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This paper discusses the practical and technical
differences between the usual form of experimental
modal analysis (EMA) and operational modal analysis
(OMA), as applied to Gothic-style masonry vaulted
structures. In situ vibration measurements were
collected from the masonry fan vaults of the National
Cathedral in Washington, DC, USA. Instrumented
impact hammer excitation was used during the
experimental traditional modal analysis (TMA) tests,
while excitation by peal bells, carillon bells, organ, an
orchestra and chorus, and ambient noise were exploited
for OMA. The acoustic inputs of the first four excitation
types were measured using a microphone and were
found to approximate a uniform acoustic excitation
across the frequency bandwidth of interest during the
carillon and the orchestra and chorus excitations. For
both TMA and OMA, system identification was
completed by the least-squares complex exponential
method. The natural frequencies were found to be
consistent for all excitation sources and modal test
techniques. Certain natural frequencies found by TMA,
however, were omitted from the sequence of
frequencies as determined in the OMA. This paper
illustrates that OMA is a suitable alternative to global
vibration analysis of a masonry building, especially when
there are concerns about the use of a hammer or shaker
for this purpose.
1. INTRODUCTION
In situ measurement of frequencies and mode shapes of an
existing structure has earned a place as one of the most widely
used dynamic techniques for assessment of civil engineering
structures. Applications of the method include calibration and
validation of a parallel analytical model of the structure, the
implementation of techniques for monitoring the condition of
the structure (often referred to as structural health monitoring)
and simple determination of frequencies and mode shapes as a
means of assembling the characteristics of a structure. This
technique has recently come to the attention of researchers and
practitioners interested in the care and preservation of heritage
masonry structures such as cathedrals, towers and other
monuments.
The applications of experimental modal analysis (EMA) to these
heritage structures cover the full range of motivations given
above for the in situ measurement of frequencies and mode
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shapes. However, there are significant difficulties associated
with the usual methods of conducting EMA studies on
monumental masonry structures. The foremost is the
requirement for a controlled excitation input. A large masonry
structure is so massive and stiff that a very great amount of
energy must be input to obtain a detectable vibration response.
This requires the use of either a large mass shaker (difficult to
manoeuvre and place, and potentially damaging to the fabric)
or a large hammer (likely damaging to the building fabric).
Moreover, the difficulty of uniform and even excitation of
these massive structures mandates multiple, preferably
synchronised, impact points throughout the structure and
consumes significant time and energy in completing a full
testing programme.
A recent development in modal experimentation, which has
potential for alleviating some of these problems, is a technique
known as operational modal analysis (OMA). In this technique,
a globally applied, uncontrolled input to the structure (such as
ambient or acoustic vibrations) is exploited as the excitation
source. This natural or operational excitation input is
considered to be random, either by measurement or by
assumption. A significant potential advantage to this method
for monumental masonry structures is the distinctly better
spatial uniformity of the input. The clear advantage of OMA
for fragile historic structures is the use of a global energy
input, with no destructive potential. Sources for acoustic input
appropriate to OMA are nearly always readily available in
masonry church structures: bells, organs and other musical
instruments.
This study aims to determine the general applicability of OMA
to heritage masonry structures by comparison with the more
proven EMA techniques, referred to here as traditional modal
analysis (TMA). The natural frequency results determined from
a thorough TMA of the masonry vaulted choir of the National
Cathedral in Washington, DC, USA are compared with those
obtained by a parallel OMA analysis. The excitation inputs
used for the OMA analysis were readily available in the
National Cathedral; they include ambient vibrations from
traffic and a nearby construction project, three sets of bells, an
exceptionally large pipe organ, and a full orchestra and chorus.
Although this work does not claim to investigate application of
either TMA or OMA to masonry structures for health
monitoring or for finite-element model (FEM) validation, these
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are typically the underlying reasons for an experimental
determination of natural frequencies and mode shapes and are
thus likely to benefit from the present study. The following
section outlines some previous work in structural health
monitoring and FEM validation, conducted primarily using
TMA, but occasionally using OMA.
2. BACKGROUND REVIEW
Structural health monitoring (SHM) is a global monitoring
technique developed to detect damage in a structural system
before it reaches a critical stage. The basic concept of SHM is
that the vibration response of a structure is dependent on its
physical properties such as mass, stiffness and damping. A
change in the structural state of a building will change these
properties, which in turn alters the vibration response (and in
turn alters the modal parameters). In SHM, it is assumed that
changes in vibration response, particularly modal parameters
measured in situ, can be related to the structural state of a
building. This assumption makes modal testing one of the most
