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ABSTRACT  
This paper deals with a method for the time and space superposition of data acquired in the dy-
namical testing of large structures. The method permits two procedures comprising the integra-
tion of sets of measurements taken at different times and the integration of sets of measurements 
taken at different places. The latter is a very useful feature when dealing with huge structures, 
like big buildings comprising a number of different architectural details. 

The validation of this method is a case study consisting of many dynamical tests performed 
on an ancient castle. 
 
Keywords: modal test; data acquisition; time and space superposition; health monitoring of 
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1 INTORUDUCTION 
 
Acquisition of experimental accelerometric data generally requires quite a few points to realise 
good modal analyses. Very common situations are those in which test points are predefined 
measurement locations, often built with the apparatus to be monitored (Papadimitriou and Lom-
baert, 2012). In this latter situation, we mostly refer to large turbomachinery plants where con-
tinuous vibration monitoring is performed in order to obtain real time diagnostic data. 

Accelerometric data are often acquired for detecting damage and monitoring the health of 
structures (Sohn et al., 2004). As a matter of fact, damage detection and the health monitoring of 
structures can be investigated by analysing and comparing acceleration time histories. In this 
case, a data fusion technique can be applied with the purpose of integrating data from a multi-
tude of sensors to make a more confident damage detection decision than is possible with any 
one sensor alone. In many cases data fusion is performed in an unsophisticated manner, at other 
times complex analyses of information from sensor arrays such as those provided by artificial 
neural networks (Sohn and Farra, 2001), are used in the data fusion process. Locations of dam-
age can also be predicted by investigating qualitative and quantitative changes in mode shapes 
and natural frequencies, which are obtained from accelerometers placed on the structure of in-
terest. Several authors have performed studies on damage detection and health monitoring of 
structures and much original and interesting work has been produced. Literature on this subject 
is vast and hence, for the sake of brevity, just a few relevant works concerning civil structures 
are cited here. In Krishnamurthy, Fowler and Sazonov, 2008, a rigorous theoretical framework 
is presented for the analysis of the effects of time delays in the system response acquired by 
wireless sensors, which are becoming increasingly popular due to the need to reduce the instal-
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lation and maintenance cost of structural health monitoring systems. In Yan, Cheng et al., 2007, 
a general summary and review of methodologies for structural damage detection using vibration 
data is given; the problem of damage detection using output-only vibration measurements under 
changing environmental conditions was tackled by Deraemaeker et al., 2008, and the methodol-
ogy proposed was validated by studying a damaged bridge subjected to environmental changes. 
A modified genetic algorithm that uses modal data in order to detect structural damages is de-
scribed by Meruane and Heylen, 2011. 

The placement and number of sensors is a crucial issue, see Kammer, 2005. This is particu-
larly true for large structures like civil structures. In fact, the accelerometers must be placed 
such that enough information is obtained to perform the subsequent dynamic analysis. This can 
result in a difficult and uncomfortable experimental setup, due to the large number of sensors, 
long cables and expensive equipment necessary to acquire the data. 

The aim of this paper is to present a method for the time-space superposition of data acquired 
during dynamical tests of large structures. The method permits two steps consisting of the inte-
gration of sets of measurements taken at different times and the integration of sets of measure-
ments taken at different places. In particular, the technique allows the correlation of measure-
ments collected at different times and in different spatial situations, which share just one 
common point between them. This is particularly useful for health monitoring of large struc-
tures. In fact, the method allows tests to be performed using laboratory equipment that are un-
dersized compared with the output of the physical object under test. We stress that this is very 
common in the dynamical investigation of buildings. Let us add that the test method used here, 
based on the correlation of signals over time, even allows the addition of test data (which may 
be considered useful at a later time) to the data already acquired. The method is applied to a 
case study concerning the vibration analysis of an ancient castle situated in the north of Italy, for 
which the typology of dynamical tests that can be executed on it is quite large. The technique 
elucidated in this work has been tested on this case study with success, although the future chal-
lenge is to combine larger amounts of data, drawn from a very wide range of scenarios. 

2 TEST POINTS AND THEIR TIME/SPACE COLLOCATION 

2.1 Statement of the problem 

 
In introducing the problem, we outline here two different circumstances that this work consid-
ers. The first circumstance embraces those cases in which the tests are repeated for the same 
points at different times. This obviously includes simple cases in which you repeat the meas-
urement over a well-defined set of points and where you would like to mediate over this set be-
fore performing any mathematics on this acquisition. We can think of this step as a way of com-
bining data acquired at different times. You can combine or compare using this method two 
subsequent instrumented-hammer excitations, as well as data coming from very different time 
perspectives, for example, data acquired years apart.  

