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Abstract: The possibility of determining the integrity of a real structure subjected to non-invasive and non-destructive monitoring, such as that carried out by a series of accelerometers placed on the structure, is certainly a goal of extreme and current interest. In the present work, the results obtained from the processing of experimental data of a real structure are shown. The analyzed structure is a lattice structure approximately 9 m high, monitored with 18 uniaxial accelerometers positioned in pairs on 9 different levels. The data used refer to continuous monitoring that lasted for a total of 1 year, during which minor damage was caused to the structure by alternatively removing some bracings and repositioning them in the structure. Two methodologies detecting damage based on decomposition techniques of the acquired data were used and tested, as well as a methodology combining the two techniques. The results obtained are extremely interesting, as all the minor damage caused to the structure was identified by the processing methods used, based solely on the monitored data and without any knowledge of the real structure being analyzed. The results use 15 acquisitions in environmental conditions lasting 10 min each, a reasonable amount of time to get immediate feedback on possible damage to the structure.
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Nomenclature



	OMA
	Operational Modal Analysis



	SHM
	Structural Health Monitoring



	SSI
	Stochastic Subspace Identification





1  Introduction

Throughout history, there has been a constant pursuit of enhancing safety measures. As structures age and deteriorate, it becomes increasingly crucial to detect, assess, and mitigate potential risks, degradation, or collapse (e.g., [1]). This importance is further magnified by the growing frequency of catastrophic events to which structures are exposed.

Structural Health Monitoring (SHM) is recognized as the practice of implementing suitable strategies designed to detect damage in aerospace, civil, and mechanical engineering infrastructure. This involves continuously monitoring a structure or mechanical system over time through regularly spaced measurements. SHM plays a pivotal role in damage detection due to its significant implications for life safety, helping prevent potential disasters. Moreover, continuous monitoring and dynamic characteristics analysis of structures offer a solution to the limitations of visual inspection methods and are vital for ensuring long-term safety. Although various techniques have been developed over the years to identify critical situations, such as those based on image processing which represent some of the most recent advancements [2], vibration-based analysis remains one of the most intriguing methods available.

In the case of vibration-based SHM, it entails extracting damage-sensitive features (quantifiable parameters dependent on changes in dynamic responses such as shifting natural frequencies, mode shapes, strain levels, damping properties, and altering energy dissipation) from the acquired measurements (e.g., [3,4]). Subsequently, these features are statistically analyzed to evaluate the current state of the system’s health. For long-term SHM, the previous output is periodically updated with the latest information on the structure’s condition to determine whether it can continue to fulfill its intended function or not [3].

The Operational Modal Analysis (OMA) addresses the challenge of identifying the modal parameters of structures; a task that can be arduous, expensive, or restricted with traditional Experimental Modal Analysis (EMA), especially for large structures. It concentrates on determining modal parameters for systems subjected to one or more excitation sources occurring during normal system operation under environmental forces that cannot be directly measured [5]. Consequently, modal analysis, particularly OMA, has been extensively utilized in evaluating structural integrity by tracking changes in modal parameters over time for damage detection of wind turbines [6–8] or of bridges [9–12].

The main advantage of OMA for SHM lies in its ability to detect the structure integrity in its operative conditions in situ and non-destructive ways. Modal parameters can be determined using various algorithms; however, the extent of their changes varies based on factors such as the location, severity, and nature of the damage, as well as the sensitivity of the instrumentation employed for data collection; furthermore, usually, it’s necessary to improve data quality using filtering techniques [5].

With specific regard to OMA approach the present authors noticed a new commercial software from ARTeMIS [13] which has been developed to assist in identifying the presence of damages; in particular, such software [13] is designed in order to tackle the first level of identification in the Rytter’s classification (existence of damage) [14]. The ARTeMIS Modal software has already been widely endorsed for use in identifying the modal parameters of the specific system under examination [15–19]. However, it can also ensure the identification of potentially dangerous situations on the monitored structure, starting only from accelerometers records, without the necessity to evaluate modal parameters, and in a non-invasive manner [20–22]. Some methods that use this type of data, but not the software tool, are already present in the literature [23–27].