actively pursued research topics in the field of SHM. The
method has been reviewed by Carden and Fanning (2004) and
Doebling et al. (1998). An innovative application of the
fundamental principles of SHM to a masonry structure was
reported by Brown et al. (1995). For a masonry arch bridge
loaded monotonically to failure, the authors reported up to a
10% reduction in natural frequencies between the onset of
damage and the formation of first hinge. As the damage in the
arch bridge was increased, Brown et al. noted a progressive
reduction in natural frequencies. The novel aspect of this work
was the development of the serviceability threshold criterion to
relate the load-carrying capacity of a damaged arch bridge to
its natural frequency. Modal testing has the potential to be a
rapid evaluation method applicable to the assessment of
masonry structures. A few examples of successful TMA and
OMA applications are now reviewed.
2.1. Traditional modal analysis
TMA has the benefit of enabling control of the excitation type,
location and amplitude, and the preferential excitation of
selected modes of vibration. Common excitation devices used
in TMA are impact hammers, shakers and heel-drops. Typically,
the acceleration response of a structure due to controlled
excitation forces is recorded and used to compute frequency
response functions (FRFs), through which modal parameters are
extracted. Modal parameters measured in this way have been
previously used for assessing a diverse range of masonry
structures. For instance, to investigate spandrel wall separation,
Armstrong et al. (1995a, 1995b) tested two brick masonry arch
bridge scaled models under impact hammer excitation to relate
deviations between natural frequencies and mode shapes to the
structural condition of the arch bridges. Bensalem et al. (1997)
investigated the dynamic response of brick arch scaled models
using both hammer and shaker excitation. Through these
dynamic tests, the authors focused on detecting void presence
and size in the arch bridge backfill. Vestroni et al. (1996)
completed experiments on a 1/5th scale masonry building
under low-amplitude harmonic excitation to correlate the
damage in the structure to changes in the vibration
characteristics. Zembart and Kowalski (2000) completed a
shaker table experiment on a half-scale, two-storey brick
masonry building by using harmonic excitation and timevarying seismic excitation to identify the modal parameters of
214
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the scaled laboratory model. The studies applied to scaled
laboratory specimens were immune to complications caused by
support settlements, environmental loads, material
deterioration, prior damage or operational conditions.
In other studies that extended laboratory tests to existing
structures, researchers have taken a more realistic view.
Genovese and Vestroni (1998) investigated the dynamic
behaviour of an existing masonry building subjected to lowamplitude forced oscillations. Ellis (1998) completed EMA tests
using an impact exciter on the small stone pinnacles of the
Palace of Westminster in London to detect damaged pinnacles.
Zonta (2000) conducted an experimental modal testing
programme with impact hammer and shaker excitations on a
Roman amphitheatre experiencing structural problems due to
ageing and material deterioration. Antonacci (2001) obtained
the natural frequencies and global mode shapes of a basilica
that had undergone moderate scale repair and strengthening;
these dynamic tests were conducted using transient hammer
excitation. Sortis et al. (2005) presented the results of a system
identification study completed on a two-storey stone masonry
structure where the structure was excited by low-amplitude
vibratory forces induced by shakers placed at four different
locations. The measured modal parameters were then used for
optimisation-based calibration of a FEM. Erdogmus et al.
(2007) tested the masonry vaults of a Gothic cathedral to
manually calibrate a FEM of the cathedral vaults. A
complementary study was conducted by Atamturktur and
Boothby (2007) on masonry domes. A Gothic cathedral was the
subject of an EMA campaign by Atamturktur et al. (2008) in
order to detect damage. Atamturktur (2009) used Bayesian
inference to update the parameters of a masonry vault model
based on TMA data.
2.2. Operational modal analysis
The primary difference between TMA and OMA is that OMA is
an output-only modal analysis technique; that is, the
measurement of the force input to the structure is not required.
In OMA testing, structural vibration due to unknown excitation
forces is recorded and used to construct correlation functions
for the purpose of modal parameter identification. The clear
advantage of OMA is that it eliminates the need for controlled
excitation; it is thus generally more economical and less
logistically challenging than TMA.
OMA testing techniques have also been successfully applied to
large-scale masonry structures. Slastan and Foissner (1995)
measured the dynamic characteristics of several masonry
residential buildings under ambient vibration. Turek et al.
(2002) conducted OMA on a recently repaired historical church
to detect stiffness improvements in the structure after retrofit
campaigns. Multi-tiered masonry temples in Nepal were tested
with OMA techniques by Jaishi et al. (2003). Aoki et al. (2005)
presented the results of a dynamic identification and model
calibration campaign applied to a brick chimney; this work
measured the acceleration response of the chimney due to
ground motion induced by a derrick car. Gentile and Saisi
(2007) conducted OMA on a damaged masonry tower to
identify modal parameters that were later used for calibration
of a FEM of the tower to detect the severity and location of
damage. Ramos (2007) also conducted OMA on a masonry
clock tower that, due to lack of maintenance, had suffered
Modal testing of masonry vaults

