
1 INTRODUCTION 

A statistical approach for damage detection and lo-
calization was recently developed in (Casciati 
2005a) to meet the requirements of an algorithm to 
be implemented in a wireless sensor microprocessor 
(smart sensor). The method showed satisfactory re-
sults when applied to both numerical and experimen-
tal data (Casciati 2004, Casciati et al. 2003). How-
ever, the analyzed cases of study were limited to 
laboratory structure and to damages concentrated in 
specific regions of discrete systems. To complete the 
validation process, the data from a complex contin-
uum exposed to environmental conditions (Fig. 1) 
are analyzed. 

The investigated structure is a masonry wall af-
fected by distributed cracking. The cracks were re-
paired by mortar injections, and measurements of 
the structural response were taken before and after 
the retrofit operation, by applying different excita-
tion methods. Namely, ambient vibration tests and 
forced excitation tests with a hammer and a shaker 
were performed in (Beni 2000). The data from the 
tests with the electro-dynamic shaker are available 
only for the damaged structure (before retrofit), be-
cause the measured intensities resulted to be too 
high for the size of the structure under consideration. 
Indeed, it is a 1:2 scale model of the entrance at the 
first floor of an ancient palace in Palermo. 

Hence, attention is focused only on the ambient 
vibration tests and on the tests with the hammer. The 
corresponding data were used in (Casciati et al. 

2005) to pursue the damage detection and localiza-
tion by global measures, such as the Lyapunov ex-
ponents. A different technique based on the statisti-
cal comparison of response surface models is now 
applied to the same measurements in order to detect 
and localize the cracks on the structure. This 
method, developed in (Casciati 2005a) and briefly 
summarized in the next Section, presents the further 
advantage to be suitable to be implemented in a 
smart sensor microprocessor.  

The ambient vibration results are discussed in 
(Casciati 2005b) and show how the proposed dam-
age index can successfully detect and localize the 
repaired cracks on the structure. The present work 
emphasizes how useful information about the dam-
age can be obtained also from the tests with the 
hammer. 

2 THE PROPOPOSED METHODOLOGY FOR 
DAMAGE DETECTION & LOCALIZATION 

For a detailed description of the method, the reader 
can refer to (Casciati 2005a). However, a brief 
summary of the proposed methodology is provided 
here to allow for a complete understanding of the 
following elaborations. 

Let NS the number of sensors on a structure and 
NP the total number of points contained in each re-
corded time history of the quantity of interest (e.g., 
strain, acceleration, etc.), with NP > NS. Due to the 
limitations in memory space and power consumption 
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imposed by a wireless sensor microprocessor, it is 
preferable to work directly into the space of the ob-

served variables, through a mapping from the state-
space. The problem becomes, therefore, the one of  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1. The masonry specimen in its undamaged configuration, i.e., after filling the cracks by mortar injections. The sensor ids 
and locations are also indicated. 

 
modeling the relationship among different clusters 
of measurements, instead of identifying the state-
space matrices. Response surface models are then 
used to approximate the relationship among the out-
puts. In particular, the measurements from one sen-
sor (response) are expressed as a function of the 
ones from the remaining k = NS – 1 sensors on the 
structure (predictors), by fitting a low-order poly-
nomial to the experimental data.  

The error in the model is given by the difference 
between the measured and the estimated response 
vectors. In this way, the exterior effects are ex-
tracted from the data, and a damage sensitive fea-
ture, which is independent of the environmental 
conditions, is found (Kullaa, 2004). Since the error 
is assumed to be a vector of independent, identically 
distributed, normal random variables with mean 
zero, its statistical distribution is fully defined by the 
histogram of its variance. The latter one is given by 
the ratio between the sum of the squares of the er-
rors, SSE, and its corresponding statistical degrees 
of freedom.  

To obtain a histogram of SSE-values, each time 
history is considered as a set of clusters of experi-
ments by dividing it into (NP/n) segments of length n 
= γ NS each, where γ is an assigned positive integer. 

The selection of γ needs to provide a number of 
measurements, n, which is significant with respect 
to the number of predictors, k = NS – 1. 

The procedure is simultaneously applied to the 
data collected during two tests performed in two dif-
ferent periods of the structure lifetime, one of which 
is known to correspond to the undamaged configura-
tion. The resulting global SSE-histogram, SSE0, is 
compared with twice the one obtained from the un-
damaged test alone, 2SSE1. A damage index is in-
troduced to quantify the discrepancy between these 
two histograms, and it is defined as the absolute 
value of the non-dimensional difference of their 
means, ADM 
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By permuting the sensor whose measurements 

are considered as response variables, an SSE-
histograms comparison can be built in correspon-
dence of each sensor location. The highest corre-
sponding ADM-values indicate that the most of the 
damage is likely to be located close to the associated 
sensors. 

