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Statistical correlation between environmental time series and data 

from long-term monitoring of buildings 
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Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Turin, Italy. 

 

Abstract: Within the context of civil structures, a monitoring system supported by an intelligent diagnostic 

features extraction allows to keep under observation the overall health state of a building. In most cases, the 

diagnostic features are influenced by Environmental and Operational Variations (EOVs) which cause 

fluctuations that can be confused with the appearance of damage, or worse, hide it. A useful strategy to get rid 

of those confounding effects consists in modelling the structural behaviour of the system, considering and 

predicting these harmless and reversible fluctuations. However, a model approximates a much more complex 

reality and therefore it is based on a reasonable number of components whose selection might turn out 

complicated. In this research, a large amount of heterogeneous experimental data is systematically analysed 

to investigate which have the greatest influence on structural behavior and therefore, could contribute for 

modelling the behaviour of a historic building for Structural Health Monitoring (SHM) purpose. 

Environmental data, measurements of static sensors and modal natural frequencies collected in more than 10 

years are scanned and crossed in order to discover any correlations. The analysis of these time series, treated 

with mathematical and statistical tools, has led to some mechanical interpretations of the observed behaviour 

of the system, i.e. the Sanctuary of Vicoforte, a monumental Italian church which houses the largest masonry 

oval dome in the world. The results obtained, especially in terms of correlations between different factors 

affecting measurements, are deemed relevant in the practice of long-term monitoring of cultural heritage and 

existing buildings in general. 
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1. INTRODUCTION  

The growing interest in preserving and protecting the architectural heritage has encouraged the development 

and the application of modern structural monitoring techniques based on the analysis and the interpretation of 

data acquired from sensors [1-4]. Monitoring the health state of this type of buildings is an ingenious approach 

as it allows to evaluate the condition of conservation with minimal invasiveness and enable to readily establish 

the safety condition after sudden events such as earthquakes [5-8]. Furthermore, in presence of data from 

continuous time monitoring systems, symptom-based approaches [9-11] may prove suitable for perceiving 

anomalies in the structural behaviour, especially when models are strongly affected from a high level of 

uncertainty regarding the effective properties of materials, their current state, the construction techniques, the 

possible interventions stratified over the years, the structure-soil interaction and so on [12-14].  

Innovative techniques in SHM often involve the study and analysis of dynamic response signals using 

statistical tools and machine learning algorithms [15]. In their strongest sense, they aim to predict the future 

response of the system and to identify occurrence, type, entity and/or location of possible damage in real time 

or near real time. When working on architectural assets, these techniques are particularly appreciated as they 

prove to be practically non-invasive and reversible and in addiction, helping to increase the level of knowledge 

[16-19], they lead to compliance with the minimum intervention principle, as that introduced in the 

International Council on Monuments and Sites (ICOMOS) guidelines [20].  

In some of these procedures [21-26], damage detection is based on the analysis of variations in the trend of 

structural frequencies over time. In fact, since a significant damage affects the global stiffness of a system and 

the modal parameters depend on it, checking that the parameters are stable over time and do not present 

unexpected variations is a good way to investigate the health of the system. Complications arise because, in 

addition to damage, also several EOVs influence the data recorded on the structure [27-31], although they are 

actually harmless and reversible. Therefore, discriminating them from real damage is important to avoid 

wrong diagnoses. Previous studies [32-38], some concerning the behaviour of bridges, have pointed out the 

importance of the effects of EOVs on real structures in SHM approach. 

In this paper, the quantities that most affect the structural behaviour of architectural heritage buildings are 

assessed by systematically investigating dependencies and correlations with environmental phenomena; 



knowing how monitoring data depend on environmental phenomena allows to shed light on their annual 

fluctuations, giving us the extent of the values attributable to seasonal variations and actual anomalies which 

could be associated with changes in the structural system, i.e. damage. The information thus obtained are 

given as input of regression models, to assess whether the involvement of those correlated environmental 

measures could bring an advantage in the prediction of structural behavior, compared to models (which will 

be referred to as reference models), based only on homogeneous measurements, i.e. concerning same type of 

diagnostic feature. 

The benchmark of this research is represented by the Sanctuary of Vicoforte, Piedmont, Italy, a masterpiece 

of Baroque architecture. This monumental 17th century church, covered by the world's largest masonry oval 

dome, 37.23 by 24.89 m, is equipped with a permanent static [39] and dynamic [40] monitoring system, which 

over the years have recorded long series of data, useful for the purposes of this analysis. 

The layout of this paper is as follows. Section 2 discusses the relevant theoretical background behind 

correlation and the regression analysis exploiting one of the most common machine learning algorithms; in 

Section 3 the case study is described with particular focus on its monitoring systems; Section 4 refers to the 

processing of experimental data. The correlation analysis is exposed in Section 5 and its results are used in 

Section 6 to improve the prediction of structural behavior. Finally, conclusions are drawn in Section 7. 