Atamturktur et al.

severe damage. Ramos obtained the opportunity to perform
OMA on the tower before and after a strengthening campaign
was undertaken, and observed an increase in the dynamic
stiffness of the tower. Using wind turbulence caused by a
helicopter as an excitation source, De Stefano (2007) conducted
OMA on a masonry dome of a baroque chapel. Bayraktar et al.
(2008) were the first to attempt to measure the dynamic
characteristics of an old masonry minaret. Júlio et al. (2008)
applied OMA techniques to a clock tower adjacent to a faculty
building at the University of Coimbra in Portugal.

Figure 2. The masonry choir vault tested during this study
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4. TRADITIONAL MODAL ANALYSIS
TMA testing on the choir vaults using heel-drop, hammer and
shaker excitations has been reported by Erdogmus (2004). In this
earlier study, although the number of identified modes was
limited to a single mode, a mode with a clear involvement of the
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3. TEST STRUCTURE: WASHINGTON NATIONAL
CATHEDRAL, DC, USA
Washington National Cathedral was designed as an authentic
Gothic revival cathedral, combining features of French, English
and Spanish Gothic styles. Quarried limestone without any
reinforcement was used in the building of the cathedral, the
construction of which extended over a century until
completion in 1990 (WNC, 2007). The nave of the cathedral
consists of fan vaults composed of concrete ribs and stone
webbing that soar above the massive stone piers (Figure 1). The
vaulted side aisles have two floor levels and are lower than the
main nave. The vaults tested are shown in Figure 2; for both
OMA and TMA, three adjacent vaults were instrumented.
Geometric dimensions of the vaults are given in Figure 3.
Further information about the structure can be found in the
literature (Atamturktur, 2009).
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Figure 3. Dimensions of the vaults (all dimensions in metres)

crown at 35 Hz was successfully detected. The findings of the
present study confirm and extend this earlier test programme.
4.1. Test set-up and equipment selection
The authors’ experience in TMA testing on monumental
masonry vaults has been reported previously (Atamturktur et
al., 2009). This earlier work guided the planning of the test
campaign in the present study.
Figure 1. Interior of Washington National Cathedral
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Model 393A03 uniaxial seismic accelerometers (PCB
Piezotronics, Inc.) with a frequency range of 0.5–2000 Hz and
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a sensitivity of 1 V/g were used. The accelerometers were
mounted with adjusting screws on small plaster bases to ensure
that the measurement axes of the accelerometers were vertical
(Figure 4). Instrumented impulse hammers were considered the
most suitable for the purpose of excitation because of their
portability and applicability to curved surfaces (Figure 5). To
obtain a reasonable signal-to-noise ratio, a 5.5 kg PCB model
086D20 instrumented sledgehammer, capable of applying a
peak force of 22 kN, was selected. During testing, the typical
excitation force amplitude applied to vaults varied from 2 to
5 kN.