The threshold value, ADMu, is determined by ap-
plying the method to at least one couple of meas-
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urement sets from the undamaged structure and by 
considering the maximum value of the correspond-
ing indexes. When ADM is significantly greater than 
its threshold value, ADMu, a structural modification 
is detected and localized close to the sensors from 
which the maximum ADM-values are obtained. 

The described approach is called structural health 
monitoring - response surface methodology (SHM-
RSM). It differs from traditional RSM because a 
continuous monitoring system prevents one from 
applying a design of experiments (DoE) technique. 
The latter one is necessary to find the response sur-
face model which best approximates reality. How-
ever, for SHM scopes, RSM is used only as a tool 
for feature extraction and it does not need to match 
the physical underlying mechanism as close as pos-
sible. Furthermore, with this methodology, a finite 
elements scheme of the structure and the accurate 
simulations of its mechanical behavior are not 
needed to detect and localize the damage. 

3 APPLICATION TO THE DATA FROM THE 
HAMMER TESTS ON A MASONRY WALL 

The specimen under consideration is located outside 
the ELSA Laboratory of the EU Joint Research Center 
in Ispra, Varese (north-west of Italy). It undergoes 
variations in the environmental and operational condi-
tions due to temperature gradients, wind and traffic 
loads. A detailed description of the structure is given 
in [1]. It consists of an 8 m wide, 4.6 m high, and 0.7 
m thick masonry wall, with a central arch and four lat-
eral openings (Figure 1). The two columns supporting 
the frame in front of the arch are expected to vibrate 
independently under dynamic loading, and they are 
therefore neglected in the analyses.  

A series of pseudo-dynamic tests caused the struc-
ture to be affected by distributed cracks. Before filling 
the cracks with mortar, measurements of the damaged 
structure were taken by applying different excitation 
methods. Namely, the data from the ambient vibration 
tests and from the tests with the instrumented hammer 
can be analysed. These tests were indeed performed 
also on the repaired structure, thus allowing for a sta-
tistical comparison of response surface models.  

The structural configuration after the retrofit opera-
tion is assumed as the undamaged reference case and, 
it is shown in Figure 1. The repaired cracks are still 
visible and they are mainly located on the right hand 
side (r.h.s) of the structure. 

The structure is instrumented by Lucas/Schaevitz 
accelerometers, with sensitivity of ± 0.2 g/volt and 
powered at 5 Vpk. The sensors monitor the accelera-
tions in the direction parallel to the façade plane. Odd 
numbers are used to denote the accelerometers on the 

r.h.s. of the structure, where most of the repair was 
needed. In particular, sensors 3, 5, and 9 are the clos-
est ones to the repaired cracks. On the l.h.s. of the 
structure, only sensor 2 is located in proximity of a re-
pair. Sensor 10 was not working during the tests on 
the damaged structure and it is therefore useless for 
the purpose of a comparison. Hence, the total number 
of available sensors is equal to nine. 

Before applying the procedure for damage detec-
tion and localization, every signal needs to be prelimi-
nary filtered in the frequency domain by taking its 216 
points fast Fourier transform (FFT). The FFT is then 
multiplied  by a function which consists of the in-
creasing half of a sine wave, a middle flat plateaux, 
and the decreasing half of the sine wave. In this way, 
the high and low frequencies are eliminated from the 
frequency contents of the signals. The corrected meas-
urements in time domain are finally obtained by in-
verse FFT. No data normalization is attempted. 

The data from the ambient vibration tests are the 
easiest ones to elaborate, and they are discussed in 
(Casciati 2005b). In this case, the measured intensities 
are all of the same order of magnitude, and hence they 
are comparable among each others without requiring 
any particular data treatment, except for the filtering. 
Furthermore, all the nine sensors can be included in 
the analyses. The obtained results are summarized in 
the next Section for sake of comparison. 

The data from the tests with the instrumented 
hammer present different numbers of spikes, which 
occur at different times and with different highest in-
tensities, depending on the test during which they 
were collected. Therefore, in the latter case, the proc-
ess of data cleansing is fundamental to obtain compa-
rable results. Since the excitation is an impact load 
whose expiration time is very short, almost instanta-
neous, not enough points can be obtained by consider-
ing only the parts of the signals recorded during the 
active excitation. This process can, instead, provide 
satisfactory results when the excitation is applied by a 
shaker for a finite duration of time [5]. 