The second main application consists of combining sets of points belonging to measurements 
carried out at different times and at different locations. This may occur when your equipment is 
not capable of extending over the entire region to be tested. For example, we may have to per-
form dynamic tests over big buildings with a considerable number of points. In 2008, we tested 
the bell tower of a church in Parma (Italy) together with its dome; the acquisitions were carried 
out at two different times and the two sets of data presented just one common testing point, see 
Garziera et al., 2011. 

For these two aspects of data acquisition, wide areas and different times, this paper presents a 
methodology along with some practical results. 

2.2 Mediating data, or “time correlation” 

From an abstract point of view, a question like this may arise: To what extent does it make 
sense to superpose time-based sets of data acquired with accelerometers for the same structure 
but in different circumstances? 
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Figure 1: Schemes of: (a) points of measurement acquired at different times; (b) points of measurement 
acquired at different spaces. 

 
As shown in Figure 1(a), suppose we have four testing points: ABO and the (source) excita-

tion point S. Now suppose we have two or more sets of time-acquisitions but not necessarily of 
the same time length. Excitation may have been provided by one impulse for each set and per-
formed via an instrumented sledgehammer S. In these circumstances, it is obvious that a blind 
superposition of two or more sets is completely meaningless. However, what we can try to do is 
to find the best correspondence between the two signals s and v by looking at their correlation. 
This can be done by calculating the delay with which the two sets of measurements overlap, 
which is provided by the maximum (x-axis) of the cross-correlation function: 

 

C τ( )= s* t( )⋅v t−τ( )⎡
⎣⎢

⎤
⎦⎥dt

t0

t1

∫                      (1). 

 
If s = v, then eq. (1) gives the auto-correlation, which is the cross-correlation of the signal 

with itself. The operation of transposition and conjugation in eq. (1) is indicated only for the sa-
ke of completeness, as in our case, the signals are real and one-dimensional. From now on, eq. 
(1) can be indicated as Corr[s,v]. 

As an example, we can refer to Figure 2(a), in which the correlation process between two 
signals is shown. Eq. (1) gives an assessment of the degree of similarity between the two sig-
nals, resulting in relative large positive values for similar values of s and v but otherwise near 
zero. In particular, the maximum of this function, shown in Figure 2(b), gives the time-shift of 
the two signals. The result – Figure 2(c) – shows the v signal shifted by this time amount. Now, 
these two signals can subsequently be averaged and treated as a single signal, which can be cor-
related to other homologous signals. This allows the superposing of as many signals as needed. 

Once the time-shifts have been established and the superposition carried out, signals may be 
elaborated via FFT or FRF or any other suitable treatment. 

 

2.3 Adding acquisitions from different locations, or “space correlation” 

The important result indicated above, enables us to correlate measurements collected at different 
spatial situations that share just one common point between them. Figure 1(b) depicts this situa-
tion, which repeats the configuration of ABOS in Figure 1(a) with the addition of measurement 
points C and D. Now we are able to correlate sets of measurements belonging to configuration 
ABOS with, for example, measurements belonging to configuration BCOS, or alternatively, 
CDOS. When the data of ABOS and the data of BCOS are merged, we have two points over 
which it is possible to perform a correlation. However, when we superpose ABOS with CDOS, 
we have just one point with which to correlate the two sets. In our opinion, after accurate elabo-
rations no significant changes or improvements are brought by the redundancy given by the two 
points of correlation. 

It can be also pointed out that when sets belonging to different configurations (space-
superposition) are superposed, one can start from raw ABOS data, or from the already super-
posed ABOS data. 
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Figure 2: (a) Two signals s(t) and v(t); (b) resulting time correlation function; (c) time-shift of signal v(t) 
computed using time correlation. 

 
However, it has been found that differences in different time-space correlation orders can be 

neglected, as discussed in the case study. This allows tests to be performed using “normal test-
ing facilities” and for them to be superposed arbitrarily in order to obtain a wider scenario. We 
point out that the sets of data “made aligned” using this method, require at least one “common 
point”. 

