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ABSTRACT: In this paper a direct analysis is carried out to investigate the feasibility of the Interpolation Damage Detection Method to quantify the magnitude of damage in a structure permanently monitored by a network of accelerometers. The investigation is carried out based on the numerically simulated responses obtained from the finite element model of a benchmark suspension bridge subjected to seismic excitation. Damage is simulated through a reduction of the elastic modulus of the material in selected structural elements. The responses of the bridge both in the undamaged and in several single and multiple damaged configurations are computed and used to feed the algorithm in order to study the correlation between the values of the damage parameters and the severity of damage for several single and multiple damage scenarios. 



INTRODUCTION

Civil engineering structures during their life-cycle are subjected to degradation and may suffer damage due to natural or man-made events. 
Periodic assessment of structural performance is increasingly required hence the availability of techniques to estimate the severity of damage is important for an effective utilization of structural health monitoring as a tools for proactive maintenance and safety assessment. Information given by efficient damage identification algorithms using streams of data recorded on the structure by a network of sensors can greatly reduce the cost of structural maintenance while improving safety. Furthermore, in critical situations the possibility to have, almost in real-time, a complete description of the damage state of the structure, can be strategic for the management of both the emergency and repair interventions, within a resilient structural scheme. Data-driven methods are attractive for adoption in automated monitoring systems but generally limited to detection and localization of damage. Model-based methods may allow a deeper knowledge about the health of the structure, allowing the damage severity estimation, but are hardly compatible with real time on line damage identification algorithms. The possibility to use a data driven method to estimate the magnitude of damage can thus greatly enhance the effectiveness of an on line damage identification system. 
In this paper is investigated the feasibility of the Interpolation Damage Detection Method (IDDM), previously proposed as a damage localization algorithm (Limongelli 2010, 2011, 2014a), to estimate the magnitude of damage in a structure monitored by a network of accelerometers. The investigation will be carried out with reference to a case study already used to apply the IDDM with damage localization purposes, the finite element model of the Shimotsui-Seto suspension bridge subjected to seismic excitation (see Domaneschi et al. 2012, 2015a). In a previous paper (see Martinelli et al. 2016) the possibility to identify the severity of damage was investigated with reference to single damage scenarios that is a reduction of stiffness concentrated in one single location along the bridge deck. Herein the investigation is extended to multiple damage scenarios. The response of the structure both in the undamaged and in several damaged configurations is computed and used for the application of the damage identification algorithm. Damage is simulated through a reduction of the elastic modulus of the material in selected structural elements. For each damage scenario several damage levels are modeled and the correlation between the damage feature and the severity of damage is investigated. In the paper neither the variability of the input nor of the environmental conditions are accounted for since in several previous papers (Domaneschi et al. 2015a, 2015b, Limongelli et al. 2014) it has been shown that a statistical treatment of data allows to handle their influence on the results.
THE INTERPOLATION DAMAGE DETECTION METHOD
The Method 
The Interpolation Damage Detection Method (IDDM) has been successfully applied for damage localization of multistory buildings (Limongelli 2010, 2011, 2014a, Limongelli et al. 2014), supported bridges (Domaneschi et al. 2012, 2015a, 2015b) and recently extended to the case of two-dimensional structures (Limongelli 2014b). 
Thanks to its formulation based on the detection of reduction of smoothness in the Operational Deformed Shapes (ODS), the IDDM can be applied to any type of structure provided the (ODS) can be estimated accurately in the original and in the damaged configurations. A proper continuous function is used to interpolate the ODS in order to detect possible reductions of smoothness. 
In the IDDM a spline function is chosen to interpolate the ODSs in the reference and in the (possibly) damaged configurations. This choice has been driven by a mathematical property known as ‘Gibbs phenomenon for splines’ (Figure 1). It occurs when the spline interpolates functions with a discontinuity in the second derivative: the spline interpolation oscillates near the point of discontinuity where it has an overshoot. This causes a sharp increase of the interpolation error at the discontinuity section that is used in the as a sort of ‘curvature discontinuity detector’. In the IDDM the spline interpolation is calculated at each instrumented location by assuming unknown the ODS at that location and then calculating the difference between the interpolated and the recorded value.
This basic idea can be better described with reference to Figure 2 where the ODS at frequency f is reported in black and the dots represent the locations z1,…zn, of the recording sensors where responses in terms of acceleration are recorded.
At the l-th location zl the ODS is given by the Frequency Response Function at the same location.
[image: ]
[bookmark: _Ref441998863]Figure 1: Gibbs phenomenon for splines