 

2. CORRELATION AND REGRESSION ANALYSIS 

In the first part of this chapter, reference is made to theoretical notions useful for explaining subsequent 

elaborations. They are simple and consolidated concepts of statistics, effective in analysing experimental data. 

The last sub-paragraph briefly reports the theory underlying Support Vector Machine (SVM), a machine 

learning tool already used in the literature for SHM purpose [41-48], which will be used here to model two 

diagnostic variables of the structure on the basis of different predictor variables.  





https://en.wikipedia.org/wiki/Eigendecomposition
https://en.wikipedia.org/wiki/Polar_decomposition#Matrix_polar_decomposition


https://en.wikipedia.org/wiki/Singular_value






3. CASE STUDY: CONTINUOUS DATA MONITORING ACQUIRED ON THE 
SANCTUARY OF VICOFORTE      

The Sanctuary of Vicoforte, a monumental church of the 17th century, is a unique case in terms of importance 

in the Italian Cultural Heritage framework. The majestic dome that covers the structure, is the largest masonry 

oval dome in the world with the axes of 37.15 and 24.80 m (Figure 1) [65].  

     
Figure 1: The Sanctuary of Vicoforte: external and internal views of the dome. 

 

The construction of the Sanctuary began in 1596 and ended in 1735. Since the first years of its construction, 

this stunning masonry building has suffered from significant structural problems, partly due to the settlement 

of the foundations. In this regard, in 1983, concerns over the structural health state of the building prompted 

the decision to undertake analysis, monitoring activities and strengthening interventions [66].  

The extended network of cracks that affects a large portion of the buildings becomes particularly severe in the 

drum-dome system, where the cracks are oriented along typical meridian directions with maximum openings 

at window locations and an increased density next to the buttress. In 1987, because of a severe cracking 

configuration and the possible yielding or rupture of the original three levels of circumferential iron rings 

located between dome and drum, a new strengthening system was put in place. The intervention consisted of 

56 tie-bars tensioned, slightly stressed by jacks, placed within holes drilled in the masonry along 14 tangents 

of the perimeter. The interface between two adjacent bars consists of a steel frame placed in the masonry, to 

ensure continuity. The bars were equipped with tensioning devices and load cells for an instantaneous reading 

of the load values, placed at both ends. Bars were re-tensioned 10 years after installation, in 1997. 



During the last decades, several non-destructive investigations were conducted, including some geophysical 

tests [67] and a dynamic identification campaign which allowed the updating of a first FE model of the 

structure [68,69]. 

In 2004 a static monitoring system was installed to check the effectiveness of the strengthening system and 

the propagation of the crack [39]. However, the static monitoring system provides only local information about 

the health state of the structure. In order to solve this shortcoming and to investigate the seismic behaviour of 

the Sanctuary, a permanent dynamic monitoring system was installed 10 years later [70]. 

3.1 Static monitoring system 

In 1983 a first instrumentation to check the evolution of the significant crack patterns was installed. In the 

following decades, several upgrades of the static monitoring system followed. In 2004 the latest monitoring 

system was installed and the acquisition procedure was automated. 

The devices composing the static monitoring system can be grouped into two main categories depending on 

the measurements recorded: sensors of strains, stresses and crack width and instruments that acquire 

measurements of environmental conditions. The static monitoring system includes 12 crack meters (of which 

2 are damaged), 20 pressure cells to determine the stress in the masonry, 56 load cells to control the load 

condition of the bars, 2 orthogonal wire gauges to measure the axis of the dome, 24 temperature sensors and 

3 piezometric electric cells. The layout of the thermometers, wire gauges, load cells and crack meters are 

reported in Figure 2. 

  





 

  Figure 3: Location of accelerometers in plane and in sections A-A and B-B 
 

The recorded accelerations are continuously processed to extract the modal parameters of the Sanctuary, using 

an automatic modal identification procedure [70] which include an algorithm belonging to the family of 

Stochastic Subspace Identification (SSI) techniques. 

 

4. PROCESSING OF THE EXPERIMENTAL DATA 

The first step in analysing the factors influencing static and dynamic structural behaviour of the Sanctuary is 

the collection, the organization and the processing of the experimental data: environmental measurements, 

data acquired from the static monitoring system and frequencies obtained by the dynamic monitoring system. 

These operations are covered in the next 3 paragraphs. 

4.1 Environmental data 

The environmental phenomena that are considered most significant for this case study, also based on the 

results of previous research [27-38], are involved in the correlation analysis. In particular, the time series of 

temperature and its daily excursion, humidity, wind, rain and snow have been selected. These have been 

requested and obtained from the ARPA Piemonte website [71] and refer to measurements recorded in 



Mondovì (CN), the closest station to Vicoforte (about 8 km), in the period from 01/01/2004 to 22/06/2019. 