3 THE METHOD AND ITS APPLICATION TO A CASE STUDY 

3.1 Experimental testing on the “Zena” ancient castle 

In order to validate the heuristic theory introduced in the 
previous sections, a case study is now presented and dis-
cussed. The experimental activity was recently conducted 
at the castle of Zena, near the town of Piacenza (Italy). In 
particular, the tests discussed in this work consist of the 
vibrational excitation of a relatively small part of the cas-
tle (2 rooms) and in the dynamic identification of this 
structure. The maps in Figure 3(a) and (b) give an idea of 
the internal structure of the castle and of the rooms in 
which our team operated, respectively. The sensors were 
placed on the floor of the rooms. Tests were performed 
with two specially designed pieces of equipment: an in-
strumented hammer and an exciting mechanical vibro-
dyne, three accelerometers, a National Instrument acqui-
sition unit and a notebook PC. In this work, only 
hammer-excited vibrations are considered, leaving other 
data for further developments. The small number of ac-
celerometers used in the experiment was deliberate, forc-
ing the use of the techniques for the composition of sig-
nals that constitute the core of this study. 

This experimental test constitutes a “test case” for the 
heuristic technique used to correlate measurements exe-
cuted in different time-space locations. The arrangement 
of the accelerometers and the dynamic execution of the 
tests are illustrated in Figure 3. In particular, the scheme 
of Figure 3(b) shows the positions of the accelerometers 
at the corners of the room, indicated with capital letters 
from A to D, where O is the position of the central accel-
erometer (never moved during the different tests). The 
approximate location of the point at which the instru-
mented impact hammer operated is also shown. 
 
 
 

Figure 3: (a) Planimetry of the first 
floor of the castle; (b) rooms U and 

W in which our team operated. 
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3.2 Time-correlation and mediating of data 

Let us call the “accelerometers configuration” (for brevity “configuration”) the four layouts: 
ABO, BCO, CDO, DAO for each room U and W. Three excitations were performed for each 
layout of accelerometers with the consequent acquisition of sets T1(ABO), T2(ABO), T3(ABO), 
..., T2(DOA), T3(DOA), for room U (first data set) and room W (second data set). As a first step, 
for the purpose of demonstrating some of the properties of the superposition technique, we per-
form a superposition of the three measurements for each configuration: superposition of 
T1(ABO) with T2(ABO) and T3(ABO) obtaining Tm(ABO), which contains a sort of mean value 
of the acquisition for the accelerometers A, B and O. Figure 4 shows this procedure and the se-
quence of operations over T1, T2, T3 for location A only. 

In particular, Figure 4(a) shows the three acquired signals; Figure 4(b) shows the result of the 
correlated and averaged signals T1 and T2 (black line), while T3 (green line) is shown for the sa-
ke of clarity. Figure 4(c) shows the correlation and final amplitude average of the three signals. 
The result of this process gives a single signal Tm(A), which can be elaborated, used for subse-
quent analysis, or for other correlation processes. Although the signal Tm looks very similar in 
amplitude to the original signals T1, T2 and T3, the effect of the superposition is heavy and evi-
dent in the frequency domain, as is shown in Figure 5. The signal on which we perform the con-
volution is totally arbitrary; in other words, A, B and O can be chosen without any evident ad-
vantage/disadvantage. 
 

 
Figure 4: Correlation of signals at position A, room W: (a) signals acquired from three tests; (b) first cor-

relation (time delay 11.2 ms); (c) second correlation (time delay 398.1 ms). 
 

3.3 Adding points and “space 
correlation” 

The proposed procedure allows the ex-
ploitation of the time correlation of differ-
ent signals to obtain accelerometric data at 
different positions using a small number 
of accelerometers. In order to obtain data 
as they were acquired using more accel-
erometers during a single test, just the po-
sition of one accelerometer must remain 
fixed, while the positions of the others can 
vary. We will call this fixed point the ref-
erence or “glue” point. Starting from that 
point, different schemes of correlation can 
be chosen to obtain the final result. In this 
section, as an example, three different 
ways to manage the signals are illustrated and the achieved results are shown and discussed. 
These three schemes of time-spatial correlation are depicted in Figure 6. However, different 
schemes of correlation and averaging were investigated. It has been stated that differences in the 
final results are negligible, showing that the order of time correlation, or the “glue” point, can be 
chosen as the analyst desires without altering significantly the final results. This allows an “arbi-
trary” and straightforward treatment of data. 

 
Figure 5: Amplitude of the FFTs of signals T1, T2, 

T3 and Tm. 
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Figure 6: Schemes of possible time-space correlation and superposition of signals: (a) time-space correla-

tion between superposed signals of points A, B, C, D; (b) time-space correlation between repetitions of 
tests Ai, Bi, Ci, Di; (c) hybrid method. 

 
To describe the procedure the acquired signals are denoted as follows: 
o Xij: X denotes the accelerometer position, i denotes the configuration and j the acquisi-

tion, e.g., A13 denotes the signal acquired at position A, first configuration ABO, third 
test; 

o Xim denotes the signal, correlated and superposed over the three tests and acquired at 
position X, while i denotes the configuration as already described: e.g., A1m refers to the 
signal acquired at position A, correlated and superposed, as it was acquired by a single 
test in the first accelerometer layout ABO. 