This work aims to analyze a new dataset continuously acquired over a year on a real-world structure subjected to ambient conditions to test the software SHM tool. The acquisition of this dataset has been carried out and made available from the research group of the Leibniz Universität Hannover in Germany [28]. As known by the scientific literature, the database has been used by the Hannover team to analyze the repeatability of the structure frequencies with respect to the different environmental conditions and to apply preliminary evaluation about the damage detection analysis [29–33]. The main novelty of the present work is the testing of two different methods (classic and robust, as explained in the next section) to detect damages through the acquired experimental data both when the structure is intact and when it is damaged. The SHM methodologies applied are not sensitive to natural changes in the dynamic behavior of the structure due to fluctuations in ambient conditions and show excellent results in determining the damage condition for all the cases considered.

In the subsequent sections, the work is organized as follows: in Section 2 the damage detection algorithm implemented in the software tool will be described, with particular attention to how it works in terms of theoretical background; then, in Section 3, attention will shift towards the specific system under examination, providing an overview of its characteristics and data acquisition features; finally, in Section 4 the results obtained from the analysis will be presented and discussed, and in Section 5 conclusions are drawn.

2  Tool and the Theoretical Background of System Modeling

The software application, ARTeMIS Modal [13], is herein used within the frame of Operational Modal Analysis (OMA) techniques.

To monitor the structural integrity of the truss tower, which will be presented in the next paragraph, the Structural Health Monitoring (SHM) tool offers various methods to detect potential damage by analyzing recorded measurement files and results obtained during periodic monitoring.

From a theoretical standpoint, the SHM tool in ARTeMIS software utilizes Stochastic Subspace Identification (SSI) to construct a reference state model, serving as the basis for evaluating the dynamics and structural condition of the system in question.

The subsequent section will provide a brief description of the SSI method, along with an explanation of how the SHM tool operates to identify the presence of potential damage.

2.1 Stochastic Subspace Identification Method

The differential equation in Eq. (1) is assumed to describe the vibration behavior of the structure under unknown ambient excitation:


MÜ(t)+C2U˙(t)+KU(t)=f(t)=B2u(t)
(1)

where t denotes continuous time; M, C2, K 
∈
ℝm × m (with m number of DOFs) are mass, damping, and stiffness matrices, respectively; f(t) 
∈
ℝm × 1 is the external unmeasured force and is factorized into a matrix that describes the inputs in, B2(t) 
∈
ℝm × N, and a vector describing the N inputs in time, u(t) 
∈
ℝN.

Eq. (1) effectively describes the vibration behavior of the structure, but it has some limitations for the analysis discussed in this paper. Firstly, it is formulated in continuous time, whereas measurements are mostly sampled at discrete-time intervals; then, noise modeling is essential, in fact, alongside the primary excitation force f(t) there could be additional unknown sources of excitation, so in cases where only output data is available, it is customary to substitute detailed knowledge of the excitation with the assumption that the system is stimulated by white noise [34]. Therefore, to address these issues, the equation of dynamic equilibrium, Eq. (1), will be transformed into a discrete-time stochastic state-space model.

The SSI allows the description of the system with a discrete state space model [34,35], starting with the introduction of the following definition:


x(t)=(U(t)U˙(t))


Ac=[0IM−M−1K−M−1C2]
(2)


Bc=[0M−1B2]

where Ac 
∈
ℝn × n is the state matrix (with n = 2 m system order), Bc 
∈
ℝn × m is the input matrix, x(t) 
∈
ℝn × 1 is the state vector and IM is the identity matrix.