Excitation was applied to point 1 (crown) and point 5
(transverse rib) according to the anticipated mode shapes of a
single vault (Figure 7). In general, the complex geometry of the
vaults yields clustered modes that, near the point of excitation,
are excited in phase and amplify the motion, while they tend to
neutralise each other at other points. By analysing multiple
datasets due to excitations at different locations, it may be
possible to isolate these repeated or closely spaced modes.
Moreover, some particular modes, hidden when the excitation
point coincides with the nodal lines, may be acquired when the
impact force is applied elsewhere. The first point, the crown
(point 1 in Figure 6), primarily excites the modes that are made
up of symmetric vertical motion. The second point is on the
transverse ribs (point 5 in Figure 6) and primarily excites the
bending modes. System identification from the FRFs obtained
by exciting these two locations would also be easier, as each
impact location activates only a select few of the modes.
The vibration data were processed and recorded by a Dactron
data acquisition system manufactured by LDS Test and
Measurement Ltd. The record length and sampling frequency
were adjusted to 1024 and 187.5 Hz respectively so that data
capture time was 5.4 s. The use of window functions introduces
artificial damping to the measurements and potentially causes
lower magnitude peaks to be dominated by higher magnitude
peaks. Avitabile (2001) suggests that, in order to prevent
leakage problems and avoid the use of a window function, the

Point 3

Vault 1

Figure 4. Mounting of the accelerometers to the curved
surfaces with the plaster of Paris mounting bases

The number of measurement points collected through TMA was
greater than the number of measurement points of OMA,
primarily due to the longer durations of measurements
necessary for OMA. The accelerometer layout on three adjacent
choir vaults for OMA is shown in Figure 6. The same points
were also used in the TMA measurements. The distribution of
accelerometers concentrated on the vault crowns in prior tests
(Atamturktur, 2009) had identified crown responses as being
the dominant contributors to modes of vibration.

Vault 2

Point 2

Point 4

Point 1

Point 5

Vault 3

Point 6

Figure 5. Hammer operator exciting the structure with an
instrumented sledge hammer
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Point 7

Figure 6. Accelerometer placement on three vaults
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Figure 7. Primary modes of vertical vibration in the cathedral vaults obtained by finite-element analysis (Atamturktur, 2009)

The deviation between the FRFs obtained at varying excitation
levels can be used to confirm the linear response of the
Engineering and Computational Mechanics 163 Issue EM3
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4.2. System identification
The least-squares complex exponential (LSCE) algorithm was
used to calculate the global poles of the system. The
mathematical theory behind the LSCE method was first
discussed by Brown et al. (1979) as an extension of Prony’s
method. This method is mature and widely referenced: as roots
of an under-damped system occur in complex conjugate pairs,
they can be defined by a characteristic polynomial with real
coefficients. The procedure begins with computation of FRFs
from experimental measurements. The FRFs for the seven
measurement points, for excitation at point 1 (the crown) and
point 5 (the transverse rib) are plotted in Figure 8. The resonant
frequencies began at approximately 5 Hz with a significant
peak at 33 Hz when the excitation was located at the crown
(Figure 8(a)). Several clustered high-amplitude modes were also
observed between 28 and 46 Hz when excitation was on the
transverse rib (Figure 8(b)).
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data capture time should be adjusted so that the response
attenuates over the time frame and the captured data are
periodic. In this study, the data capture time of 5.4 s was
sufficient to allow the response to attenuate. The time domain
measurements, after being transformed into the frequency
domain, were averaged five times to reduce the effects of
ambient vibration and to obtain coherence functions.
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Figure 8. FRFs due to excitation (a) at point 1 (crown) and
(b) at point 5 (transverse rib)
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structure for the excitation levels of interest. Figure 9 presents
a comparison of FRF measurements obtained for two excitation
amplitudes, 2.23 and 3.11 kN. The area of the disagreement
between the two FRFs is calculated to be only 5.5% of the total
area under the average of the two FRFs over the entire
frequency range and 4.5% over the frequency range up to
40 Hz. Figure 9 also shows the typical coherence function,
which can be considered indicative of the quality of the
measurements.
To extract modal parameters from FRF measurements, the
inverse Fourier transform is applied to the FRFs and the time
domain impulse response functions (IRF) are obtained. From
the IRF data, the polynomial coefficients can be computed at
subsequent discrete time instants such that the polynomial
roots are the system poles. This step consists of minimising the
error between the experimental data and the mathematical
model by the least-squares method, where the squares of the
error are summed and the parameters that minimise this sum
are computed. When the procedure is repeated with increasing
polynomial orders, the result is a stabilisation diagram that