Their trend over time with a daily sampling is reported in Figure 4. 

 

Figure 4: Environmental parameters. From the top to the bottom: rainfall, average temperature, maximum 
temperature, minimum temperature, snow, wind, humidity. 

 

The graphs clearly show the seasonal trend of temperatures, which seems to follow an almost sinusoidal 

function. As it is reasonable to expect, snowfall occurs purely during the winter months, unlike rain, which 

also peaks during the warmer seasons. Wind and humidity also seem to imply a seasonal trend, even if much 

less than that shown by the temperature. Snowfall appears to intensify at minimum humidity values. To 

analyse the influence of water on the system (in the ground or in the pores of the masonry) two lines were 

drawn at 0 and 4°C as these represent two important points for the properties of the water: in the case of 

atmospheric pressure, at 0 ° C water shows the liquid/solid phase transition , whereas at 4 ° C it reaches its 

maximum density and minimum volume (these are properties of pure water but they can be considered a fairly 

reliable reference also for the water contained in the system) [72]. 

4.2 Dynamic data 

The accelerometric signals acquired by the permanent dynamic monitoring system installed on the Sanctuary 

were processed through the automatic identification procedure described in [70]. In particular, each 

accelerometer records signals about 21 minutes long starting from the sixth minute of each hour. The signals 

are stored and subsequently loaded into the identification code. After a pre-processing of the acquired data, 



which includes signal decimation, average and trend removal, band pass filter, low frequency component 

removal, signal normalization, the code selects the 5-minute signal range with higher RMS and supplies it as 

input for the dynamic identification process. Working with signals of 5 instead of 20 minutes allows to reduce 

processing times without having any influence on the quantity of identified modes: for the dynamics of the 

Sanctuary, 5 minutes is a time long enough to contain a suitable number of oscillations of the low structural 

frequency and not too long, in order to keep the calculation time at a reasonable level. It uses a time domain 

technique, the Stochastic Subspace Identification (SSI) algorithm. At the end, a statistical analysis of the 

results obtained in several identification session is carried out, evaluating the stability of the modes by varying 

the order of the system, as illustrated in Figure 5. 

  
Figure 5: Example of stabilisation and cluster diagrams, output of the identification procedure 

As it has been observed that the identifications from 18:00 to 6:00 return a much lower number of modes, 

probably due to the low level of excitement at night, the procedure processes only the daytime hours. 

Exclusively for the correlation analysis, only one observation per day was considered as the aim was to 

evaluate the relationship of the frequencies with the environmental quantities and the static parameters, both 

having daily sampling. It was established to use the data acquired at 12:10, because that is the time when the 

first and second frequencies were identified more in 2018. Figure 6 shows the trend of the first two frequencies 

of the Sanctuary during the year 2018, from 01/02/2018 until 31/01/2019. The first one (range 1.892-1.989 

Hz), corresponds to the first bending mode in the Y direction (the direction of the minor axis of the dome 

oval), the second one (range 2.025-2.143 Hz) to the first bending mode in the X direction (the direction of the 

major axis). The gaps in the trends correspond to missing identifications, as it is quite common that some 

modes are not identified under general operational conditions. As the following analyses require almost 

continuous data, the higher modes have not been considered as they are more difficult to identify and 

consequently have sparsest trends. 





various thermometers seem to have a very similar temperature trend but shifted of some degrees as they are 

installed at different heights both internally and externally. The piezometer data are sparse. In most of the 

observations, no piezometric height data were recorded, probably due to sensor malfunction: for this reason, 

it was decided not to consider the piezometric data in subsequent evaluations. The crack meter data are very 

interesting: all LVDTs show seasonal data in which the cracks tend to open with the arrival of summer and to 

close again approaching the cold months. A very clear seasonal trend is described by the deformation records 

of the axes of the dome. The expansion of the axes is in line with that observed in the first two frequencies: it 

has peaks in correspondence with the summer months and minima in the cold seasons. In particular, although 

the static data acquisition is performed on a daily basis, it can be observed that the major axis deforms more 

than the minor one: it has been noticed that in the summer months, when the elongation of the axes is 

maximum, the ratio between the elongation of the minor and the major axis oscillates in the range 0.6÷0.7, in 

accordance with the ratio between the length of the axes, which is about 0.67. The pressure cells seem to have 

recorded coherent data up to about 2009. After this date, some sensors have trends completely discordant from 

the others, which could be due to local phenomena or sensor malfunction. For this reason, it was decided not 

to involve them in the correlation analysis. The recordings of the load cells in the bars appear to have credible 

trends with the exception of an anomalous time series (LC44) and some unusual data of another sensor in 

spring of 2009 (LC4). These series also seem to repeat the same cycle every year. 

https://context.reverso.net/traduzione/inglese-italiano/approaching



