The spline interpolation  of the FRF (ODS) at zl is calculated using using the following relationship: 

	 (1)
Where the coefficients (c0l, c1l c2l c3l) are calculated from the values of the transfer functions “recorded” at the other locations:


		(2)
The coefficient of the spline function cj,l in terms of the known (recorded) FRF’s are determined imposing continuity of the spline function and of its first and second derivative in the knots (that is at the ends of each subinterval).
[image: ]
[bookmark: _Ref383695519]Figure 2: The interpolation error

In terms of FRF’s the interpolation error at location z (in the following the index l will be dropped for clarity of notation) at the i-th frequency value fi, is defined as the difference between the magnitudes of recorded and interpolated frequency response functions:

[bookmark: ez_f]		(3)	(4)
The total interpolation error at location zl is calculated by summing up the interpolation errors for all the ODSs (that is for all the frequency values). The norm of the error on the significant frequency range (that is the frequency range with a signal to noise ratio sufficiently high to allow a correct definition of the FRF) is calculated as:

[bookmark: ez]		(5)	(6)
N is the number of frequency lines in the Fourier transform correspondent to the frequency range starting at line no, where the signal to noise ratio is high enough to allow a correct definition of the FRF. This frequency range is the one of the fundamental modes of the structure and can be tuned basing on vibration tests carried out on the undamaged structure. 
If a reduction of stiffness (damage) occurs at a certain location, the operational shapes change in the region close to that location and specifically their smoothness decreases due to the discontinuity of curvature induced by damage. If the estimation of the error function through equation (6) is repeated in the baseline (undamaged) and in the inspection (possibly damaged) configuration, the difference:

[bookmark: DE_11]		(7)

corresponds to an increase of the interpolation error at location z. As said before, this points out an increase of the curvature discontinuity at that location hence can provide an indication about a corresponding loss of stiffness at z. For this reason a positive value of  is considered the symptom of a local decrease of stiffness at location z associated with the occurrence of damage. 
In real-life application several sources may produce random variation of the damage index and a statistical treatment of data is needed to reduce their influence on results. For example structural responses depend on the input excitation and are always polluted with noise. These two sources of random variation of the damage parameter have not been accounted for herein. Their influence has been the object of previous works of the research group and can be handled through a statistical treatment of the data based on hypothesis testing. In this work the statistical variability of responses is not take into account since  the focus was on the preliminary assessment of damage quantification capabilities of IDDM.
THE case study
The Shimotsui-Seto bridge
The Shimotsui-Seto suspension bridge located in Japan, spanning from the side of Mt. Washu to the Hitsuishijima Island, is considered herein as case study. 