" 10#4

Magnitude: 2·22 g/kg

6

500 lb hammer excitation force
700 lb hammer excitation force

5
4
3
5

2

10

15

plots the roots of the polynomial as the order of the
polynomial is increased. Stable roots for increasing polynomial
orders indicate a natural frequency of the system. The
maximum number of modes considered in the analysis, which
corresponds to the maximum polynomial order, is defined by
the user. Typically, an over-specified mode order is defined,
which later necessitates a judgement-based distinction between
the physical and computational modes. The stabilisation
diagram aids this process. The premise is that physical (actual)
poles stabilise for an increasing model order, while the
mathematical poles scatter. The stabilisation diagrams
formulated for the TMA data, for excitation at points 1 and 5
at the National Cathedral, are plotted in Figure 10. Because the
damping ratios are known to be less accurate than the natural
frequencies, damping ratios are not considered in this study.
4.3. Test findings
The vibration data collected at excitation point 1 (crown) and
point 5 (transverse rib) reveal consistent results for the natural
frequencies (Figure 10). With these measurements, a large
number of clustered modes are observed between 30 and 60 Hz.
Because the crown is on the nodal lines of many of the modes
of vibration, the hammer impact on a transverse rib excites a
greater number of modes. The list of natural frequencies
identified for a polynomial order of n ¼ 40 is provided in Table
1, with the lowest frequency identified by both excitation
locations in the 9.4–9.7 Hz range. The tight clustering of
frequencies recorded in these tests is not unusual when
considering the contributors to the dynamic behaviour of
masonry vaulted structures. First, the complex geometric shape
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Figure 9. Linearity check with varying input levels (driving
point at crown) : (a) magnitude FRF; (b) phase FRF;
(c) coherence function
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Figure 10. Stabilisation diagrams due to excitation (a) at point
1 (crown) and (b) at point 5 (transverse rib)
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Mode

1
2
3
4
5
6
7
8
9
10
11
12
13

Natural frequency: Hz
Hammer,
point 1

Hammer,
point 5

Organ

Carillon

Orchestra and
chorus

Peal bell

Ambient

9.4
—
—
21.8
25.6
—
32.2
—
—
—
50.3
53.1
59.5

9.7
13.3
—
21.4
26.0
30.2
32.8
36.8
38.5
45.7
49.6
54.5
57.6

—
—
—
22.7
—
—
34.4
—
—
—
51.6
—
60.1

9.7
—
19.0
22.7
—
—
33.7
—
39.2
46.2
—
—
60.0

10.0
—
—
20.8
—
29.0
—
36.3
—
43.2
—
—
57.9

—
16.6
—
22.5
26.3
—
—
36.0
40.2
46.9
—
55.7
60.0

9.6
16.1
—
22.6
26.3
—
—
36.5
—
46.9
—
—
60.0

Table 1. Natural frequencies identified by LSCE method at polynomial order n ¼ 40

of repeating patterns in masonry vaults contributes to this
mode clustering. Second, the connectivity of two masonry
walls involves factors that depend on contact pressure, surface
friction, existing cracks and the elasticity of each stone unit
and mortar joint. As a result, the interaction of these factors
typically yields a less uniform connection than might be
expected between structural components in steel or reinforced
concrete construction. This lack of uniformity results in local
stiffness variations that may in turn lead to similar modes of
vibration occurring over a clustered frequency range – in this
case there are four modes identified between 30 and 39 Hz by
excitation at test point 5.

5.1. Excitation sources and test set-up
Washington National Cathedral supports a variety of musical
programmes. With the cooperation of cathedral personnel, time
histories of acceleration responses at seven measurement points
(Figure 6) were simultaneously recorded for the following five
different excitation sources.