So, Eq. (1) can be transformed in the following state Eq. (3):


x˙(t)=Acx(t)+Bcu(t)
(3)

In practice, not all the DOFs are monitored, so assuming that the measurements are evaluated at only r sensor locations, and that these sensors can be accelerometers, velocity, or displacement transducers, the observation equation is:


y(t)=CaÜ(t)+CvU˙(t)+CdU(t)
(4)

with y(t) 
∈
ℝr × 1 are the outputs, and Cd, Cv, Ca 
∈
ℝr × m are the output matrices for displacement, velocity, or acceleration.

Defining:


C=[Cd−CaM−1KCv−CaM−1C2] 
(5)


D=CaM−1B2 

the Eq. (3) becomes:


y(t)=Cx(t)+Du(t)
(6)

where C 
∈
ℝr × n is the output matrix and D
 ∈
ℝr × N is the transmission matrix.

At this point, Eqs. (3) and (6) constitute a continuous-time deterministic state-space model.

Measurements are obtainable at discrete time instant kΔt, where Δt is the sample time; so, the mentioned equation becomes as follows in Eq. (7), after sampling, and including the stochastic components (noise):


{xk+1=Axk+Buk+wkyk=Cxk+Duk+vk
(7)

with 
B=[A−I]Ac−1Bc
the discrete inputs matrix; wk 
 ∈
ℝn × 1 the noise in the process that arises from disturbance and inaccuracies in modeling; vk 
 ∈
ℝr × 1 the measurements noise due to sensor inaccuracy. The noise vectors are both unmeasurable vector signals, but is assumed that they are zero mean, white and with covariance matrices as expressed by Eq. (8):


E[(wpvp)(wqTvqT)]=(QSSTR)δpq
(8)

where E is the expected value operator and 
δ
pq is the Kronecker delta [35].

Now, the inputs remain unmeasurable in the case of ambient vibration, so it is not considered in the model (uk = 0), but the input is implicitly modeled by the noise terms with the previous assumption. In this way, the final stochastic discrete state space model to be considered is the following one:


{xk+1=Axk+wkyk=Cxk+vk
(9)

It is assumed that the stochastic system is stationary, so the following equations must be considered:


E[xk]=0
(10)


E[xk(xk)T]=Σ

where in Eq. (10), 
Σ
is the state covariance matrix, also simply called the covariance matrix.

After defining the previous set of equations in Eq. (9) that describe our system, the main objective is to construct the Hankel matrix. This matrix is crucial as it enables the derivation of matrices A and C, which are necessary for determining the eigenvalues and eigenvectors, and consequently the extraction of the modal parameters of the structure. As such, it is the core of the damage detection residuals methodology (explained in Section 2.2).

The SSI provides two methods to determine the Hankel matrix H and consequently the system matrices: a covariance-driven method and a data-driven one. The considered methodology [13] uses the second one, and it allows the definition of a matrix only by using the output measured data [33] as expressed in Eq. (11):


H=[y0y1⋯yN−1y1y2⋯yN⋯⋯⋯⋯yi−1yi⋯yi+N−2__________________________yiyi+1⋯yi+N−1yi+1yi+2⋯yi+N⋯⋯⋯⋯y2i−1y2i⋯y2i+N−2]=[HpHf]
(11)

where i is a user-defined index of data shift, from which the number of block rows of the matrix depends, and each of them has m rows composed of the data corresponding to each DOF; a larger i leads to better estimates. It’s possible to use a smaller matrix, by considering only 
r0
reference sensors among all accelerometers used to measure acceleration in all the m DOFs; so, each block row has now 
r0
rows instead of m >
 r0
. N is the total number of data samples acquired in a single accelerometer’s registration.

As illustrated in Eq. (11), the Hankel matrix can be decomposed into two constituent matrices: 
Hp 
which represents the row space of the submatrix “past”, and 
Hf
which represents the row space of the submatrix “future”. For the Unweighted Principal Component (UPC) algorithm:


H=Hf+Hp−T(Hp−Hp−T)−1Hp−
(12)

with the subscripts + and − refer to the size of the matrices; in particular, a matrix with subscript “+” has m(i+1) block rows, while a matrix with the subscript “−” has m(i-1) block rows. As the computation of Eq. (12) usually is a large matrix the calculation is in practice based on QR decomposition of the data matrices, see reference [35] for details.

