

4 Data Analysis and Results

Initially, natural frequencies were extracted
from the data using a Fourier transform. How-
ever, on a number of occasions the natural fre-
quencies of different vibration modes were in
close proximity. Most of these cases occurred
during the period of construction when the
floor slabs between levels 11 and 16 were be-
ing demolished and rebuilt, making the tower
more susceptible to torsion. In these circum-
stances, digital filtering was unable to clearly
separate the sway and torsion modes.

Previous research [3] has shown the abil-
ity of wavelet transforms to decouple multi-
component signals. For this research the con-
tinuous wavelet transform, Equation 1, and the
Morlet wavelet, Equation 2, were used as the
transform function and mother wavelet respec-
tively.
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The wavelet coefficients, W(a, t), are a mea-
sure of the similitude between a scaled and
translated version of the mother wavelet, g(t),
to the signal, z(t), at every instance in time.
The Morlet wavelet central frequency (f,) and
scale (a) are directly related to the Fourier fre-
quency f via f = f./a. The time and fre-
quency resolution of a mother wavelet, and
hence its ability to separate closely spaced
modes, is governed by its central frequency.
To ensure separation of closely spaced modes,
a central frequency of f, = 3Hz was used.



Wavelet anaylsis and its application in Civil
Engineering is discussed in more detail in [2].

Figure 2 displays the natural frequencies ob-
tained from the full-scale data as construction
of the tower progressed. Both the N-S and
E-W first mode natural frequencies are plot-
ted, and an empirical estimate for natural fre-
quency (f = 46/ H) is included for comparison.
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Figure 2: Change in natural frequency during
construction.

A number of discontinuities in the lower half
of Figure 2 are present. These discontinuities
are due to the demolition and reconstruction
of the floor slabs between levels 11 and 16 in-
clusive. As mentioned earlier, construction of
the upper levels was not postponed during the
re-alignment of the lower floor slabs.

The rapid decrease in natural frequency in
the lower portion of the graph corresponds to
the removal of floor slabs at levels 13 and 14.
After the removal of these slabs, temporary
bracing was added to the eastern side of the
the structure at level 13. As displayed in Fig-
ure 2 the temporary bracing reduced the rate
at which the natural frequency decreased.

At a tower height of 105 m, Figure 2 shows
a sudden decrease in natural frequencies for

no apparent increase in tower height. This
sudden change is greater for the N-S funda-
mental translation frequency compared to the
E-W. The frequencies for these points were
recarded on the 17 and 24 November 2003,
and no change in the height of the structure
occurred between those dates. However, the
pouring of the previously demolished level 16
floor slab occurred between these dates. Ad-
dition of the level 16 floor slab increases the
mass of the structure and as a result should
reduce its frequency of vibration, although the
large magnitude of the change in the N-S di-
rection suggests other factors are also driving
the change.

Once the tower reached a height of 105 m,
all work on re-building the lower levels had fin-
ished. Above this height the N-S and E-W
frequencies followed the trend of the empirical
estimate, with the N-S frequency converging
closer to the empirical estimate as the tower
height increased.

5 Discussion

The results indicate that the natural frequen-
cies of the tower decrease with increasing
height. Considering the structural system of
the tower, the measured natural frequencies
correlate well with the empirical estimate, f =
46/H. The final 70 m of construction reduced
the natural frequency in the N-S direction by
approximately 50%, which is a useful result
that could be used to verify other buildings
of similar structural system at corresponding
stages of construction.

Focus was given to accurately recording the
structural changes occurring between tests.
Even though all significant structural changes
where recorded, it is difficult to gauge the in-
fluence of all changes on the natural frequen-
cies. However, it can be seen that the lower
levels have a significant influence on the nat-
ural frequencies. Removing two of the lower
levels reduced the natural frequencies by ap-
proximately 40%.

Two cranes remained in use during the last
testing of the tower. The future removal of
these cranes is expected to have no significant
effects on the natural frequencies of the tower




— an expectation supported by similar tests
conducted on a 94 m high residential tower [1].
This implies that for the purpose of determin-
ing natural frequencies, the presence of an un-
laden crane can be ignored if measurements are
recorded at the completion of construction, but
prior to removal of cranes. In addition, com-
parison between random vibration data result-
ing from wind loading and vibration data from
crane loading showed no differences in the nat-
ural frequencies detected, which indicates that
for the purposes of this full-scale testing, the
use of data sets containing crane loading was
suitable for determining fundamental transla-
tion frequencies.

N-S (Hz) | E-W (Hz)
Full Scale 0.28 0.31
Numerical Model 0.17 0.19
f=46/H 0.26 -

Table 1: Comparison of fundamental transla-
tion frequencies for the completed tower.

The unusual construction of the tested tower
provides a number of reference points at which
to analyse the numerical model, particularly
during the early stages when removal of low
level floor slabs had a large impact on natural
frequencies. Table 1 compares natural frequen-
cies of the completed structure obtained from
full-scale testing with those from the numeri-
cal model used in its design. As shown, the
difference between these natural frequencies is
significant, which warrants a detailed analysis
of the model to determine why it incorrectly
predicted the natural frequencies.

6 Conclusions

Periodic full-scale testing of a 190 m tall of-
fice tower was conducted in order to determine
the change in natural frequency as construc-
tion progressed. Natural frequencies were ex-
tracted from random vibration data, and were
found to decrease as the height of the building
increased.

The removal of lower level floor slabs had
a significant impact on the natural frequen-
cies recorded. From a tower height of ap-
proximately 105 m, the recorded natural fre-

quencies compared favourably with those fre-
quencies predicted by the empirical estimate
f=46/H.

The N-S fundamental translation frequency
predicted by a numerical model of the tower
was approximately 40% lower than the value
measured from full-scale testing. This discrep-
ancy warrants a detailed analysis of the numer-
ical model in order to improve its predictions,
and the outcomes can be utilised in future de-
signs that rely on numerical models for estima-
tion of natural frequencies.
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