[image: ]
[bookmark: _Ref432745164]Figure 3. The Shimotsui-Seto bridge (with permission)
It consists of a single span stiffened truss deck type (see Figure 3 and Figure 4).
The main geometric dimensions of the structure can be summarized as follows:
•	length, 1400m (940m the main span), excluding 46m-girder on anchorage;
•	towers height, 149m;
•	vertical distance of the main girder from the towers foundation, 31m;
•	main girder section: 30m width and 13m thickness.
[image: ]
[bookmark: _Ref432745437]Figure 4. Deck transversal section. Courtesy of Mr. M. Nishitani HBSE-JP.
The main cables, the hangers and the main girder are in steel, the towers are assumed as built in concrete.
Numerical model details
Two numerical models of the suspension bridge have been developed in the ANSYS framework at different refinement levels (Domaneschi and Martinelli 2013).
A first, detailed, model implements an almost complete correspondence between FE and structural elements of the steel frame deck of the bridge (Figure 3). Its geometrical and mechanical properties have been assessed by matching the first four natural periods and modal shapes with those measured on the real structure. 
[image: C:\Users\Marco\AppData\Local\Microsoft\Windows\INetCache\Content.Word\ShimotsuiSetoBridge000.emf]
[bookmark: _Ref297012277][bookmark: _Ref433727426]Figure 5. Detailed model of the bridge
The application of the Modal Assurance Criterion (Allemang and Brown 1982), allowed validating a more manageable F.E. model (Figure 5).
The model adopted for the numerically full integrated non linear transient analyses is derived from that in Figure 5 with the following boundary conditions: the FE mesh is fully restrained to the ground at the towers’ foundations and at the ends of the main cables. The deck is also restrained by the towers in vertical direction. 
Earthquake loading is applied at the support point of the bridge in the form of synchronous fully 3-Dimensional acceleration time histories of natural events.
The Imperial Valley earthquake on 1979/10/15, Station 952 El Centro The Loma Prieta earthquake on	1989/10/18, station 47125 Capitola, was used to excite the 3D finite elements model at the base. The records were rescaled to a low level (0.175g) of PGA in order to simulate after-shock seismic motions, relatively common during the expected life of the structure, having intensity not likely to induce additional damage to the structure. The location of the sensors, recording absolute accelerations, were assumed located at all nodes of the spine deck in the FE model.
Simulated damage scenarios
The finite element model was used to simulate several damage scenarios with one, two or three damaged locations. Concentrated losses of stiffness were simulated by reducing the elastic modulus of the of two beam elements joined at one of the nodes of the FE model along the bridge deck (Casciati 2005a, 2005b). 
In order to study the sensitivity of the values of the damage index to both the severity and the location of damage have been considered damage scenarios corresponding to increasing reductions of stiffness, from 10% to 90%, with increments of 10%, at the locations shown in Figure 6. 
These locations correspond to a) mid-span of the right approach; b) mid-span of the central span, c) one-third of the main span, d) one-quarter of the main span. Both single and multiple damage scenarios are considered that is one single damaged location, two damaged locations and tree damaged locations. 
Table 1 for each damage scenario reports the numbers of the nodes of the deck where damage is simulated. Reduction of the elastic modulus of the two beam elements joined at the node is introduced simulating damage condition. 

[bookmark: _Ref441839442]Table 1. Damage scenarios
	name
	Damaged locations

	D1
	85

	D2
	64

	D3
	58

	D4
	45

	D5
	45-58

	D6
	45-64

	D7
	58-64

	D8
	45-58-64



[image: ]
[bookmark: _Ref433380687]Figure 6. Damaged positions simulated in the finite element analyses. 
RESULTS OF THE application of the iddm to simulated damage3 scenarios
This section presents the results of the application of the IDDM to the damage scenarios previously described. 
The values of the damage parameter for all damage scenarios as a function of the location along the bridge deck are reported in Figure 7 to Figure 14. On the horizontal axis there is the number of the node in the model of the bridge and on the vertical axis there is the value of the damage parameter, that is the difference of the values of the interpolation error in the damaged and in the original configurations. The location of damage is correctly detected in all cases thus confirming the reliability of the IDDM as a damage localization method both for single and for multiple damage scenarios.
Several values of the damage severity have been considered The value of the damage parameter steadily increases with the severity of damage.
This issue will be further commented in the following. The results for damage at the right approach are reported in Figure 7. In this case the maximum value of the damage parameter is not at the damaged location but at a section more close to the boundary. 
[bookmark: _Ref433382847][image: ]
[bookmark: _Ref441935534]Figure 7. Damage at mid-span of the right approach (location 85).
This is partly due to the scarce reliability of the spline interpolation in regions close to the boundary (see Limongelli 2010, 2011) and also to the presence of the towers that creates a strong localized variation of curvature not related to damage. Furthermore, it is worth underling that the same sensors density is employed in the main span as at the approaches, where, owing to lower level of curvature of the deformed shape, higher sensors density should be provided for enhancing the detection efficiency of the method.
[image: ]
Figure 8. Damage at one-third of the central span length (location 64).
[image: ]
Figure 9. Damage at a quarter of the central span length (location 58).
[image: ]
[bookmark: _Ref441936674]Figure 10. Damage at a midspan of the central span length (location 45).
For all cases of single damage, the correct location of damage is found even if some false alarms (see D3) are found for the scenarios with the smaller levels of damage. In all cases the maximum value of the damage parameter steadily increases with the loss of stiffness. Comparing the different cases it is noticed that the value of the damage parameter is different at different locations for the same reduction of stiffness.