In the schemes depicted in Figure 6, the arrows denote the correlation and superposition of 
signals; the choice of the reference signal to obtain the time-shift is arbitrary, because as already 
pointed out, differences in the time-shift are negligible. The first scheme shows the way to ob-
tain a time-correlated dynamical response of the room through the “glue” point O, via the corre-
lation of superposed signals corresponding to each configuration 1....4. In the second scheme, 
the space-correlation is initially carried out between each configuration and the obtained corre-
lated signals sets (one for each test repetition) are then superposed to achieve a final set. The 
third scheme depicts the general situation, in which one can arbitrarily choose the accelerometer 
configuration i and the acquisition j, in order to carry out the correlation-superposition, or vice 
versa. We will call this latter method the “hybrid method”. 

Figure 7 shows the results of this elaboration, i.e. the final FFT amplitudes of room W com-
puted by applying scheme 1, scheme 2 and scheme 3. The figure shows excellent agreement be-
tween the results, characterised by smooth curves with a low level of noise. The same conclu-
sion can be drawn when the final FFT was evaluated using different correlations and average 
schemes. Again, the time-shift obtained from the correlation of different positions is the same, 
e.g., the time-shift between O1m and O2m is equal to the time-shift between A1m and A2m, be-
tween B1m and B2m, etc. Thus, any accelerometer location can be used to correlate the signals. 
These results show that the measurement procedure, based on the use of just three accelerome-
ters conveniently arranged during subsequent tests, is an efficient, satisfactory and economic so-
lution for dynamic measurements of the room. It is of worth pointing out that the procedure al-
lows the avoidance of using expensive multi-channel equipment; which as already stated, is 
particularly significant for dynamic tests of large structures. 
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4 DEVELOPMENTS AND CONCLUSIONS 

The correlation features illustrated in this work could also be used under different circumstanc-
es. The first and perhaps the most important, is the task to monitor structural damage via degra-
dation of time correlation. 

If we call a2012(t) the acquisition carried out, let us say last year and a2013(t) the acquisition we 
have just performed, the comparison between the autocorrelation of signal a2012(t), 
Corr[a2012,a2012] and the correlation between signals a2012(t) and a2013(t), Corr[a2012,a2013], gives a 
picture of the structure alterations. 

It is very important in this case that the tests are executed with a strict protocol. In fact, the 
data sets have to be strictly identical in terms of the number of acquisitions and very similar in 
terms of excitation. As an example, when the excitation is performed with a hammer, it is man-
datory for the percussion impulses to be very similar to each other. 

It is worth mentioning that the correlations between the signal acquired in a short period of 
time help us in calibrating, for example, the hammer excitation. In fact, let a(t) and b(t) be 
measurements separated by a few minutes. If we are reasonably sure that in this short time in-
terval nothing has changed in the structure, Corr[a,a] compared to Corr[a,b] will show whether 
the two impulses have the same energy. Up to this point, the normalisation of data is possible, in 
the obvious form: 

 

   Corr a,a⎡⎣
⎤
⎦= k 2 ⋅Corr b,b⎡⎣

⎤
⎦                        (2) 

 
from which one can find k. 

As a conclusion, this work tries to show some of the advantages one can achieve using the 
time-superposition method. The method allows acquiring data from accelerometers in separated 
time-space circumstances. Although the starting point has been the necessity to carry out meas-
urements in wide contexts using normal sized apparatus, this work goes further by giving deeper 
significance to the process of superposition. 

The method mainly allows two operations: to integrate sets of measurements taken at differ-
ent times and to integrate sets of measurements containing different points of measurement 
(taken in different places). The latter is a precious feature when dealing with very large struc-
tures, such as big buildings comprising a number of different parts. In practice, the procedure al-
lows separate measurements to be taken for each part, having in common one “glue” point. This 
is achieved by accomplishing the first step consisting of a way to superpose sets of measure-
ments captured at different times and by looking at the correlation between them. As a desired 
side effect of this method, we can point to the smoothing property of the time superposition, 
which leads to an easier estimate and interpretation of the final data. The methodology de-
scribed has been fully validated via an extensive experimental test performed on an ancient 
building. 
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Figure 7: Room W: amplitude of the FFTs for points ABCDO obtained applying the procedures of 

schemes in Figure 6 (black points line scheme 1; red line scheme 2; blue dashed line scheme 3). 
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