The Hankel matrix is built in such a way that it enjoys the factorization property [36], hence as the product of the observability matrix and a sequence of state vectors.

The observability matrix Oi has the following formulation:


Oi=[CCACA2⋮CAi−1]
(13)

From Eq. (13), the system matrices A and C can be obtained, and so the modal parameters of the system too [18,35], by performing an eigenvalues decomposition; however, details on this procedure are outside the scope of this study because the modal parameters are not evaluated in the proposed damage detection methodologies.

So, once the Hankel matrix is obtained, it is necessary to perform a Singular Value Decomposition (SVD), to find the observability matrix and the other entities necessary to conduct the damage detection.

The SVD is performed according to Eq. (14) [20,34], with truncation at the desired model order n; which selection is left to the discretion of the user and may also depend on the specific problem [37]. However, the order n of the model must be at least twice as high as the number of modes (or poles) expected in the considered frequency band. This is because the modes appear in conjugated complex pairs, with each pair corresponding to a calculated mode. Therefore, given that the matrix is of order n (the order of the model), it is concluded that, at most, n/2 modes can be identified [18].


H=[U1U0][S100S0][V1TV0T]
(14)

where U1 and V1 are orthonormal matrices that correspond to a collection of n left and right singular vectors related to n singular values S1 contained in a diagonal matrix and are called, respectively, the image and the co-image of a matrix. The matrices U0 and V0 are called the left and right null spaces of a matrix, respectively. They contain the left and right singular vectors that correspond to the singular values in S0 which approximate zero. The next subsection will discuss their use in the damage detection methodology.

The observability matrix 
Oi
(from which C and A can be calculated) is now known as:


Oi=U1S11/2
(15)

2.2 Damage Detection Residuals Methodology

Starting from the Hankel matrix and its SVD, it is possible to perform damage detection on the analyzed structure by defining a new parameter: a residual vector. This residual vector enables the detection of potential damages without the need to estimate modal parameters.

Let ζ represent a damage detection residual derived from damage-sensitive features extracted from measurement data in both the reference and the currently tested states, with ∑ζ denoting its asymptotic covariance matrix. Comparing measurements between the healthy and tested states involves expressing the residual as following a Gaussian distribution. If the features of the currently tested system statistically align with the baseline features, the mean value of the distribution is zero; otherwise, it differs from zero [20].

The definition of the residual depends on the chosen damage detection method. There are two ways to define the residual: the classic method and the robust one.

2.2.1 Classic Subspace-Based Residual

In the non-parametric version of the damage detection test (i.e., without the use of modal parameters), assuming a constant covariance excitation, the residual vector is defined as follows [38]:


ζNQ=Nvec(STH^)
(16)

where N is the number of samples acquired, 
H^
is the estimated Hankel matrix of the reference state computed on data corresponding to the covariance Q; and S is the null space (S = U0 in Eq. (14)) computed on an estimated block Hankel matrix from data in the reference state using, e.g., an SVD.

Once the residual reference vector is known, this must be calculated for every state to be tested. Each new residual vector is obtained by iteratively replacing in Eq. (16) the null space value S of the reference state with the one of the tested states and multiplying it always by the estimated Hankel matrix of the reference state.

When the test data statistically corresponds to the baseline data, the mean value of the residual in Eq. (16) is zero when the currently tested dataset is classified healthy, and it is different from zero when the currently tested data is collected from a damaged structure; to establish if the residual is significantly different from zero or not, a non-parametric test is conducted as in Eq. (17).


χ2=(ζN)T(Σ^ζ)−1ζN 
(17)

where 
Σ^ζ 
is a consistent estimate of 
Σζ 
computed on data in the currently tested state. This 
χ2 
value should be compared to an opportune threshold to define if the structure is in a healthy or damaged state.