[image: ]
[bookmark: _Ref441941519]Figure 11. Damage at midspan and at one-quarter of the central span length (locations 45 and 58).
[image: ]
Figure 12. Damage at mid-span and at one-third of the central span length (locations 45 and 64).
[image: ]
Figure 13. Damage at one-third and at one quarter of the central span length (locations 58 and 64).
[image: ]
[bookmark: _Ref441936857]Figure 14. Damage at mid-span, at one-third and at one-quarter of the central span length (locations 45, 58 and 64).

The same trend is found for scenarios with two and three damaged sections (Figure 11-14) that is the damage parameter increases with the severity of damage at all the damaged locations. However, the same reduction of stiffness at different locations leads to different values of the damage parameter.
In order to study the relationship between the values of the damage parameter E and the losses of stiffness, Figure 15-17 report, for all the considered damage scenarios, the values of the damage parameter at the damaged location as a function of the percentage stiffness loss (damage severity).
[image: ]
[bookmark: _Ref441934688]Figure 15. Variation of the maximum value of the damage parameter with the severity of damage at location 45
[image: ]
Figure 16. Variation of the maximum value of the damage parameter with the severity of damage at location 58
[image: ]
[bookmark: _Ref441934690]Figure 17. Variation of the maximum value of the damage parameter with the severity of damage at location 64

The relation between the damage parameter and the severity of damage follows a nonlinear monotonic trend for all damage scenarios and exhibit slight variations with the scenario (single or multiple). In all cases, the number of damaged locations does not sensibly influence the value of the damage parameter at a certain location. For a given loss of stiffness, the value of the damage parameter seems to depend mainly on the location of damage and not on the existence of other damaged locations either close or far.
CONCLUDING REMARKS
In this paper are reported the results of an investigation aimed to assess the possibility to employ the Interpolation Damage Detection Method for the estimation of damage severity beyond location. The method has been applied to several single and multiple damage scenarios simulated on the finite element model of a suspension bridge. 
The investigation gives two main results: (i) whatever the damage scenario, single or multiple, the damage parameter monotonically increases with damage (ii) the value of the damage parameter corresponding to a given loss of stiffness depends on the location where the damage occurs but is not sensibly influenced by damages at other locations.
These results allow to consider the Interpolation Damage Detection Method as a promising strategy for damage severity estimation. The method can be certainly used to monitor possible increases of damage with respect to a reference configuration due to the monotonic relationship between the damage parameter and the severity of damage. On the other side, at the current state of the research, it is not still possible to estimate the amplitude of damage basing on the values of the damage parameter since the relationship between the value of the damage index and the loss of stiffness has not been assessed yet. Nonetheless the results show that at each location the value of the damage parameter depends only on the location and on the damage severity but are not influenced by the pattern of the damage scenario. These results indicate that for each location a one to one relationship between the severity of damage and the value of the damage index can be established. This encourages pursuing the assessment of this relationship as the necessary tool to carry out the estimation of damage severity through the proposed method.
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