It is also noted that when testing masonry vaults, local higher
frequency modes tend to be more readily measurable than
global modes. This is because of the challenge of using TMA to
excite a structure uniformly. The excitation problem is
compounded in masonry monuments due to the combination
of the large mass and the fragility of the structural
components, coupled with high damping values from the
complex nature of the interactions between the various
masonry components. This difficulty is further heightened due
to the high crest factor and low signal-to-noise ratio associated
with excitation caused by impact hammers. Therefore, when
testing such structures, the use of ambient, or operational
excitation, may be particularly beneficial. Although the
excitation is generally smaller in magnitude, it is more
uniform. This phenomenon was investigated in this study by
using OMA techniques on responses measured caused by
different operational excitations normally occurring within the
cathedral.

(a) Peal bells. Ten peal bells, varying in weight from 600 to
3500 lb ("272–1588 kg) are located on the highest level of
the central tower of the cathedral. The bells are manually
operated by pulling ropes in a room one level below the
peal bells.
(b) Carillon bells. The carillon bells of the cathedral comprise
53 bells varying in weight from 17 to 27 000 lb ("8–
12 247 kg). The carillon bells are located in the central
tower, below the peal bells and one level above the choir
vaults. The heaviest bell has a strike pitch of E-flat
(approximately 78 Hz), almost two octaves below middle C
and a sustained pitch approximately an octave lower
(39 Hz).
(c) Orchestra and chorus. During the testing programme, a
public performance of J. S. Bach’s Mass in B Minor, with a
full orchestra (approximately 40 players) and a 100-voice
chorus, took place on a temporary stage below the crossing
tower of the cathedral.
(d ) Organ. The 10 650-pipe organ is located below the choir
vaults of the cathedral with the lowest pitch four octaves
below middle C (16 Hz).
(e) Ambient. An underground parking garage was under
construction on the north side of the nave during the
testing programme.

5. OPERATIONAL MODAL ANALYSIS
OMA techniques are output-only modal analysis techniques.
Although based on the premise that excitation is provided by a
random, stationary, white noise source, OMA has been shown
(Peteers and Ventura, 2003) to yield satisfactory results for
full-scale modal testing even when the assumption of random
excitation is relaxed. The findings presented in this section
support this statement.

The accelerometers used to capture the vibration data were
model 3701D1FA3G uniaxial capacitive accelerometers (PCB
Piezotronics, Inc.) with a sensitivity of 0.71 V/g. A signal
conditioner was used to process the data acquired by the
accelerometers and an LX-10 IEEE 1394 Version (TEAC
Instruments Corp.) recording unit was used to record
accelerometer data. A Bruel and Kjaer 1/2 in. condenser
microphone, with accompanying power supply and signal
conditioner, was used to acquire the acoustic input data. The
amplified microphone recording was also saved by the TEAC
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recording unit. The acoustic time domain data were used to
compute the power spectral density (PSD) of the excitation
sources. Plots of the PSD functions calculated for the peal bells,
the carillon bells, the organ, and the orchestra and chorus are
given in Figure 11.
Of the various excitation sources, the carillon record very
clearly approximates the white noise assumption within the
frequency range of interest, as does excitation by the orchestra
and chorus. The organ PSD has amplitudes up to two orders of
magnitude greater at the lower range of frequencies, while the
peal bell excitation exhibits distinct frequency peaks.
The peak response of the vaults, at approximately 0.15g, was
greatest due to the peal bells. The other forms of excitation
within the church produced lower orders of magnitude of
response, with the structure-borne sounds (the carillon bells)
producing a slightly greater response than the airborne sources
(organ and orchestra). Pure ambient excitation produced a
response an order of magnitude lower than either the structureborne or airborne excitations.
The PSD functions of the acoustic excitations, collected via
microphone, generally exhibit relatively constant frequency
content up to about 100 Hz. Given that a white noise type
excitation is not absolutely necessary to confidently identify
modal properties (Peteers and Ventura, 2003), each of the
excitation sources could be considered appropriate for
identification of natural frequencies, especially for the
frequency range of interest (up to approximately 60 Hz).
5.2. System identification
The LSCE algorithm can also be successfully applied using
auto- and cross-correlations between output measurements for
system identification with OMA. In this study, the time domain
response data, with a sampling frequency of 1.5 kHz, were
recorded for approximately 10–15 min for all excitation types,