When a hammer is used as excitation source, the 
spikes need to be removed from the signals, together 
with a sufficient amount of preceding and following 
points, in order to obtain comparable results. 

All the measurements considered for the analyses 
were collected with the same sampling rate (500 s.p.s) 
and for the same time duration (100 s), thus resulting 
into time histories of the same length, equal to 50,000 
points. However, the tests on the damaged and un-
damaged structure contain a different number of 
spikes, which occur at different times and with differ-
ent intensities. Therefore, by extracting the 50 points 
preceding the spike and the 850 points following it, 
one obtains time histories of different lengths, equal to 



(50,000-900S), where S is the number of spikes in the 
original signals. The obtained minimum number of 
points needs to be assumed as common length of the 
compared time histories, thus disregarding the final 
points of the longest ones. 

The amplitudes of the signals still depend on the 
distance of the sensors from the excitation source. In-
deed, sensors which are placed next to the hammer 
impacts location provide measurements of very high 
intensities with respect to the others. Satisfactory re-
sults can be obtained by simply excluding these sen-
sors from the analyses, as suggested in (Casciati et al. 
2005). 

Several couples of tests were performed on both 
the damaged and the undamaged structural configura-
tions, by hitting with the hammer the opposite middle 
edges of the structure. The test results used for the pre-
sent analyses are denoted with reference to (Beni 
2000). In particular, “a04” and “x05” indicate the tests 
on the damaged and undamaged structure, respectively, 
with the hammer strokes applied to the middle edge of 
the r.h.s. of the structure, close to the location of sen-
sor 3 in Figure 1. The corresponding time histories, af-
ter the spikes extraction, are made of NP = 16,818 
points, and they are divided into 60 signals windows 
of n = 280 points each by assigning a parameter γ 
equal to 40. Sensors 3 and 5 need to be excluded from 
the analyses because they are located next to the 
hammer impacts. Therefore, the number of retained 
sensors is NS = 7. 

The tests “a04” and “x05” were performed by hit-
ting the damaged and undamaged structures, respec-
tively, on the middle edge of their l.h.s., close to the 
location of sensor 4 in Figure 1. In these cases, sensors 
4 and 6 do not provide reliable measurements, and 
they are therefore ignored. The total number of sen-
sors considered in the analyses results to be still equal 
to seven. After the spikes extraction, the time histories 
have a length of NP = 26,265 points. By keeping con-
stant and equal to 40 the parameter γ, they are divided 
into 93 signal windows of n = 280 points each.  

The obtained data are expressed one in function of 
the others to create the corresponding response surface 
models. A comparison between the SSE-histograms 
obtained from each couple of tests on the damaged 
and the undamaged structures and from twice the un-
damaged model alone, respectively, is built in corre-
spondence of each sensor whose measurements are in 
turn assumed as response. The discrepancy between 
these two histograms is quantified by the ADM index, 
and it indicates the occurrence of a structural modifi-
cation. Damage is detected and localized near the sen-
sors whose measurements lead to the highest values of 
ADM. 

4 RESULTS 

4.1 Ambient vibration tests 
The application of SHM-RSM to the data from the 
ambient vibration tests is discussed in [3]. The re-
sults are reported in Table 1 and explained in the 
following, for sake of comparison. 

All the odd sensors on the r.h.s. of the structure 
(where most of the repair was operated), are charac-
terized by values of the damage index, ADM, greater 
than the undamaged threshold, ADMu. The struc-
tural modification introduced by filling the cracks 
with mortar is hence recognized. In particular, the 
maxi 
Table 1. Results from the ambient excitation tests (the dashed 
line corresponds to ADMu = 0.0663). 

ADM Sensor 

0.0034 
0.0183 
0.0519 
0.0818 
0.1970 
0.2068 
0.3668 
0.9325 
0.9602 

8 
4 
6 
1 
7 
9 
2 
3 
5 

 
mum ADM-values are found in correspondence of 
the sensors 5, 3, and 9, which are located near the 
regions mostly affected by the repaired cracks. Sen-
sors 3 and 5 feel the effects of the restored collabo-
ration of the left end foot of the structure, and of the 
suppression of the local mechanisms allowed by the 
cracks before the repair. In other words, the retrofit 
operation has restored a monolithic behavior of the 
structure. 

Sensor 2 is identified as the only sensor located 
close to a repaired crack on the l.h.s. of the structure. 
The remaining sensors 4, 6, and 8 are classified as 
undamaged by damage index values that fall below 
the threshold. This is in agreement with the fact that 
no repair was operated in their surroundings. 

