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MODAL IDENTIFICATION

OF THE COIMBRA
M @ UNIVERSITY TOWER
ISISE IO T VLA R TN IV T AT}
bepanment ot et CArlos Rebelo, E rdo Juli
Thedadis Daniel Dias da Costa

University of Colmbra  oocented at the:

REBELO, C., DIAS-da-COSTA, D., Structural Diagnosis of the
Tower of the University of Coimbra by Modal Identification, Elsevier,
Engineering Structures 30 (12): 3468-3477 DEC 2008.

M Introduction @

Motivation for this
research study

= Recently, an inspection was
undertaken to evaluate the
state of conservation of the
tower.

= Some anomalies, such as
degradation of joints and
cracked or missing stone
blocks, were identified.

E Description of the Tower @
cross sections

The outer leaflet of the walls is in masonry
and the inner leaflet, with a circular shape,
is made of ceramic bricks plastered and

On the centre of the <
tower there is a wall

also made of ceramic

bricks

Connecting both

walls, limestone steps

form a spiral stairs

leading to the last

window.

Imxum» MU AINN, S R SR, | PSS I M
*  Measurements @

= 8-channel acquisition unit
= 20 degrees of freedom 1
= 14 locations conditioned by | |
the accessibility from inside !’] p
of the tower =i e
= Four reference transducers
at the terrace level
= Four setups:
« bell level; { et —
« top semi-circular window;
« third rectangular door;
« second rectangular door.

T
\‘\

d Torrace 1.2

TRTTIVAY oR TR AT SO YAV A L R

M Introduction

History

= The University of Coimbra was
founded in 1290

= The Tower was erected
between 1728 and 1733

= Located on the top of the
highest hill of Coimbra

= Ex-libris of the university and
of the city itself.

RTRTAR R A, (R TR I (TSI PR TT, S

! Introduction

History

= A proposal was submited to
include the cluster of buildings
in UNESCO's World Heritage
List

= The tower is part of that cluster
of buildings dedicated to the
production and dissemination of
knowledge

Structural identification

and FE model calibration

= Assess possible structural
damages

= Safety concerning extreme
(seismic, wind) events

= Possibility of opening the
Tower for tourist visits.

m Introduction @

H Description of the Tower @

= The tower has a rectangular /{
plant and equal side views

= From top to bottom, the tower /
presents:
the terrace; //
the zone of the clock;

the zone of the bells;
the main body;
the base with the entrance

! Description of the Tower

cross sections

I

g

At this level, a
new spiral stairs
begins through
the Norwest pillar
of the bells zone
to the top of the
tower.

« 6.6

RPATAN R R AT RN < M (I ST ST

E Description of the Tower

Boundary conditions

Walls and slabs of
the surrounding
buildings

Iﬂ.-.-ﬁ“ AR T VX XA AR & R A

Measurements

Dynamic loading

« particularly windy day

= short periods of bell
electromechanical operation

= some setups included bell
swaying; those time periods were
excluded from the analyzed time
series

= There were two masts on the top
of the tower

= an heavy mast introduced an
almost harmonic signal in its first
natural frequency (~1Hz)

NIV R A o KR A\ A IR, ST,

! Modal identification

Analysis of the data

« decimation and low-pass filtering
of the time series.

= EFD - enhanced frequency domain
decomposition - ARTeMIS software

= mesh used to visualize the mode
shapes include 'slave’ nodes
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! Modal identification @
Peak Picking At o bt T

s He

aB|(

" Frequency z]

! Modal identification @

Mode Measured Measured
Damping [%]  frequency [Hz]

1 061 2133
2 085 2473
3 153 6.557
4 212 8255
s 202 9.709

pr——y o

g Finite Element Model

Program ADINA (=

= structural geometry was based on a
photogrammetric survey, plants and
sectional drawings

» association of 2D drawings made it possible
to generate a 3D model of the tower

= transformed into the finite element model
using 4 node tetrahedrons with side

*20cm
*30cm
* 60 cm

I! Finite Element Model @

Model calibration strategy

= Considering the uncertainty in relation to
localization and stiffness of supports, with major
influence in the dynamic behavior of the tower,

= followi ibrati of the finite

element model:

1. Correction of the support conditions of the tower, by
trial-error, until an acceptable resemblance (MAC) was
obtained between the five measured/computed mode
shapes;

. Calibration of the value of the E-modul of the tower, by
trial-error, until a suitable coincidence for the first five
natural was between
and computed values.