2.2.2 Robust Subspace-Based Residual

The second method that can be used to find the residual vector for each tested state is known to be more robust to the change of ambient excitation due to, for example, variations in temperature or wind conditions.

In this case, the residual is found as in Eq. (16) but using the estimate of the left singular vector 
U^1 
obtained from the SVD of the Hankel matrix estimated on measured data samples, against the Hankel matrix itself, see Eq. (18).


ξNQ=Nvec(STU^1)
(18)

Then, also in this case, the 
χ2
-test shown in Eq. (17) is conducted.

3  Case Study

The huge dataset provided by the University of Leibniz University Hannover in Germany has been considered [28] to analyze the software’s performance. To obtain a structure exposed to natural sources of excitation, which exhibits damages of various intensities and at multiple locations throughout its lifetime, while also enabling long-term measurements, the Hannover research group has developed and installed the Leibniz University Test Structure for Monitoring (LUMO). This is a lattice mast structure standing at around 9 m tall, featuring 18 reversible damages spread across six levels; positioned outdoors, the system is equipped with accelerometers, strain gauges, and a temperature sensor, ensuring continuous monitoring (Fig. 1). An adjacent meteorological measurement mast, located roughly 20 m away, offers a comprehensive assessment of environmental conditions. All collected data, from August 2020 to July 2021, alongside a reference finite element model, are available online through an open-access repository.

[image: images]

Figure 1: Test structure (left) and scheme of the measurement levels and damaged locations on the structure (right) (image is from [28])

3.1 Structure’s Description

As described in [28], and shown in Fig. 1, the steel lattice mast consists of three identical segments, each measuring 3 m in length, resulting in a total height of 9 m. Its overall weight, excluding sensors, is approximately 90 kg. Each segment features three tubular legs arranged to form a cross-section resembling an isosceles triangle (Fig. 2). Additionally, they consist of seven bracing levels, along with short connecting sections at the ends. The sections terminate in an elliptical flange, facilitating the assembly of segments in any order using standard M10 steel bolts. It is assumed that the structural steel used in the structure is characterized by Young’s modulus equal to 2.1 GPa and Poisson’s ratio equal to 0.3.

[image: images]

Figure 2: Photograph of the first bay and damage mechanism (left), and photograph of the placement of the first couple of accelerometers (right) (image is from [28])

3.2 Damage Mechanism

The primary characteristic of the test structure revolves around localized reversible damages, which are evident through changes in stiffness and mass. To achieve this, reversible damage mechanisms are positioned across six levels of the structure, as illustrated in Fig. 1 (named DAM1, DAM2, DAM3, DAM4, DAM5, and DAM6), allowing for the detachment of individual bracings. The damage’s features comprise two screw sockets, one with a left-hand and the other with a right-hand thread, along with a connecting piece (threaded M10 rod). An exemplary image illustrating the damage mechanisms at damage level 6 is provided in Fig. 2. Activation of the damage mechanisms involves loosening the screw sockets and potentially removing the connecting pieces, resulting in the complete separation of the corresponding bracings.

The structure is equipped with 18 uniaxial accelerometers, three strain sensors (whose information will not be used in this work), and one temperature sensor, distributed across ten horizontal measurement levels (MLi, i = 1,…,10), as reported in Table 1 and described in Fig. 1. The piezoelectric accelerometers are installed in pairs utilizing 90° mounting brackets to measure orthogonal deflection directions, thus capturing spatial motion in the horizontal plane. No acceleration sensors are positioned in the vertical direction (z-axis) due to their limited significance for beam-like structures. The positioning and orientation of the accelerometers are schematically illustrated in Fig. 3.
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Figure 3: Front view of lower segment (a) and cross-section with measurement directions of accelerometers (b) (image is from [28])

The database includes data obtained from measurements conducted on the undamaged structure, along with six instances of damage occurring at two varying levels of severity across three distinct locations, as outlined in Table 2.