It can be concluded that the method can success-
fully identify and localize the repaired cracks in the 
masonry specimen, when it is applied to the ambient 
vibration measurements. Furthermore, no structural 
modification is detected where no repair was at-
tempted. The method could therefore be used to ver-
ify the efficiency of a retrofit operation.  

4.2 Tests with the hammer 
In the following, the results from the tests with the 
hammer striking the middle edge of the r.h.s. of the 
structure (“hammer in 3”) and the ones from the 
tests  
with the hammer applied to the opposite edge 
(“hammer in 4”) are separately discussed. 



4.2.1 Hammer in 3 
When the hammer is applied to the middle edge of 
the r.h.s. of the structure, the sensors 3 and 5 (which 
provided the highest ADM-values in the previous 
Sub-Section) need to be eliminated from the analy-
ses because they are next to the impacts location. 
The results in Table 2 are obtained from the meas-
urements of the remaining seven sensors. 

It can be noted that the r.h.s. of the structure is 
still identified as a damaged region, since the corre-
sponding odd sensors 7, 9, and 1 lead to damage in-
dex values greater than the undamaged threshold, 
which is in this case equal to 0.0923. Furthermore, 
the difference between sensor 2 and the other sen-
sors on the l.h.s. of the structure is still relevant. The 
latter ones (namely, sensors 4, 6, and 8) are all rec-
ognized as belonging to an unmodified area of the 
structure. 

4.2.2 Hammer in 4 
When the hammer is applied to the middle edge of 
the l.h.s. of the structure, sensors 4 and 6 are elimi-
nated from the analyses. Therefore, the only sensor 
remaining in the undamaged area is sensor 8. This is 
captured by the fact that the corresponding value of 
the damage index, ADM, is the minimum of the re-
sults in Table 3. By contrast, sensor 2 shows the 
maximum discrepancies between the statistical 
models, as revealed also by the tests with the ham-
mer in 3. The reason is both related to its central po-
sition with respect to the excitation source, and to its 
particular situation with respect to the other sensors. 
Indeed, the other sensors are either located in an 
unmodified area of the structure, or they are sur-
rounded by distributed cracking. Sensor 2, instead, 
 
Table 2. Results from the tests with the hammer in 3 (the 
dashed line corresponds to ADMu = 0.0923). Sensors 3 and 5 
are excluded from the analyses. 

ADM Sensor 

0.0246 
0.0536 
0.0832 
0.1702 
0.2297 
0.2333 
0.3780 

6 
8 
4 
1 
9 
7 
2 

 is close to a single, isolated crack, and therefore the 
difference in behavior from the other sensor loca-
tions is more evident. Furthermore, when a hammer 
is used as excitation source, the dependence of the 
signals from the impacts location cannot be com-
pletely eliminated. So sensors 2, 7, and 9 are always 
included into the damaged set of sensors due to their 
central positions, while sensor 5 is too faraway from 
the excitation source in 4.Therefore, the intensities 
of its measurements are too weak to identify the sur-
rounding damage. However, some useful informa-
tion about this damaged area can still be obtained 

from the measurements of sensor 3. In all the con-
sidered cases, sensor 1 is never detected as close to a 
dense concentration of damage. Indeed, its damage 
index is always close to the threshold value. 
 

Table 3. Results from the tests with the hammer in 4 (the 
dashed line corresponds to ADMu = 0.1563). Sensors 4 and 6 
are excluded from the analyses. 

ADM Sensor 

0.0493 
0.1026 
0.1374 
0.1805 
0.2019 
0.2280 
0.4065 

8 
5 
1 
3 
9 
7 
2 

5 CONCLUSIONS 

The RSM-SHM method for damage detection and 
localization provided successful results when ap-
plied to the ambient vibration measurements of a 
masonry specimen affected by distributed cracking. 
The data from the tests with the hammer need a 
more thorough elaboration due to the randomness in 
the strokes occurrence and intensity. Furthermore, 
the dependence of the signals on the distance from 
the excitation source implies a loss of information, 
thus preventing from a complete and precise de-
scription of the damage scenario, as the one ob-
tained from the ambient vibration tests. However, 
the data collected by hitting with the hammer the 
two opposite edges of the structure, provide results 
which are consistent with each others and with those 
obtained from the ambient vibration tests. In particu-
lar, no fake indications of damage are encountered, 
and the damage can be successfully detected and lo-
calized within the limitations inherent to this excita-
tion method. 

The proposed methodology is suitable to be im-
plemented into the context of a continuous monitor-
ing system with distributed arrays of sensors, for 
which it was developed. Its robustness depends on 
the number of the sensors, but it is reasonable to 
think that the fast technological advances will soon 
permit to deploy a large number of low-cost sensors. 
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