~N

SR T T —

! Modal identification

“Mode  Measured  Measured
Damping [%]  frequency [Hz]
1 0.61 2133
2 085 2473
3 1.53 6.557
4 212 8.255
5 202 9.709

M Modal identification

Mode Measured Measured
Damping [%]  frequency [Hz]

1 061 2133
2 085 2473
3 153 6.557
4 212 8.255
s 2m 9.709

®

RITIIVAL TSR TE AT T TRV © R & RO e S

a Finite Element Model

= horizontal displacements at the slab
and roof level restrained in normal
direction

= based on the measurements the
model was calibrated considering
several adjustments on these
boundary conditions initially assumed

®

Support conditions T
= all displacements of the base nodes I
restrained. | g
- of ~=
walls restrained in the normal
direction

Im FE model calibration
Mode shapes
1%t : experimental numerical MAC=

®

0,9

A T T T T ==
‘!! Modal identification @
Mode Measured Measured
Damping [%]  frequency [Hz]

1 0.61 2133

2 2473

3 6.557

4 212 8.255

s 2202 9.709

,_m- e e N —

Modal identification

Mode Measured Measured
Damping [%]  frequency [Hz]

1 0.61 2133
2 0.85 2473
3 1.53 6.557
4 212 8255
5 2.02 9.709

I !\.w. [ e T e N e T
*  Finite Element Model @
Material properties o

= Volumic mass: 1.255 ton/m3

= Uniform value for the E-modul:

* 2 GPa, 5 GPa and 10 GPa
= Uniform value for the G-modul:
* <10% of E-modul

IM FE model calibration @

Mode shapes
2nd : experimental numerI‘caI MAC=0,9
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!‘.m. T T T T
FE model calibration @

Mode shapes

e
‘ll! FE model calibration @

Mode shapes
4t : experimental numerical MAC=0,7

!\.M T T T T T T
FE model calibration @

Mode shapes
5t : experimental numerical MAC=0,7

3 : experimental numerical MAC=0,7
!W‘m e ey
FE model calibration @

Uniform E-modul  E=5.0GPa

Mode Measured frequency Computed frequency [Hz]  Error

1 %
! 2133 2.152 -0.89
2 2473 2.403 283
3 6.557 6.581 -0.37
4 8255 8.160 1.15
s 9.709 9.583 1.30

Conclusions i@

= Despite the lack of knowledge concerning the
support conditions and the mechanical
characteristics of materials, the results allow the
conclusion that the numerical model

the

ily rep
response of the tower.

!mw ———————————— —T—
Conclusions @

= Furthermore, it can be stated that, from this
analysis, there is not any evidence that the
structural integrity of the tower is
compromised. In fact, if inadmissibly lower values
had been obtained for the Young's modulus and/or
shear modulus or if a different level of accuracy had
been registered for one or more modal frequencies,
one could have concluded that the integrity of the
tower might be affected.

!..m s
“  Conclusions @

= Further were also prop! to the
owner:

* Geometric survey of elements common to the tower
and adjacent buildings, including connections;

* Soundings to characterize the materials and their state
of conservation of both exterior and interior walls of the
tower, especially in the bells zone;

« In situ and laboratorial testing for mechanical
characterization of the structural materials of the tower;

University Tower | Conservation and Restoration Works | 2012
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CONTEXTO HISTORICO E ARTISTICO 0 DE VALORIZAGAO
ENHANCEMENT INTERVENTION.

DA TORRE E ARTISTIC AND HISTORICAL CONTEXT
A e e el e e T ——

-'f‘u L
INTERVENCA!
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NO ALTO DA TORRE
DEGRAU A DEGRAU

REAVALIACAO
DO ESTADO DE CONSERVAGCAO

CHECKING OUT THE CONSERVATION STATE

NO ALTO DA TORRE
DEGRAU A DEGRAU

LIMPEZA )
DA SUPERFICIE PETREA

ORGANIZACAO, ESTALEIRO E SEGURANGA




To climb, to see, to touch, to understand,
to participate...
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To go further
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