[image: images]

4  Damage Detection

The analyzed structure can be represented in ARTeMIS Modal as shown in Fig. 4. The observed database is constructed utilizing about 990,600 samples for each accelerometer, with a sampling frequency of 1651.6 Hz: data has been recorded every 10 min, each day from August 2020 to July 2021. To streamline the calculation, the software automatically reduces the samples considered, as far as the reference accelerometers. Users have the option to manually select reference accelerometers; nevertheless, tests conducted with various reference accelerometers yielded results that were not significantly different, therefore, the ones chosen by the software were deemed suitable (i.e., the 5 reference accelerometers are the purple ones in Fig. 4).

[image: images]

Figure 4: Representation of the analyzed structure in ARTeMIS Modal software

4.1 Results

For each investigation, the resulting graphs are shown as follows: in Figs. 5 and 6 the frequencies graph of the first kind of damage is reported, Figs. 7 and 8 show the results related to the damage that occurred at level 6 with all mechanisms removed (DAM6), Figs. 9 and 10 show the results related to the damage occurred at level 4 with all mechanisms removed (DAM4), Figs. 11 and 12 show the results related to the damage occurred at level 3 with all mechanisms removed (DAM3); starting from Fig. 13 all the results related to damage obtained removing one strut at the time are reported, so Figs. 13 and 14 show this result for single damage occurred at level 6, Figs. 15 and 16 for single damage at level 4, and Figs. 17 and 18 for single damage occurred at level 3; finally, Fig. 19 shows the results obtained over all periods. In Figs. 7–18; a total of 30 sessions have been analyzed. The first 15 sessions in the graphs correspond to the healthy state, while the second 15 sessions pertain to the damaged state. The entire database comprises approximately 52,560 recordings, resulting from records conducted every 10 min, amounting to 144 recordings per day over a year. Hence, the analyzed sessions have been randomly selected for each period of the entire database to represent both healthy and damaged conditions.

[image: images]

Figure 5: Frequency shift when damage at structure’s level 6 has occurred
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Figure 6: Zoom in on the first two frequencies (a) and on the subsequent three (b)
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Figure 7: Analysis result of the case with damage at level 6 all mechanisms removed with classic algorithm (a) and robust algorithm (b)
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Figure 8: Control chart of the case of damage at level 6 with all mechanisms removed
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Figure 9: Analysis result of the case with damage at level 4 all mechanisms removed with classic algorithm (a) and robust algorithm (b)

[image: images]

Figure 10: Control chart of the case of damage at level 4 with all mechanisms removed
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Figure 11: Analysis result of the case with damage at level 3 all mechanisms removed with classic algorithm (a) and robust algorithm (b)
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Figure 12: Control chart of the case of damage at level 3 with all mechanisms removed
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Figure 13: Analysis result of the case with damage at level 6 only one mechanism removed with classic algorithm (a) and robust algorithm (b)
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Figure 14: Control chart of the case of damage at level 6 with only one mechanism removed
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Figure 15: Analysis result of the case with damage at level 4 only one mechanism removed with classic algorithm (a) and robust algorithm (b)
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Figure 16: Control chart of the case of damage at level 4 with only one mechanism removed
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Figure 17: Analysis result of the case with damage at level 3 only one mechanism removed with classic algorithm (a) and robust algorithm (b)
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Figure 18: Control chart of the case of damage at level 3 with only one mechanism removed
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Figure 19: Analysis result of all cases (from period 1 to period 13) with classic algorithm (a) and robust algorithm (b)

Table 3 displays the recorded temperature for each healthy and damaged session analyzed. There is significant variability across all sessions (1 to 15 for each considered period outlined in Table 2), because they are referred to different times in different period of the year of the acquisition process.

[image: images]

As mentioned before, in Figs. 7–12, the results related to more substantial damage (periods 2, 4, and 6 in Table 2) are displayed, followed by those related to less pronounced damage in Figs. 13–18 (periods 8, 10, and 12 in Table 2). But first, Fig. 5 provides an example of the frequencies related to the first damage that occurred (period 2).