with the time domain measurements being down-sampled to
240 Hz. The correlation between the response of the crown and
all other measured data points was formulated. In the process,
50% overlap and a Hanning window were used. The LSCE
algorithm was utilised and stabilisation diagrams were
constructed. Although the maximum order of the stabilisation
diagram was as high as 64, the poles around the 40th order
were selected for modal identification (Figure 12). Table 1 gives
a complete list of the natural frequencies identified at
polynomial order n ¼ 40.
The differing extent of frequencies excited and identified is
attributed to the varying nature of excitation provided by the
five sources considered. The carillon and peal bells result in
structure-borne vibration while the organ and orchestra result
in airborne vibration transmission. Ambient excitation alone
results in smaller amplitudes of vibration. Nevertheless, there is
consistency between the frequencies identified across the
excitation source sets: they all identified frequencies at 21–
23 Hz and at 34–36 Hz. Equally, the carillon bells and ambient
alone excitations identified frequencies in the 9.4–9.7 Hz
range. This mode was not excited by the peal bells while it was
identified at 10 Hz when excitation was due to the orchestra
and chorus.
6. DISCUSSION
In this study, both TMA and OMA techniques identified
consistent sets of frequencies. The extent of frequencies
identified for each excitation method varied, and this is
attributed to the nature and extent of excitations due to the
various excitation sources. The largest range of frequencies
was identified using TMA with excitation along one of the
transverse vault ribs (excitation point 5). However, when
taken cumulatively, the range of frequencies predicted using
OMA is similar to that achieved using TMA. This is
important because once a structure is instrumented for
output response measurement, it may (as was the case in this
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Figure 11. Power spectral density plots of (a) peal bell, (b) carillon, (c) organ and (d) orchestra
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Figure 12. Stabilisation diagrams of (a) peal bell, (b) carillon, (c) organ and (d) orchestra

cathedral setting) be possible to capture structural response
due to a multiple number of structural usages (carillon bells,
peal bells, organ and orchestra in this study) to complement
the set of frequencies attainable by ambient excitation alone.
Even though the various acoustic excitation sources varied in
how closely they represented a white noise type excitation,
identification of frequency of response was consistent.
Specifically, the peal bell excitation was characterised by a
range of peaks in its PSD function within the frequency
range 0–100 Hz, while the acoustic output from the organ
had PSD amplitudes approximately two orders of magnitude
higher at the lower frequency ranges compared to those
nearing 100 Hz.
(a)

Arguably the most important modes are the vibration modes at
approximately 21 Hz and 36 Hz. The 21 Hz mode was identified
by TMA as an anti-symmetric vibration mode of the vault
(Figure 13). The 36 Hz mode was identified similarly as a
symmetric vertical mode, which included large displacement at
the crown (i.e. the lowest frequency including displacement at
the crown), with the highest amplitude in all FRFs and
stabilisation diagrams
The completely non-intrusive nature of OMA tests has
significant potential benefits in securing access for test
purposes. Although the range of frequencies excited is not as
broad, the subset of frequencies identified was found to be
consistent with more controlled excitation. The varying levels
of excitation amplitude in OMA tests also allow an assessment
of amplitude-dependent response – for this structure there is
no amplitude dependency up to an acceleration level of
approximately 0.15g.
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(b)

Figure 13. (a) Mode shape at 21 Hz; diagonal bending mode
where the crown does not move. (b) Mode shape at 36 Hz;
primary movement is concentrated around the crown.
Undeformed figuration shown dashed
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7. CONCLUSIONS
This paper has focused on the potential of using actual
cathedral operational conditions as acoustic excitation sources
for natural frequency identification of masonry vaults. Given
that the frequency range of interest in masonry vaults is
approximately 10–200 Hz, it has been shown that several
potentially available excitation sources (notably carillon bells
and an orchestra) produce near white noise excitation. The
available excitation sources were found to produce amplitudes
of vibration in excess of those achieved by ambient excitation
alone – by up to two orders of magnitude in the case of the
carillon bells.
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