Observing Fig. 5, the blue dots represent the frequency value found for each analyzed session (visible on the x axis), while the average line (continuous line) indicates the modes tracked by the algorithm, connecting the dots related to the frequency belonging to the same vibration mode (for clarity the average line is depicted in Fig. 5 for modes 1, 2 and 5 only). Hence, considering the first five natural frequencies of the truss structure, according to what has been found by the software algorithm, emerges that: the first and the second frequencies, respectively equal to 2.76 and 2.81 Hz, are not sensitive to the presence of the damage, in fact they almost show no changes among all the sessions (shifting from 2.76 to 2.74 Hz the first frequency, and from 2.81 to 2.78 Hz the second one). On the contrary, the third, fourth, and fifth ones, respectively equal to 13.41, 15.93, and 16.28 Hz, show a change on their values starting from the 16th session (the first of the damaged state). This shift is evident from the blue dots, showing that the third frequency goes from 13.42 to 11.64 Hz, the fourth frequency from 15.94 to 14.3 Hz, and the fifth frequency from 16.29 to 14.69 Hz (for the third and fourth frequencies, the dots after the initial damaged session, the 16th session, appear light blue instead of dark blue, indicating that the software was unable to track the relative mode after the damage). For clarity, Fig. 6 provides a zoom on the first two frequencies and the subsequent three.

The software uses the SSI-UPCX algorithm to evaluate the frequencies, and Figs. 5 and 6 can be seen as proof of the sensitivity of some of the natural frequencies of the structure to the damage, which the software is able to evaluate. However, the same change in the third, fourth, and fifth frequencies is not evident for the other types of considered damage. Frequencies are not sensitive in the same way to different types of damage. Structures excited by ambient vibration can also be influenced by changes that naturally occur in the surrounding environment during days and seasons. Therefore, the data collected by the University of Hannover has been tested using the residual method described in Section 2 to assess the state of damage.

The graphical representation of the results obtained with this method (e.g., Fig. 7) is constructed in a simple and intuitive manner. The χ2 values, calculated as explained in Section 2, are depicted: in green if the structure is in a safe condition, in yellow if the structure is in a critical situation, and in red if it is in an unsafe condition, indicating that damage has occurred. The bars turn yellow or red if they exceed the critical or unsafe estimated thresholds, respectively set to the 95th percentile and 99th percentile. These thresholds depend on the reference state model, to which each damaged state data must be compared. This reference state model has been constructed from an average of Hankel matrices of covariance information from a series of reference measurements (sessions). In this case, the reference sessions considered are those related to the first healthy condition (period 1 in Table 2), specifically utilizing data collected during August and September 2020 (it has been tested that the choice of the healthy reference sessions does not influence a lot the results of the damage detection algorithm).

For the residual method, among the 15 sessions related to the healthy state, 8 of these have been used to create the reference state model, as explained above, then 7 more sessions (which are the same for each analysis) from the healthy state have been considered before moving on to analyze the 15 from the damaged state.

The first analyzed case is displayed in Fig. 7. It concerns the case of damage that occurred at level 6 (DAM6) with all mechanisms removed, so data collected during period 2 is considered, and utilized as input for both the classic and robust subspace-based residual algorithms.

In both cases, the obtained results agree with the real condition of the structure in the analyzed data; in fact, the bars related to the first 15 sessions (which correspond to the healthy state) are green, while the bars related to the second 15 sessions (which correspond to damaged state) are red. Only in the robust algorithm, the χ2 value resulting from the first session overcomes the critical threshold, but not the unsafe one; however, this is not a real problem because all the subsequent sessions have given a correct outcome.

Moreover, the information obtained from multiple algorithms can be merged, by the software algorithm, into what is called a “control chart” to reduce the probability of false alarms and to achieve the best possible outcome. This new graph is shown in Fig. 8 for the same case just analyzed in Fig. 7.

As can be seen from Fig. 8, the graph obtained by merging the two in Fig. 7 does not show the critical value in the first session of the “damage indicator-robust” graph anymore, and it appears with more compact values.

In Fig. 9, the result obtained from the comparison of the damage state at level 4 (DAM4) of the structure, with all mechanisms removed (data collected from period 4 in Table 2), against the healthy state of period 1 is displayed.

In Fig. 10, the control chart of the results for the case displayed in Fig. 9 is shown.

Comparing the data relative to the damage that occurred at level 4 with all mechanisms removed, with the healthy state of period 1, the obtained results agree with the real condition of the structure, as the values overcome the unsafe zone threshold only starting from the 16th session; this is even clearer with the control chart in Fig. 10.

Fig. 11 displays the outcome of the case with the damage on level 3 (DAM3) of the structure with all mechanisms removed, so utilizing data collected from period 6. Fig. 12 shows the related control chart.

These results demonstrate that it is possible to correctly evaluate the presence of damage even if it is located in the upper portion of the structure.

The results shown in Figs. 13, 15, and 17, are referred respectively to the same level of damage of Figs. 7, 9, and 11 but only with one mechanism removed per level, i.e., using the data collected in periods 8, 10, and 12 (see Table 2).

From Figs. 12–18, it is clear that it is possible to identify the presence of the damage even if it is less noticeable.

Moreover, the structure has been equipped with reversible damage mechanisms [28]; so, each damage dataset has been spaced out with datasets referred to a reconstructed healthy condition of the structure, as can be seen in Table 2 from periods 3, 5, 7, 9, 11, and 13. In this study, these datasets of healthy conditions have also been examined alongside the damaged ones, utilizing the ARTeMIS Modal software, and the results are depicted in Fig. 19, highlighting each state with the respective period number.

As observed in Fig. 19, the damaged states (periods 2, 4, 6 with all mechanisms removed and 8, 10, 12 with only one bar removed) have consistently been correctly identified, while the healthy states have been accurately identified only in the first period and not in the subsequent ones. This could be ascribed to the damage mechanism, which may have been unsuitable to simulate a real healthy state after the occurrence of damage. As a result, the software algorithms failed to correctly identify the healthy state in comparison to what occurred during the damaged periods.

5  Conclusions

The present study has verified the possibility of detecting the health status of a real-world structure by monitoring its dynamic behavior through accelerometers placed on the structure itself and using new data processing methodologies.

To concretely evaluate the performance of a damage detection procedure is necessary to test it on a real structure with associated ambient influences, in real-life applications. Regrettably, such tests are exceedingly infrequent, typically with brief campaigns that fail to capture significant environmental variations, and usually cannot be replicated as the investigations end with the demolition of the structures. To address these problems, the present study has taken advantage of the work carried out by the research group of the Leibniz University Hannover which has presented a new database that could be considered a real-life benchmark for vibration-based SHM [28]; such a real-life structure comprises a lattice mast that features a reasonable degree of complexity, it is located outdoors hence exposed to variable environmental conditions and allows the evaluation of several types of damage at different point of the structure.

In this work, this new database, has been utilized to conduct damage detection with the support of a specific software algorithm, the SHM tool of ARTeMIS Modal software that uses methodologies based on subspace decomposition and residual evaluation.

What has emerged is that the examined structure exhibits damages on different levels. It’s possible to identify both the damages obtained by removing all the transversal bracings at a certain level and those obtained by removing only one of them as well. On the other hand, the algorithm has not been able to recognize the intermediate healthy states among the damaged ones, this could be probably due to the reversible damage mechanism used on the structure.

In any case, one of the advantages of this type of algorithm, which arises from the study conducted, as well as insensitivity to changing environmental conditions, is that only a few sessions, and thus only a few minutes of measurement acquisition, are needed to obtain reliable identification of the presence of damage.

Future research aims to assess the localization of damages on the structure, besides their presence identification.
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Table 3: Recorded temperature in (°C) for each analyzed session (1 to 15) of all periods
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Table 1 : Measurements level (MLs) and associated channels and z coordinates
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Table 2: Structural state and damage position of all periods
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